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Schistosomal egg N-glycans are the only examples in nature
that have been structurally shown to contain β2-xylosylation,
α6-fucosylation, and α3-fucosylation on the N,N′-diacetyl
chitobiose core. We present evidence that core difucosylated
and xylosylated N-glycans are characteristics of Schistosoma
japonicum eggs but not of the cercariae and adults, for
which neither core xylosylation nor α3-fucosylation could
be readily detected. In contrast, a majority of the N-glycans
from Schistosoma mansoni cercariae but not the adults are
core xylosylated. Tandem mass spectrometry analysis
coupled with chromatographic mapping, sequential
exoglycosidase digestion, and methylation analysis were
employed to unambiguously define the structures of core
β2-xylosylated, α6-fucosylated N-glycans from S. mansoni
cercariae. Unexpectedly, a majority of these N-glycans
were found to carry Lewis X determinant,
Galβ1→4(Fucα1→3)GlcNAcβ1→, on the nonreducing termini
of mono- and biantennary structures. The Lewis X–containing
glycoproteins were found to be distinct from those carrying
the complex, multifucosylated glycocalyx O-glycans
reported previously. The corresponding N-glycans from
S. japonicum cercariae are likewise dominated by Lewis X
termini but without the core xylosylation. We concluded
that the invading cercariae present an important and abun-
dant source of Lewis X antigens, which may contribute to
the induced humoral response upon infection. Following
transformation and development into the adults, the N-
glycans synthesized comprise a significantly larger amount
of high mannose and fucosylated pauci-mannose structures
in comparison with the cercarial N-glycans. A portion of
the mono- and biantennary complex types were identified
to carry Lewis X and fucosylated LacdiNAc termini, which
could also be detected by mass spectrometry analysis on
larger, complex-type structures.

Key words: Schistosoma mansoni/Schistosoma japonicum/
N-glycosylation/mass spectrometry/structural analysis

Introduction

Schistosomiasis is the second most prevalent tropical disease
after malaria, with over 200 million people infected globally.
Like most other parasites, the two major schistosome species
causing human intestinal symptoms and disease, namely,
Schistosoma mansoni and S. japonicum, appear to modulate
their glycosylation profiles as they develop and adapt in turn to
mammalian and molluscan hosts in their multistage life cycles.

Previous work based primarily on S. mansoni (reviewed in
Cummings and Nyame, 1996; 1999), have demonstrated that a
highly immunogenic, uniquely multifucosylated terminal
sequence carried on complex O-glycans specifically characterizes
the glycocalyx of the invading cercariae (Khoo et al., 1995)
which is rapidly shed on successful penetration of host skins.
The ensuing schistosomula and adult worm stages apparently
adopt a glycosylation profile rather similar to that of the
mammalian host in which they reside. The major N-glycans
were shown to consist of both high mannose and complex
types of biantennary structures terminating with the LacdiNAc
(GalNAcβ1→4GlcNAcβ1→) sequence (Srivatsan et al.,
1992b) or tri- and tetraantennary structures with poly-N-acetyl-
lactosamine sequence containing the Lewis X (Lex) antigen
(Srivatsan et al., 1992a), but no sialic acid. With the onset of
egg laying, the immunogenic multifucosylated structures recur
on the egg glycosphingolipids and total glycoprotein extracts,
which are probably synthesized by the developing miracidium
inside the egg. Comparative studies on the egg glycans from
S. japonicum (Khoo et al., 1997b), which infects a very
different intermediate snail host, revealed a substantially
distinct profile from that of S. mansoni. Notably, a portion of
the N-glycans from S. mansoni eggs was shown to be based on
a xylosylated, α6-fucosylated trimannosyl core, whereas a
portion of those from S. japonicum contains a xylosylated α3-,
α6-difucosylated core.

Core β2-xylosylation and/or α3-fucosylation of N-glycans is
largely confined to plants (Lerouge et al., 1998; Wilson et al.,
1998) and rare examples in parasitic helminths (Haslam et al.,
1996; Khoo et al., 1997b; van Die et al., 1999), insects
(Altmann et al., 1999), and mollusc hemocyanins (Kamerling
and Vliegenthart, 1997) but not known to occur in mammals.
Instead, these have been implicated as allergenic epitopes
(Tretter et al., 1993; Garcia-Casado et al., 1996; van Ree et al.,
2000), probably contributing to host IgE response on parasitic
helminth infection (van Die et al., 1999). Our identification of
such schistosomal species-specific core modification in their
egg glycoprotein extracts prompted us to examine the N-glyco-
sylation profiles of other developmental stages of both species,
so as to fully understand their immunobiological significance
in host–parasite interactions. We report here full structural
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characterization of core xylosylated N-glycans from S. mansoni
cercariae that carry terminal Lex as the predominant terminal
epitopes. In comparison, the corresponding Lex-carrying N-
glycans from S. japonicum cercariae appear to lack xylo-
sylation or core α3-fucosylation. The unexpected high abun-
dance of Lex expression in the cercariae relative to adult worms
provides a new insight into its possible functional roles not
previously appreciated.

Results

The major N-glycan profile of S. mansoni cercariae

The total glycoprotein extracts from S. mansoni cercariae were
de-N-glycosylated with N-glycosidase F to release the N-glycans.
Initial probing indicated that subsequent N-glycosidase A
digestion on the N-glycosidase F–treated samples did not release
any new component that could be attributed to N-glycosidase
F–resistant α3-core–fucosylated N-glycans. The α6-core–
fucosylated components were readily defucosylated by bovine
kidney α-fucosidase, which was largely ineffective against
core α3-linked Fuc or other α3/4-linked Fuc attached to
internal residues on the antenna, as found in Lex/a structures.
The latter could, however, be removed by an α3,4-specific

fucosidase from Xanthomonas manihotis, which also rendered
an otherwise resistant Lex/a structure susceptible to β-galacto-
sidase digestions. The sequential use of these enzymes there-
fore allowed the major components detected by FAB-MS
analysis of the permethyl derivatives to be tentatively assigned
(Figures 1 and 2, Table I).

Further supportive evidence was afforded by the detection of
characteristic nonreducing terminal fragment ions, referred to
as the A-type oxonium ions, resulting from cleavage at HexNAc
of the permethyl derivatives (Dell, 1987). The presence of such
ions in the spectrum (Figure 1A) of the total mixture of N-
glycans gave a profile of the kind of terminal structures
present, whereas those resulting from CID-MS/MS supported
the structures of the parent ions selected for analysis (Table I,
Figure 3). In addition, the permethyl derivatives of the total N-
glycans were analyzed for linkage by GC-EI-MS (Figure 4).
The presence of terminal Xyl and 2,3,6-linked Man is
consistent with the assignment of pentosylated components to
trimannosyl core structures with Xyl attached to position 2 of
the β-Man. α6-Core fucosylation was supported by the
presence of 4,6-linked GlcNAc and the above-mentioned
susceptibility to bovine kidney α-fucosidase (Figure 2A). The
dominant presence of Lex structures were corroborated by (1)
the presence of A-type ions at m/z 638 (Fuc1Hex1HexNAc1

+)

Figure 1. FAB-mass spectrometry analysis of the permethyl derivatives of total N-glycans from S. mansoni cercariae. (A) Low mass region showing the
predominant nonreducing terminal A-type fragment ions as described in the text. (B) Molecular ion region, with additional signals detected above m/z 2950 shown
as inset. Additional oxonium fragment ions at m/z 872, 1032, and 1655 resulted from cleavage at the reducing-end chitobiose HexNAc-(Fuc)HexNAc core of the
most abundant species; signals at m/z 228, 432, 840, and 1000 arise from elimination of a ROH moiety from m/z 260, 464, 872, and 1032, respectively, where
R = Me or glycosyl substituent at the C3-position of the HexNAc at cleavage site. The molecular ions were assigned as in Table I, except for the weak signals at
m/z 3418 and 3592, which were, respectively, one HexNAc and one Fuc1HexNAc1 higher than the signal at m/z 3172. Only major or assigned peaks were annotated.
Peak denoted as “x” corresponds to frequently observed matrix ion.
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without accompanying –32 u signal at m/z 606, concomitant
with strong signal at m/z 432, which corresponded to elimination
of the 3-linked Fuc (Dell, 1987); (2) resistance to bovine
kidney α-fucosidase but susceptibility to α3,4-specific fuco-
sidase; (3) resistance to β-galactosidase prior to removal of the
attached Fuc; and (4) presence of 3,4-linked GlcNAc, terminal
Gal, and terminal Fuc as major peaks in linkage analysis.

To confirm the fine structural details of the major components
identified, as well as to provide a quantitative representation of
the major peaks detected, the total N-glycans were pyridyl-
aminated (PA) at the reducing end and fractionated on normal
phase HPLC column (Figure 5), followed by subfractionation
on reverse phase HPLC column. The fluorescence-detected
peaks were collected, screened by FAB-MS, and, where sample
materials were sufficient, further subjected to CID-MS/MS and
linkage analysis (compiled in Table I). Although the m/z values
of the PA-tagged molecular ions were shifted to higher masses,
the daughter ions corresponding to nonreducing terminal A-type
oxonium ions remained the same as those from nontagged
samples (Figure 3). Additionally, some reducing terminal
fragment ions were observed. Notably, all PA-tagged compo-
nents analyzed gave an ion at m/z 544 corresponding to
(OH)1Fuc1HexNAc-PA, which, together with A-type ion

resulting from cleavage between the two GlcNAcs of the chito-
biose core, unambiguously defined the reducing end GlcNAc
as fucosylated.

Core α6-fucosylation on the PA-tagged N-glycans was
further corroborated by the shift to much earlier retention time
on RP-HPLC on its removal by α-fucosidase. As exemplified
by analysis of peaks corresponding to N8.5 and N11.4
(Table II), a shift of more than 4 Glc units earlier was observed
for both. In contrast, the removal of an α3-Fuc residue from the
antenna resulted in the shift of about 2.6 Glc units later. These
effects of α-fucosylation on the elution behavior of PA-tagged
glycans on RP HPLC column have previously been reported
(Kubelka et al., 1993; Tomiya and Takahashi, 1998) and can
be used as a supporting criteria to assign linkage. Subsequent
trimming by β4-specific galactosidase and β2-specific N-acetyl-
glucosaminidase (both from Diplococcus pneumoniae, used at
low concentration to preserve specificity) of the defucosylated
samples yielded the expected xylosylated core structures that
co-eluted with the defucosylated Xyl1Man3GlcNAc2-PA
component isolated as N5.8. The linkage analysis data on
N5.8, N8.5, and N11.4 (Table I) supported a typical xylo-
sylated trimannosyl N,N′-diacetyl chitobiose core structures
with no, one, and two Lex antenna. For N8.5, because the

Figure 2. FAB-mass spectrometry analysis of the permethyl derivatives of total N-glycans from S. mansoni cercariae after sequential enzyme digestions. The
enzymes used were bovine kidney α-fucosidase (A), followed by β-galactosidase (B), and then α3,4-specific fucosidase (C), without prior removal of the previous
enzymes used. Major signals were assigned as in Table I. Additional signals at m/z 2025, 2620, and 2650 in (A) may be assigned as xylosylated trimannosyl core
with Hex1HexNAc2, (Fuc1Hex1HexNAc1)(Fuc1HexNAc2), and (Fuc1Hex1HexNAc1)(Hex1HexNAc2), respectively. Accordingly, m/z 2025 and 2650 shifted to m/z
1821 and 2446, respectively, after β-galactosidase digestion, whereas m/z 2620 remained resistant (B). Two other signals detected in (C) corresponded to
xylosylated trimannosyl core + HexNAc4 (m/z 2311) and a Man9GlcNAc2 (m/z 2395) structure. The former would have resulted from the digestion of higher mass
signals (Figure 1, m/z 3418 and 3592); the latter was also found in (B) and was made more apparent by removal of other components in the same mass region by
the α-fucosidase used. Signals at m/z 1277, 1481, 1522, 1900, and 2104 corresponded to A-type oxonium fragment ions resulting from cleavage at the reducing-end
chitobiose core of some of the more abundant components.
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Table I. Major components detected in the FAB-mass spectra of permethylated S. mansoni cercarial N-glycans before and after sequential enzyme digestions.
Fractionation on normal phase HPLC allowed further CID-MS/MS and linkage analysis to support deduced structures

aThe m/z values tabulated correspond to [M+Na]+ of the components detected after each enzyme treatments as shown in Figure 2. The m/z values were given as
monoisotopic nominal mass, which equates the labeled values in the mass spectra (Figures 1 and 2) for signals below m/z 2400 after the decimal place digits were
dropped. For signals at higher m/z, the labeled peak top values (average accurate mass) for the nonresolved peaks correspond to 2 (or 3, for above m/z 3400) mass
units higher than the monoisotopic nominal masses. α6-Fuc, β-Gal, and α3,4-Fuc refer to bovine kidney α-fucosidase, β-galactosidase, and α3,4-specific
fucosidase, respectively. nc denotes no change in m/z value after treatment with the enzymes, that is, signals with the same m/z values were still observed.
Removal of α3Fuc by α3,4-specific fucosidase would allow the β-galactosidase present within the reaction mixture to further trim off otherwise resistant Gal
residue(s) and therefore resulted in mass change corresponding to Fuc+Gal (378 u) in most cases.
bThe normal phase HPLC fraction numbers containing the respective PA-tagged structures (Figure 5) were named according to their elution position on a Glc unit
scale as calibrated against PA-isomaltooligomer standards. The corresponding components were identified after FAB-MS screening.
cCID-MS/MS data were obtained on permethyl derivatives of both the total N-glycans as well as HPLC purified-PA-tagged glycans. The parent molecular ions
between the tagged and nontagged glycans differ by 92 u, but the characteristic nonreducing terminal daugther ions were similar. Full CID-MS/MS data are
shown for N8.5, N11.4, N11.7, and N12.8 in Figure 3; only the most abundant ions useful in assigning sequence were tabulated here.
dLinkage analyses were performed only for selected HPLC-purified components.
eAll deduced structures as tabulated here were shown to be trimmed down to respective core or xylosylated core by use of specific exoglycosidases; the composite
structure for the antenna can be represented as Galβ1-(±Fucα1-3)4GlcNAcβ1-2Man, except for N11.7 and N12.8. Open triangles, Fuc; filled ovals, Xyl; open
circles, Gal; filled circles, Man; open squares, GlcNAc.
fThe expected molecular ion at m/z 2417 was hardly detectable in Figure 1 but after treatment with α-fucosidase, the signal at m/z 2243 was clearly present. This
component was also evidently recovered in the HPLC fraction N9.8 when the PA-derivatives were screened by MS.
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presence of a single β2-GlcNAc on the core only effected a
difference of 0.4 Glc unit, and the additional presence of a
second β2-GlcNAc in N11.4 caused a large change of 2.2 Glc
unit, the single antennae on N8.5 is most likely to be extended
from the α3-Man arm (Kubelka et al., 1994; Tomiya and Taka-
hashi, 1998) as expected for a typical hybrid-type structure. On
further removal of the 3-linked Man from the
Xyl1Man3GlcNAc2 core by α2,3-specific mannosidase, the
resulting Xyl1Man2GlcNAc2-PA was finally shown to co-elute
with an authentic Manα1→(Xylβ1→2)6Manβ1→4Glc-
NAcβ1→ 4GlcNAc-PA standard prepared from bromelain.

Components identified within fractions N7.6, N9.3, and N10.3
were likewise demonstrated to be based on identical xylo-
sylated structures by HPLC mapping.

In summary, the total N-glycan profile of S. mansoni
cercariae suggested that the major components are pairs of
xylosylated and nonxylosylated truncated-, hybrid-, and
complex-type core α6-fucosylated structures, with Lex being
the dominant terminal sequence on the mono- and biantenna.
The most abundant species are the xylosylated and α6-fuco-
sylated core structure carrying one and two Lex units, eluted as
N8.5 and N11.4 on normal phase HPLC, respectively. Most
other components detected, from N5.3 to N11.4, could be
considered as related to these two major ones by virtue of
incomplete xylosylation, galactosylation, and/or fucosylation.

The Lex structure could also be indirectly conjugated to the
core via another GlcNAc residue, which could itself be fuco-
sylated as found in N11.7 and N12.8. The strong fragment ion
signals at m/z 1057 and 638 but not 434, as afforded by CID-
MS/MS analysis of N12.8 (Figure 3D) indicated that one
antennae was Hex-(Fuc)HexNAc-(Fuc)HexNAc, whereas the
other was Hex-(Fuc)HexNAc. Any one of the three fucoses
could be missing in N11.7, giving rise to all possible combination
of fragment ion signals observed (Figure 3C). Only 3,4-linked
GlcNAc and 4-linked GlcNAc and no GalNAc were detected by
linkage analysis of both components (Table I). On α3,4-fuco-
sidase digestion, two Fuc residues were removed from N12.8,
which rendered the product susceptible to further β4-specific
galactosidase digestion. The final product obtained was shown
by MS analysis to correspond to Fuc2Xyl1HexNAc5Hex3. In
comparison with the linkage analysis data prior to glycosidase
digestions, terminal GlcNAc was detected concomitant with a
reduction in intensity of the 3,4-linked GlcNAc peak. It was
thus concluded that the initial α3,4-fucosidase digestion
resulted only in the removal of the Fuc on the Lex structure,
whereas the inner Fuc was not affected. Two very minor
components eluting later than 13 Glc units on normal phase
HPLC were detected to have additional HexNAc and
Fuc1HexNAc1, respectively, as compared to N12.8, which
suggested that the biantennary core structure could have both
antenna extended by this unusual Gal-(Fuc)GlcNAc-(Fuc)GlcNAc
sequence although further confirmatory analysis was
prevented by the sample amount available.

Other minor components in S. mansoni cercarial N-glycans

Other minor structures were evidently present (Figure 1), some
made more apparent after enzymatic treatments (Figure 2) or
HPLC fractionation (Figure 5). Notably, the presence of
LacdiNAc and fucosylated LacdiNAc type of structures were
implicated by the fragment ions at m/z 260 (HexNAc+), 505
(HexNAc2

+), and 679 (Fuc1HexNAc2
+). The presence of m/z

434 (Fuc1HexNAc+) and 679 but not 853 (Fuc2HexNAc2
+)

indicated that the HexNAc-HexNAc- terminus can be mono-
fucosylated at either HexNAc residue but not both. Alternatively,
an incompletely extended terminal HexNAc residue may be
directly fucosylated to yield the observed Fuc1HexNAc+ fragment
ion. In support of these other minor forms is the presence of
terminal GlcNAc, terminal GalNAc, and 3-linked GalNAc in the
linkage analysis (Figure 4, inset) along with the three most abun-
dant HexNAc residues, namely, 4-linked GlcNAc, 3,4-linked
GlcNAc, and 4,6-linked GlcNAc. After sequential enzyme treat-
ment of the total N-glycans with a combination of α-fucosidases

Figure 3. Representative CID-MS/MS spectra on the [M+H]+ parent ions of
non-PA-tagged N8.5 (A) and N11.4 (B) and PA- tagged N11.7 (C) and N12.8 (D).
The daughter ions afforded by MS-MS analysis of the permethyl derivatives of
non-PA-tagged and PA-tagged species were identical except for the additional
presence of m/z 544 corresponding to (OH)FucHexNAc-PA in the latter. N11.7
and N12.8 were not further fractionated on reverse phase column. Mass region
between m/z 750 and the parent ions were magnified to show minor fragment
ions. Diagnostic and sequence informative ions were as listed in Table I. Other
ions were mainly derived from secondary cleavage, e.g., further loss of terminal Fuc,
Xyl, and Gal, or a CH3OH moiety. Notable signals include: m/z 196 (from HexNAc+,
after eliminating both Fuc and Hex substituents), 450 (Hex-(OH)HexNAc+), 810
(Hex-(Fuc)HexNAc-∆Hex+), 1018, and 1641 (loss of a terminal LeX from 1655
and 2279, respectively).
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and β-galactosidase, the major resistant core structures could be
assigned as ±Xyl (Man3GlcNAc2) with one, two, three, four, or no
additional HexNAcs attached (Figure 2C). CID-MS/MS analysis
on [M+H]+ of HexNAc2(Xyl1Man3GlcNAc2) at m/z 1799 and
HexNAc3(Xyl1Man3GlcNAc2) at m/z 2044 showed the presence
of HexNAc-HexNAc+ sequence (m/z 505) in both. The
absence of a HexNAc3

+ ion in the latter indicated that one
single HexNAc and one HexNAc2 element were extending
from the two antenna of a biantennary structure. It remains
possible that additional triantennary structure was present but
not a monoantennary one with a stretch of three HexNAcs.

The major N-glycan profile of S. japonicum cercariae

The lack of sample material prevented a full characterization
of the S. japonicum cercarial N-glycans. However, FAB-MS
analysis of the permethyl derivatives revealed some interesting
features in comparison with those of S. mansoni. As shown in
Figure 6, none of the major components detected appeared to
carry xylosylation. Apart from high mannose-type structures,
the other major [M+Na]+ molecular ions afforded could be
assigned as (i) core fucosylated Hex2-5HexNAc2 (m/z 1141,
1345, 1549, and 1753), likely to be truncated pauci mannose-
type; and (ii) fucosylated trimannosyl core extended with a
single HexNAc (m/z 1590), a single Hex-HexNAc (m/z 1794),
a single Fuc1Hex1HexNAc (m/z 1968), two Hex1HexNAc1
units (m/z 2244), and two Fuc1Hex1HexNAc1 units (m/z 2592).
Assignment of core α6-fucosylation was supported by suscep-
tibility to N-glycosidase F and bovine kidney α-fucosidase.
Digestion with the latter enzyme resulted in a shift of the

molecular ion signals to m/z values corresponding to loss of a
Fuc residue (data not shown). A-type oxonium fragment ions
at m/z 1495 and 2118, which were derived from cleavage at the
chitobiose core of [Fuc1Hex1HexNAc1]1[Hex3HexNAc2Fuc]
([M+Na]+ at m/z 1968) and [Fuc1Hex1HexNAc1]2[Hex3Hex-
NAc2Fuc] ([M+Na]+ at m/z 2592), further indicated that one
Fuc was attached to the reducing end HexNAc of these two
species. CID-MS/MS analysis on the [M+H]+ parent ion of the
former yielded major daughter ions at m/z 196, 432, 450, 638,
810, and 1495, which, except for the last ion, were identical to
those afforded by the Lex containing structures from S. mansoni
described above (Figure 3A–B). On treatment with α3/4-
specific fucosidase, one Fuc was removed from this species.
The CID-MS/MS analysis of the digestion product unambigu-
ously showed that daughter ions at m/z 638, 810, and 1495
were replaced by new signals at m/z 464, 636, and 1321, as
would be expected from removal of the Fuc 3-linked to
GlcNAc in Lex. Our data therefore strongly suggested that the
major N-glycans of S. japonicum cercariae resembled those of
S. mansoni by carrying core α6-fucosylation and terminal Lex

epitopes but were not core xylosylated.

The major N-glycan profiles of the adult worms

In contrast to the N-glycans from the cercariae, similar FAB-
MS and HPLC analyses showed that the total N-glycans from
the adult worms of both S. mansoni and S. japonicum
comprised a range of typical high and pauci-mannose types,
hybrid type, and complex type of structures without any
significant level of Lex or xylosylation (Figure 7, Tables III and

Figure 4. GC-MS linkage analysis of the total N-glycans from S. mansoni cercariae. Major peaks were identified by retention time as compared against standard
and the EI-mass spectrum of the partially methylated alditol acetates. Minor HexNAc residues were further identified by plotting the selected ion traces of m/z
117+159 (inset). Peaks denoted as “x” are contaminant peaks with EI-mass spectra not corresponding to any of the partially methylated alditol acetates.
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IV). The truncated pauci-mannose structures (Man2,3GlcNAc2)
were found to be mostly core fucosylated, yielding signals
assigned as Fuc1Hex2,3HexNAc2, whereas Man4–9GlcNAc2
were not fucosylated. All these signals disappeared on treat-
ment with both α-mannosidase and α-fucosidase (Figure 7C),
which trimmed these components down to the expected core
Manβ-GlcNAc2 structure, giving the [M+Na]+ signal at m/z
763. In a separate experiment in which only α-mannosidase

was used, both fucosylated and nonfucosylated core Manβ-
GlcNAc2 were produced.

In addition to the high and pauci-mannose-type structures,
the fucosylated trimannosyl core structures were found to be
extended by a combination of single HexNAc residues, Hex-
HexNAc units, and HexNAc-HexNAc units to yield a range of
hybrid- and complex-type structures, as deduced from sequen-
tial exo-glycosidase digestions (Figure 7C and 7D, Table III).
Thus, the most common fragment ions detected were m/z 260
(HexNAc+), 464 (Hex-HexNAc+), 505 (HexNAc-HexNAc+),
and 913 (Hex2HexNAc2

+) at the low mass range of the FAB-
spectrum of the permethylated N-glycans (Figure 7A). Unlike
the cercarial N-glycans, a signal that would correspond to Lex

(m/z 638) could not be detected at this level, whereas m/z 679
could, albeit weakly. The latter ion suggested that, in addition
to LacdiNAc, a fucosylated LacdiNAc type of epitope might
also be present and was relatively more abundant than Lex, if
present at all. The fragment ion at m/z 709 (Hex1HexNAc2

+)
indicated that a HexNAc-Hex-HexNAc- or a Hex-HexNAc-
HexNAc- terminal sequence was also present. Other two frag-
ment ions at m/z 668 (Hex2HexNAc+) and 872 (Hex3HexNAc+)
were most likely derived from cleavage at the chitobiose cores
of the pauci-mannose structures.

To further ascertain if Lex could be found among the
complex- and hybrid-type structures, the N-glycans from
S. mansoni adults were pyridylaminated and fractionated on
normal phase HPLC (Figure 8). The fluorescence-detected
peaks were collected, screened by MS, and, where sample
materials were sufficient, sequentially digested with exo-
glycosidase and/or subjected to CID-MS/MS to confirm their
terminal structures, as summarized in Table IV. The assignment
of high mannose structures in N6.7, N7.7, N8.7, N9.6, and
N10.4, pauci mannose and other truncated cores, and mono-
antennary structures in N6.9 and N7.7 were supported by their
respective susceptibility to α-mannosidase trimming. The
presence of additional Fuc, which may constitute Lex and fuco-
sylated LacdiNAc in the monoantennary and complex-type
structures, were indicated by their molecular composition.
Treatment with bovine kidney α-fucosidase in general only
removed one Fuc corresponding to the core α6-Fuc, whereas
additional Fuc on the antenna were only susceptible to α3,4-
fucosidase. CID-MS/MS on the parent ions at m/z 2038 and

Figure 5. Normal phase HPLC profile of PA-tagged total N-glycans from S.
mansoni cercariae. Fractions were manually collected and major components
detected within each fractions were named according to their elution position
on a Glc unit (GU) scale, as compiled in Table I. Other nontabulated components
include: N6.1, HexNAc1-Core; N6.9, Hex5HexNAc2, HexNAc2-Core; N7.8,
Hex6HexNAc2; N8.7, Hex7HexNAc2; N10.7, Hex9HexNAc2. Hex5–9HexNAc2
corresponded to high mannose-type structures and were not further characterized.
These were found to be more prominent after a second N-glycosidase F treatment.
Based on the components characterized, Xyl was found to contribute to 0.5 Glc
unit, whereas both α3-Fuc (on Lex) and terminal Gal residue contributed to one
Glc unit on normal phase HPLC.

Table II. Sequential exo-glycosidase digestion on the two major N-glycans of S. mansoni cercariae. The PA-tagged, HPLC-purified N8.5
and N11.5 were analyzed by reverse phase HPLCa and FAB-MSb after each round of enzyme treatment

aRP-HPLC mapping were reported as Glc units against a calibrated scale of Glcn standards. The HPLC runs also served to purify the digested
product for next reactions.
bFAB-MS analysis was performed on permethyl derivatives of the digested products and deduced structures further confirmed by CID-MS/MS
analysis.

N8.5 N11.4

Exo-glycosidase m/z Molecular composition Glc U m/z Molecular composition Glc U

Non-treated 2198 Xyl1Fuc2Hex4HexNAc3 11.7 2823 Xyl1Fuc3Hex5HexNAc4 11.7

α-fucosidase 2024 Xyl1Fuc1Hex4HexNAc3 6.9 2648 Xyl1Fuc2Hex5HexNAc4 7.3

α3,4-fucosidase 1850 Xyl1Hex4HexNAc3 9.5 2300 Xyl1Hex5HexNAc4 12.6

β4-galactosidase 1646 Xyl1Hex3HexNAc3 8.5 1891 Xyl1Hex3HexNAc4 10.7

β2-GlcNAcase 1401 Xyl1Hex3HexNAc2 8.1 1401 Xyl1Hex3HexNAc2 8.1



K.-H. Khoo, H.-H. Huang, and K.-M. Lee

156

2079 in N7.7 yielded the characteristic sets of daughter ions
attributable to terminal Hex-4(Fuc-3)HexNAc (m/z 432, 638)
and terminal HexNAc-4(Fuc-3)HexNAc (m/z 260, 473, 679)
structures, respectively. For N6.9, which was of higher abun-
dance, further reverse phase HPLC on the α-fucosidase treated
sample yielded four major peaks (data not shown). An α-manno-
sidase resistant peak was digested by β-GlcNAcase to give the
trimannosyl core, indicating a GlcNAcβ1→6(GlcNAc-
β1→3)Man3GlcNAc2 structure consistent with its defined
composition. The remaining three peaks were shown to be
monoantennary by their susceptibility to α-mannosidase,
which removed one Man residue from each. Based on their
molecular composition, reverse phase elution order and Glc
unit difference (Tomiya and Takahashi, 1998), the earliest
eluting peak was deduced to be a mixture carrying either a
LacNAc or LacdiNAc on the 3-arm, whereas the other two later
eluting peaks carried a LacNAc and a LacdiNAc on the 6-arm,
respectively. The LacNAc containing components were
converted to the expected core by sequential treatment with β-
galactosidase and then β-GlcNAcase, whereas the LacdiNAc
components were only susceptible to the nonspecific β-
HexNAcase and not the specific β-GlcNAcase. Based on these

analyses, other larger N-glycan components from the adult
worms were likewise implicated as complex types extended
with LacNAc and/or LacdiNAc units, some of which were
fucosylated. The smallest N-glycans with a Lex determinant as
shown here were the monoantennary type with a single Lex

unit on an α6-fucosylated but not xylosylated trimannosyl
N,N′-diacetylchitobiose core.

Discussion

Despite the fact that schistosome is the best studied system of
helminthic glycosylation, there remain many gaps in our
understanding of how the expression of various glyco-epitopes
characterized to date are developmentally modulated. A
frequently encountered difficulty is the limitation in sample
amount available for each of the developmental stages.
Immunodetection based on monoclonal antibodies (mAb) of
known specificities is the most sensitive methods in probing
the expression of a particular glyco-epitope. Yet, due to many
potential cross-reactivities among structurally related epitopes,
a chemical evidence for the implicated structures is needed to

Figure 6. FAB-mass spectrum of the permethyl derivatives of total N-glycans from S. japonicum cercariae. Mass region above m/z 2100 was magnified as inset.
Signals at m/z 1451 and 2074 were thioglycerol adducts of the major molecular ions at m/z 1345 and 1968, respectively. [M+Na]+ molecular ion signals at m/z
1579, 2191 and 2396 corresponded to Hex5HexNAc2, Hex8HexNAc2 and Hex9HexNAc2, respectively. The signal at m/z 2418 corresponded to species with one Fuc
less than that at m/z 2592. Other signals were described in the text.
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substantiate its existence. We presented detailed structural
characterization of the S. mansoni cercarial N-glycans and
sought to unambiguously pin down the two most prominent

features, namely, core β2-xylosylation and Lex using a variety of
complementary approaches. To our knowledge, all core α6-fuco-
sylated, β2-xylosylated hybrid and complex-type N-glycans

Figure 7. FAB-MS analysis of the permethyl derivatives of N-glycans from S. japonicum adult worms. (A) Low mass region showing the major fragment ions and
(B) molecular ion regions of the total N-glycans. (C) FAB-spectrum obtained on sample treated with a combination of α-fucosidase from bovine kidney and
α-mannosidase; and (D) after further digestion with β-galactosidase. Major molecular ion signals were assigned as compiled in Table III and described in the text.
Signals at m/z 1362, 1566, 1770, and 1811 in (C) were fragment ions resulting from cleavage at the chitobiose core of the major components. The corresponding
FAB-mass spectrum of the S. mansoni adult worm N-glycans were virtually identical to (A) and (B) except for an additional peak at m/z 2325, corresponding to
fucosylated core with possibly two LacdiNAc units on a biantennary structure.
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characterized here represent novel structures. We also
provided a quantitative profile of the vaious N-glycans
detected and examined, for the first time, the N-glycans of the
cercariae and adults of S. japonicum for comparison.

The schistosomal egg glycans represent the first and only
example in animal glycoproteins where both core α3-fuco-
sylation and β2-xylosylation were chemically shown to occur
on the N-glycans (Khoo et al., 1997b). Unlike plant glyco-
proteins, these modifications almost invariably occur on an
α6-fucosylated core. As characterized previously (Khoo et al.,
1997b), either core α3-fucosylation or xylosylation can occur
on the egg N-glycans of both schistosome species, but coexist-
ence of both core modifications appeared to be restricted to
S. japonicum. The detection of core difucosylated and xylo-
sylated N-glycans is therefore diagnostic of S. japonicum and
possibly is also developmental stage–specific, restricted to the
eggs and miracidia. We have not been able to detect such core
modification on the N-glycans from any other S. japonicum
developmental stages examined, including the cercariae,
schistosomula, and adults. In contrast, β2-xylosylation is a
prominent structural feature of S. mansoni cercarial N-glycans
but down-regulated as the parasite develops into adult. A recent

study based on Western blot analysis with core α3Fuc- and
β2Xyl-specific antibodies (van Die et al., 1999) has indicated
that β2-core xylosylation can be found on the adult extracts of
S. mansoni but not S. japonicum. Although we failed to detect
core xylosylation in the adults of either species, we did provide
chemical evidence that core xylosylation is characteristic of
S. mansoni cercariae. It is possible that residual level of
expression on the adults may still be detectable by antibodies.
On the other hand, the implicated presence of α3-core fuco-
sylation on the adults (van Die et al., 1999) could not be
substantiated by our mass spectrometry analysis of N-glyco-
sidase A–released N-glycan samples.

Apart from N-glycan core fucosylation, at least two other
antigenic fucosylated epitopes feature prominently on
schistosomal glycans. The first is the unique multifucosylated
HexNAc termini with internal Fuc residue,
±Fucα2Fucα3GalNAcβ(±Fucα2Fucα2Fucα3)4GlcNAc-, as
found on the complex O-glycans of S. mansoni cercarial glyco-
calyx (Khoo et al., 1995), which probably constitute the
epitope recognized by a mAb raised against cercarial glyco-
proteins (Dalton et al., 1987). Immunolocalization with this
mAb showed that this fucosylated epitope was expressed on

Table III. Major components detected in the FAB-mass spectra of the permethylated N-glycans of S. japonicum adult worms
before and after sequential enzyme digestions

aThe products after a combination of bovine kidney α-fucosidase and α-mannosidase digestions (Figure 7C) were further
converted by β-galactosidase digestion to the final products (Figure 7D), as indicated by an arrow.
bOnly major structures were presented. In many instances, other structural isomers are possible. Symbols used: open triangles,
Fuc; open circles, Gal; filled circles, Man; open squares, HexNAc.
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the surface of cercariae and newly transformed schistosomula
but not detectable on the adult worms (Köster and Strand,
1994). Its recurrence on the egg antigens has been indicated by
immuno-cross-reactivities (Weiss and Strand, 1985; Weiss et
al., 1986) and further corroborated by structural studies that
identified similar nonreducing terminal epitopes on the egg
glycoproteins and glycolipids (Levery et al., 1992; Khoo et al.,
1997a,b). There are potentially many structural variations to
this epitope. In its simplest form without any of the Fuc, this

terminal disaccharide corresponds to the so-called LacdiNAc
sequence (GalNAcβ4GlcNAcβ-). Both LacdiNAc and its fuco-
sylated version, GalNAcβ(Fucα3)4GlcNAcβ-, were readily
detectable on the glycans from each of the developmental stages
examined to date (Cummings and Nyame, 1999), as well as
those characterized here.

Another fucosylated epitope as defined by mAb raised
against S. mansoni egg glycoproteins has been characterized to
recognize Lex structure (Ko et al., 1990; Köster and Strand,

Table IV. MS analysis and assignment of the major pyridylaminated N-glycans from S. mansoni adult fractionated on normal
phase HPLC (Figure 8)

aOnly N6.0 and N6.9 were further fractionated on reverse phase to resolve the structural isomers. Authentic PA-oligosaccharide
standards were used to confirm the location of the single antennae on either the 3- or 6-arm of the trimannosyl core. Structures in
N7.7, N8.7, N9.6, and N10.4 were assigned based primarily on MS analyses coupled with sequential exoglycosidase digestions.

HPLC# [M+H]+ Molecular composition Deduced structuresa

N3.4 1007 Fuc1Hex1HexNAc2-PA Truncated core

N3.7 1037 Hex2HexNAc2-PA Truncated core

N4.2 1211 Fuc1Hex2HexNAc2-PA Truncated core

N4.8 1241 Hex3HexNAc2-PA Truncated core

N5.2 1415 Fuc1Hex3HexNAc2-PA α6-fucosylated trimannosyl core, denoted as “Core”

N5.6 1445 Hex4HexNAc2-PA Man4GlcNAc2-PA, pauci mannose-type structure

N6.0 1660 Fuc1Hex3HexNAc3-PA GlcNAcβ1→3Core, GlcNAcβ1→6Core

N6.7 1649 Hex5HexNAc2-PA Man5GlcNAc2-PA

N6.9 1864 Fuc1Hex4HexNAc3-PA LacNAc→3Core, LacNAc→6Core

1905 Fuc1Hex3HexNAc4-PA LacdiNAc→3Core, LacdiNAc→6Core

1905 Fuc1Hex3HexNAc4-PA GlcNAcβ1→6(GlcNAcβ1→3)Core

N7.7 1853 Hex6HexNAc2-PA Man6GlcNAc2-PA

2038 Fuc2Hex4HexNAc3-PA Galβ1–4(Fucα1–3)GlcNAc-Core

2079 Fuc2Hex3HexNAc4-PA HexNAc-4(Fucα1–3)HexNAc-Core

2110 Fuc1Hex4HexNAc4-PA (HexNAc)1(Hex-HexNAc)1-Core

2151 Fuc1Hex3HexNAc5-PA (HexNAc)1(HexNAc-HexNAc)1-Core

N8.7 2057 Hex7HexNAc2-PA Man7GlcNAc2-PA

2314 Fuc1Hex5HexNAc4-PA (Hex1HexNAc1)2-Core

2355 Fuc1Hex4HexNAc5-PA (Hex1HexNAc1)1(HexNAc2)1-Core

2396 Fuc1Hex3HexNAc6-PA (HexNAc2)2-Core

N9.6 2263 Hex8HexNAc2-PA Man8GlcNAc2-PA

2489 Fuc2Hex5HexNAc4-PA (Fuc)1(Hex1HexNAc1)2-Core

2530 Fuc2Hex4HexNAc5-PA (Fuc)1(Hex1HexNAc1)1(HexNAc2)1-Core

2560 Fuc1Hex5HexNAc5-PA (HexNAc)1 (Hex1HexNAc1)2-Core

2571 Fuc2Hex3HexNAc6-PA (Fuc)1(HexNAc2)2-Core

2642 Fuc1Hex3HexNAc7-PA (HexNAc)1(HexNAc2)2-Core

N10.4 2467 Hex9HexNAc2-PA Man9GlcNAc2-PA

2663 Fuc3Hex5HexNAc4-PA (Fuc)2(Hex1HexNAc1)2-Core

2704 Fuc3Hex4HexNAc5-PA (Fuc)2(Hex1HexNAc1)1(HexNAc2)1-Core

2734 Fuc2Hex5HexNAc5-PA (Fuc)2(HexNAc2)2-Core

2745 Fuc3Hex3HexNAc6-PA (Hex1HexNAc1)3-Core

2764 Fuc1Hex6HexNAc5-PA (HexNAc2)3-Core

2887 Fuc1Hex3HexNAc8-PA (Fuc)1(HexNAc)1(Hex1HexNAc1)2-Core
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1994). This mAb or mAb against Lex were shown to bind to the
surface of schistosomula and adults and the extracts from
adults of both S. mansoni and S. japonicum (Nyame et al.,
1998). Structurally, Lex has been defined to be present on the
S. mansoni adults (Srivatsan et al., 1992a), the egg glyco-
proteins (Khoo et al., 1997b), as well as the O-glycans from
adult gut-associated excretory circulating cathodic antigen
(CCA) (van Dam et al., 1994). Because the Lex-recognizing
mAb failed to bind to the surface of S. mansoni cercariae
(Köster and Strand, 1994), it was thought that the expression of
Lex is developmentally regulated and only initiated after trans-
formation into schistosomula, just as the multifucosylated
glycocalyx is shed. However, data (including this study) have
indicated otherwise.

First, the same mAb that failed to bind to the surface of the
cercariae has actually been shown to bind to the cercarial and
egg extracts more readily than to the adult extracts (Weiss and
Strand, 1985). Second, antibody that recognized Lex was
among the humoral response elicited in mice vaccinated with
irradiated cercariae of S. mansoni (Richter et al., 1996). Both
studies argued that Lex epitope was presented by S. mansoni
cercariae. More recently, the glycosphingolipids from
S. mansoni cercariae were characterized to be dominated by
Lex and pseudo Ley structures (Wuhrer et al., 2000). Our own
research as reported here indicates that high level of Lex was
indeed present on the cercarial N-glycans as well as O-glycans
(unpublished data), even more so than on adult glycans on a

comparative basis. Thus, the cercariae stage does express an
abundance of Lex on a variety of glycoconjugates. However, it
is possible that surface exposure of Lex may be masked by the
more immunodominant glycocalyx multifucosylated glycans.
Instead, the anti-Lex mAb was shown to recognize secreted
material near the acetabular gland openings and in the ventral
sucker of S. mansoni cercariae (Köster and Strand, 1994; van
Remoortere et al., 2000). We have shown that if the cercariae
glycoprotein extracts were fractionated by Anguilla anguilla
lectin affinity column, most of the Lex-containing glyco-
proteins characterized in this study were found in the flow-
through fractions, distinct from the population that bound to
the column that contained the previously characterized glyco-
calyx multifucosylated epitopes (Khoo et al., 1995). Thus, the
two different fucosylated epitopes may be carried on two
different sources, and the Lex carrying glycoproteins may well
be related to secreted materials, as they were very readily
extracted. The high abundance of Lex epitopes found on
cercariae would constitute an important first source of this
immunogen following infection, well before secretion of CCA
from the adults or the onset of egg laying.

Sera from humans and rodents infected with S. mansoni and
S. japonicum have been shown to contain antibodies reactive
with Lex (Nyame et al., 1996,1997,1998). Schistosomal infec-
tion is also known to induce a pronounced Th2-type response
associated with significant IgE production. Because Lex has
been shown to induce murine B-1 cells to secrete large
amounts of IL-10 that down-regulate type 1 CD4+ T cells, it
may function as an immune activator of Th2-associated
responses (Velupillai and Harn, 1994). Although most of the
immunopathogenic activities of schistosomal glycans have
been attributed to the egg antigens, it is of interest to note that
the invading cercariae is itself an important source of Lex, in
addition to presenting an immunopotent glycocalyx.

Materials and methods

Parasite materials

Biomphalaria glabrata albino snails infected with a Puerto
Rican strain of S. mansoni were obtained from Dr. Fred Lewis
of the Bethesda Biomedical Research Institute. Cercariae were
shed by exposing the snails to light for 2 h and collected by
centrifugation. S. japonicum cercariae, adult worms, and eggs
were obtained from Dr. Yuan Hong Chang of Shanghai
Medical University. Infected Oncomelania hupensis snails
were obtained in Anhui province. Additional S. japonicum life
cycles were also maintained locally in the laboratory of
Department of Parasitology (NYMU), where Oncomelania
hupensis snails were collected from the field. C57BL/6 mice
(from National Science Council, Taiwan) were infected with
50 S. japonicum cercariae percutaneously from the belly or 150
S. mansoni cercariae via tail immersion. For the recovery of
adult worms, infected mice were sacrificed at 8 weeks post-
infection, and the worms were perfused out from the portal
vein of the liver (Duvall and Dewitt, 1967). Schistosomulas
were obtained at 12 days and 20 days postinfection from the
livers of mice infected with S. japonicum and S. mansoni,
respectively.

Figure 8. Normal phase HPLC profile of PA-tagged total N-glycans from
S. mansoni adults. Fractions were manually collected and named according to
their elution position on a Glc unit (GU) scale, as compiled in Table IV.
Fractions N7.7, N8.7, N9.6, and N10.4 were pools of nonresolved peaks, each
containing a high mannose structure and numerous complex-type structures.
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Extraction of glycoprotein and preparation of N-glycans

Collected schistosomal cercariae, schistosomula, and adult
worm samples were homogenated by sonic treatment at 4°C,
and lipids were removed by sequential extraction with 5:10:3
CHCl3:CH3OH:H2O and 30:60:8 CHCl3:CH3OH:0.4M sodium
acetate (v/v/v). Delipidated homogenates were vortexed in 6 M
guanidine hydrochloride, and the supernatants were dialyzed
against running water at 4°C. Alternatively, cercarial glyco-
proteins were extracted by phenol/water partition method as
described (Xu et al., 1994). Dialyzed and lyophilized glyco-
protein extracts were then redissolved in 20 mM Tris buffer
(pH 7.6–7.8, with 1 mM each of CaCl2, MgCl2, MnCl2, and
0.1 M NaCl) and loaded onto a lectin affinity column (Anguilla
anguilla gel, EY laboratories) equilibrated in the same buffer.
Nonbound glycoproteins were eluted with two column
volumes of the same Tris buffer, and bound glycoproteins were
subsequently eluted with 100 mM fucose in the same Tris
buffer. Elution were monitored online by UV absorbance at
280 nm. Fractions collected were pooled accordingly, dialyzed
against water, and then lyophilized. The majority of N-glycans
was found on nonbound fractions, whereas the bound glycopro-
tein fractions contained mainly the multifucosylated O-glycans
characterized previously (Khoo et al., 1995), with a small
amount of N-glycans similar in composition to those identified
in the nonbound fraction.

The crude glycoprotein extracts obtained were first digested
with non–TPCK-treated trypsin (Roche) (1:50 enzyme: protein
ratio, w/w; 37°C for 4 h in 50 mM ammonium hydrogen
carbonate buffer, pH 8.4) followed by non–TLCK-treated
chymotrypsin in the same conditions. The digested glyco-
peptides were loaded onto C18 Sep-pak® cartridge (Waters).
Glucan polymer and other hydrophilic contaminants were
washed off with 5% aqueous acetic acid, and the bound
peptides were eluted with a step gradient of 20, 40, and 60% 1-
propanol in water. All the eluted fractions were pooled, dried
down, and then incubated with N-glycosidase F (5 units,
Roche) overnight at 37°C in 50 mM ammonium bicarbonate
buffer, pH 8.4. Released N-glycans were separated from
peptides/glycopeptides using the same C18 Sep-pak procedure.
The pooled peptides/glycopeptides fractions were then digested
with N-glycosidase A from almond (0.5 mU, Calbiochem) in
50 mM ammonium acetate buffer, pH 5, at 37°C overnight. N-
glycans released by N-glycosidase A were likewise separated
from the de-N-glycosylated peptides/glycopeptides by the
same C18 Sep-pak procedures.

Fluorescent labeling and HPLC purification of N-linked
glycans

The N-glycosidase F–released N-glycans were reductively
aminated with 2-aminopyridine at the reducing end exactly as
described (Hase, 1994). Excess reagents were first removed by
sequential co-evaporation with CH3OH:triethylamine (3:1, v/v),
toluene, and toluene:methanol (2:1, v/v) at 50°C, followed by
gel filtration chromatography on a Bio-Gel P-2 column (50 cm
× 1.5 cm, equilibrated and eluted with 10 mM ammonium
bicarbonate). Elution of PA-tagged glycans were monitored
online by UV absorbance at 280 nm wavelength.

HPLC analysis was performed on a Hewlett Packard 1100
series LC equipped with a thermostatted column compartment
and fluorescence detector. The PA-labeled glycans were size

fractionated on a PalPak type N column (Takara, 4.6 × 250 mm)
at a flow rate of 1 ml/min, 30°C, and detected by fluorescence
with excitation and emission wavelengths set at 310 and 380
nm, respectively. Buffers A and B contain 25:75 and 50:50
stock buffer: acetonitrile (v/v), respectively, where stock
buffer was aqueous solution containing 10% acetonitrile and
3% acetic acid, titrated to pH 7.3 with triethylamine. The
column was equilibrated and maintained at 10% B for 5 min,
then linearly increased to 100% B in 40 min and kept at 100%
B for another 15 min. For second dimension separation or
desalting after enzyme digestion, reverse phase HPLC was
carried out on a Hypersil ODS column (5 µ, 4.0 × 125 mm,
Hypersil), at a flow rate of 0.5 ml/min, 40°C, and detected by
fluorescence at 320/400 nm excitation/emission wavelengths.
Buffer A was 0.1 M ammonium acetate, pH 4.0; buffer B was
15% methanol in buffer A. Gradient used: 5% to 20% B at
15 min, to 35% B at 50 min, to 80% B at 60 min. In both
modes, PA-labeled isomalto-oligomers prepared from partially
hydrolyzed dextran were used to calibrate the elution positions
as Glc units. Additional PA-tagged N-glycan standards were
purchased from Seikagaku (Japan).

Sequential exoglycosidase digestions

Total or HPLC-purified PA-tagged glycans were digested with
exo-glycosidases using the following conditions: α-manno-
sidase (from jack bean, Boehringer Mannheim): 0.5 U in
100 µl of 50 mM ammonium acetate buffer containing 1 mM
ZnCl2, pH 5.0; β-galactosidase (from bovine testes, Roche):
27 mU in 100 µl of 50 mM sodium citrate phosphate buffer,
pH 4.6; α-L-fucosidase (from bovine kidney, Roche): 0.1 U in
100 µl of 100 mM ammonium acetate buffer, pH 4.5; α1-3,4
fucosidase (from Xanthomonas manihotis, New England
Biolabs): 5 U in 55 µl of 50 mM sodium citrate buffer, pH 6.0;
β1-4 galactosidase (from Diplococcus pneumoniae, Roche):
5 mU in 50 µl of 50 mM sodium acetate buffer, pH 6.0; α1-2,3
mannosidase (from X. manihotis, New England Biolabs): 5 U
in 55 µl of 50 mM sodium citrate, pH 6.0; N-acetyl-β-D-gluco-
saminidase (from D. pneumoniae, Roche): 5 mU in 50 µl of
50 mM sodium acetate buffer, pH 6.0; β-N-acetylhexos-
aminidase (from jack bean, Calbiochem): 500 mU in 50 µl of
100 mM sodium citrate phosphate buffer, pH 5.0. All digestions
were carried out at 37°C for 24 h. For digestion of total N-glycans,
an aliquot was withdrawn from the reaction mixtures and
permethylated for MS analysis of the products. The next
enzyme was added without further purification. For PA-tagged
samples, each digestion was additionally followed by reverse
phase HPLC mapping/purification before the next digestion.

Chemical derivatization and FAB-MS analysis

Samples were permethylated using the NaOH/dimethyl
sulfoxide slurry method as described by Dell et al. (1994). For
FAB-MS analysis, permethyl derivatives of the N-glycans
were redissolved in CH3OH for loading onto the probe tip coated
with 1-monothioglycerol as matrix for positive ion modes. Alter-
natively, the permethylated PA-derivatives were found to run
better using glycerol:m-nitrobenzylalcohol:trifluoroacetic acid
(50:50:1, v/v/v) as matrix. This acidified matrix was also used
in MS-MS studies to promote [M+H]+ species as the preferred
parent ions. FAB-mass spectra were acquired on an Autospec
orthogonal acceleration–time of flight mass spectrometer
(Micromass, UK) fitted with a cesium ion gun operating at



K.-H. Khoo, H.-H. Huang, and K.-M. Lee

162

26 kV. Collision-induced dissociation (CID) MS-MS was
performed by introducing argon gas to the collision cell to a
reading of ∼1.2 × 10–6 millibars on the time of flight ion gauge.
The source accelerating voltage was at 8 kV with a push-out
frequency of 56 kHz for orthogonal sampling. A 1-s integration
time per spectrum was chosen for the time of flight analyzer
with a 0.1-s interscan delay. Individual spectra were summed
for data processing.

Monosaccharide composition and linkage analysis

For GC-MS linkage analysis, partially methylated alditol acetates
were prepared from permethyl derivatives by hydrolysis (2 M
trifluoroacetic acid, 121°C, 2 h), reduction (10 mg/ml NaBH4,
25°C, 2 h), and acetylation (acetic anhydride, 100°C, 1 h). GC-MS
was carried out using a Hewlett-Packard Gas Chromatograph
6890 connected to a HP 5973 Mass Selective Detector. Sample
was dissolved in hexane prior to splitless injection into a HP-5MS
fused silica capillary column (30 m × 0.25 mm I.D., HP). The
column head pressure was maintained at around 8.2 psi to give
a constant flow rate of 1 ml/min using helium as carrier gas.
Initial oven temperature was held at 60°C for 1 min, increased
to 90°C in 1 min, and then to 290°C in 25 min. For mono-
saccharide composition analysis, released N-glycans were
methanolyzed with 0.5 M methanolic-HCl (Supelco) at 80°C
for 16 h; re-N-acetylated with 500 ml of methanol, 10 ml of
pyridine, and 50 ml of acetic anhydride; and then treated with
the Sylon HTP® trimethylsilylating reagent (Supelco) for
20 min at room temperature, dried down, and redissolved in
hexane. GC-MS analysis of the trimethylsilylated derivatives
was performed on the same HP system using a temperature
gradient of 60°C to 140°C at 25°C/min, increased to 250°C at
5°C/min, and then increased to 300°C at 10°C/min.
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