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Fig. 3. CE and MALDI-TOF MS analysis of 2AA-labeled linkage oligosaccharides derived from UT]. 2AA-labeled oligosaccharides released by AGC (a)
and the conventional in-tube method (b) were analyzed by CE. Analytical conditions for CE; capillary, DB-1 capillary (30 cm x 100 pm i.d.); running
buffer, 100 mM Tris-borate buffer (pH 8.0) containing 10% PEG70000; applied voltage, 20 k'V; injection, pressure method (1.0 psi for 10 s); temperature,
25°C; detection, helium-cadmium laser-induced fluorescence (Ex: 325 nm, Em: 405 nm). (c) MALDI-TOF MS spectra of 2AA-labeled linkage

oligosaccharides.

hexasaccharides derived from the linkage region of bovine
nasal septal cartilage PG were sulfated at either the C4 or
the C6 position of the GalNAc residue [11). Accordingly,
we concluded that peak 3, which was resistant to chon-
dro-4-sulfatase, is hexasaccharide sulfated at the C6 posi-
tion of the GalNAc residue. Structures of the linkage
hexasaccharides observed in BNC-PG are summarized
and relative abundances of glycans estimated from their
peak areas in CE analysis are shown in Table 1. The rela-
tive abundances of glycans observed in BNC-PG were
slightly different from those reported previously [11]. The
reasons for this difference may be due to the difference of
PG material used because de Beer et al. {11] used a more
limited part of nasal cartilage (septal) as a source of PG,
while KS chains in BNC-PG were not observed in the pres-
ent study and further studies are required.

Aggrecan is the major proteoglycan in articular cartilage
and is important for proper functioning of articular carti-
lage. Aggrecan derived from bovine articular cartilage
has chondroitin-6-sulfate chains as major GAGs, and their
linkage-region oligosaccharides were sulfated at the C6
position predominantly [15,16]. We released the oligosac-
charides at the linkage region of aggrecan by AGC and
analyzed them after labeling with 2AA (Fig. 5). Two major
peaks were observed at 3.4 and 4.1 min (Fig. 5a). The gly-
can {peak 1) has one sulfate group in the molecule. These

peaks were not digested with chondro-4-sulfatase and calf
intestine alkaline phosphatase (data not shown). Thus,
we concluded that peaks 1 and 2 are hexasaccharides hav-
ing a sulfate group at the C6 position of the GalNAc resi-
due and nonsulfated hexasaccharide, respectively. This
result was also supported by MALDI-TOF MS analysis
(Fig. 5b). The oligosaccharides derived from the linkage
region of aggrecan showed an abundant ion at m/z
1209.6 of monosulfated hexasacchride (AHexAHexAHex-
NAcHex,Pen(SO;H)2AA) with its sodium adduct ion (m/
z 1232) and a small ion peak at m/z 1129.3 of nonsulfated
hexasaccharide (AHexAHexAHexNAcHex,Pen2AA). The
structures and relative abundances of these hexasaccha-
rides are also summarized in Table 1. Relative abundances
of hexasaccharides at the linkage region observed in aggre-
can also showed values slightly different from those report-
ed previously [16].

Decorin, which is a member of the small leucine-rich PG
family, plays a key role as a modulator of cell growth by
interaction with matrix components or a variety of other
proteins such as fibronectin or transforming growth fac-
tor-B [36]. Recently, decorin was reported to increase in
human colon adenocarcinomas with significant structure
changes [6]. Mammalian decorin has a single CS/DS chain
that is attached to Ser4 [37]. We analyzed the oligosaccha-
rides at the linkage region of the CS/DS chain of decorin
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Fig. 4. CE and MALDI-TOF MS analysis of 2AA-labeled linkage oligosaccharides derived from BNC-PG. 2AA-labeled linkage oligosaccharides derived
from BNC-PG were analyzed by CE before digestion (a) and after digestion with chondro-4-sulfatase (b). Analytical conditions for CE were the same as
those described in Fig. 3. Arrows indicate the peaks changed after digestion. (c) MALDI-TOF MS spectra of 2AA-labeled linkage oligosaccharides.

derived from bovine articular cartilage. The results of CE
and MALDI-TOF MS analysis are shown in Fig. 6. In
CE analysis of the 2AA-labeled oligosaccharides, mono-
sulfated hexasaccharides (peaks 2 and 3) and nonsulfated
hexasaccharide (peak 4) were observed at 3.3 and
4.3 min, respectively, as major components (Fig. 6a). A
broad peak (peak 1) due to disulfated hexasaccharides
was also observed at ca. 2.7 min as minor components.
After digestion with chondro-4-sulfatase, peak 2 was shift-
ed to the position of peak 4 (Fig. 6b) but peak 3 was not
digested with alkaline phosphatase (data not shown). These
results clearly indicated that peaks 2 and 3 were the C4 and
C6 sulfated hexasaccharide, respectively. After digestion
with chondroitinase AC-II, the 2A A-labeled linkage oligo-
saccharides gave two peaks at 3.3 and 4.3 min, respectively
(Fig. 6c). The major peak observed at 4.3 min seems to be
the linkage tetrasaccharide AHexAp1-3Galfl-3Galpl-
4Xyl-2AA from its migration time. A portion of the minor
peak observed at 3.3 min, which is resistant to chondroitin-
ase AC-II, is probably due to iduronic acid-containing
hexasaccharide because chondroitinase AC-I11 does not
act on this hexasaccharide [38] This type of oligosaccha-
ride which contains iduronic acid was also found in recom-

binant decorin expressed in Chinese hamster ovary cells
[39]. MALDI-TOF MS analysis showed a molecular ion
at m/z 1210.9 corresponding to monosulfated hexasaccha-
rides (AHexAHexAHexNAcHex,Pen(SO;H)2AA) and a
minor ion at m/z 1130.9 due to nonsulfated hexasaccharide
(AHexAHexAHexNAcHex,Pen2AA) (Fig. 6d). The results
are summarized in Table 1. The broad peak (peak 1) of
disulfated hexasaccharides indicates that the sulfation
patterns of disulfated hexasaccharides are highly
heterogenous.

Biglycan is also a member of the small leucine-rich PG
family and usually has two CS/DS chains attached to
Ser5 and Serll [40]. We analyzed the oligosaccharides at
the linkage region of CS/DS chains of biglycan derived
from bovine articular cartilage and compared them with
those of decorin. The results are shown in Fig. 7. In CE
analysis, the oligosaccharides derived from biglycan
showed an electropherogram similar to that observed for
the analysis of oligosaccharides derived from decorin
(Fig. 7a), but the oligosaccharide composition was different
from that of decorin. After digestion with chondro-4-sulfa-
tase, peak 2 disappeared and peak 4 increased (Fig. 7b) but
peak 3 was not digested with alkaline phosphatase (data
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Table 1

Structures and relative abundances of linkage oligosaccharides derived from PGs
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Peak No.* Structure” Relative abundance (%)°
BNC-PG

1 AHexAal-3GalNAc(48)B1-4GlcAB1-3Gal(45)B1-3GalBl-4Xyl-2AA 2 (1)
2 AHexAal-3GalNAc(48)p1-4GlcAB1-3GalBl-3Galpl-4Xyl-2AA 28 (43)
3 AHexAal-3GalNAc(68)B1-4GlcAB1-3Galpl-3Galpl-4Xyl-2AA 14 (6)
4 AHexAxl-3GalNAcB1-4GlcAP1-3GalBl-3GalBl-4Xyl-2AA 56 (38)
Aggrecan

1 AHexAal-3GalNAc(68)B1-4GlcAB1-3GalBl-3GalBl-4Xyl-2AA 56 (68)
2 AHexAal-3GalNAcP1-4GlcAB1-3GalBl-3GalBl-4Xyl-2AA 44 (32)
Decorin

1 AHexAxl1-3GalNAc(S)p1-4GlcAB1-3Gal(S)B1-3Galpl-4Xyl-2AA 21

2 AHexAual-3GalNACc(4S)B1-4GlcAB1-3Galpl-3Galpl-4Xyl-2AA 5

2 AHexAal-3GalNAc(4S)B1-41doAal-3GalB1-3GalBl-4Xyl-2AA 16

3 AHexAal-3GalNAc(68)B1-4GlcAB1-3GalBl-3Galp1-4Xyl-2AA 41

4 AHexAal-3GalNAcB1-4GlcAB1-3GalBl-3GalBl-4Xyl-2AA 17
Biglycan

1 AHexAal-3GalNAc(S)B1-4GlcAB1-3Gal(S)B1-3GalB1-4Xyl-2AA 10

2 AHexAal-3GalNACc(48)B1-4GlcAB1-3GalBl-3GalB1-4Xyl-2AA 15

2 AHexAal-3GalNAc(4S)B1-41doAal-3GalB1-3GalBl-4Xyl-2AA 1

3 AHexAal-3GalNAc(6S)B1-4GlcAB1-3GalBl-3GalBl-4Xyl-2AA 45

4 AHexAal-3GalNAcB1-4GlcABL-3GalBl-3GalBl-4Xyl-2AA 29

? Peaks observed in CE analysis.

® Previously reported oligosaccharide structure.
€ Values in parentheses are previously reported.
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Fig. 5. CE and MALDI-TOF MS analysis of 2AA-labeled linkage oligosaccharides derived from aggrecan. 2AA-labeled linkage oligosaccharides derived
from aggrecan were analyzed by CE (a) and MALDI-TOF MS (b). Analytical conditions for CE were the same as those described in Fig. 3.

not shown). After digestion with chondroitinase AC-II, the
2AA-labeled linkage oligosaccharides in biglycan gave a
peak at 4.3 min and a small peak of iduronic acid-contain-
ing hexasaccharide at 3.3 min (Fig. 7¢). In MALDI-TOF
MS analysis, the 2AA-labeled linkage oligosaccharides

derived from biglycan showed two major molecular ions
at m/z 1210.3 and m/z 1130.1 due to monosulfated hexasac-
charides (AHexAHexAHexNAcHex,Pen(SO3H)2AA) and
nonsulfated hexasaccharide (AHexAHexAHexNAc-
Hex,Pen2AA), respectively (Fig. 7d). The list of linkage
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Fig. 6. CE and MALDI-TOF MS analysis of 2AA-labeled linkage oligosaccharides derived from decorin. 2AA-labeled linkage oligosaccharides derived
from decorin were analyzed by CE before digestion (a) and after digestion with chondro-4-sulfatase (b) and chondroitinase AC-II (c). Analytical
conditions for CE were the same as those described in Fig. 3. Arrows indicate the peaks changed after digestion. (d) MALDI-TOF MS spectra of 2AA-

labeled linkage oligosaccharides.

oligosaccharides observed in biglycan is summarized in
Table 1.

Disaccharide composition analysis

Disaccharide units of CS chains in PG samples employed
in the present study were determined. The mixture of unsat-
urated disaccharides obtained by digestion with chondro-
itinase ABC was labeled with AMAC and analyzed by CE
according to the procedure described in Fig. 1. The results
are shown in Fig. 8. UTI gave two major peaks of Adi-4S
and Adi-0S at 3.4 and 5.3 min, respectively (Fig. 8a).
BNC-PG showed a nearly single peak of Adi-4S at
3.4 min (Fig. 8b), while aggrecan, decorin and biglycan gave
Adi-6S at 3.3 min and the peak of Adi-4S (Figs. 8c—¢) as the
major disaccharides. The disaccharide compositions
estimated by peak areas are summarized in Table 2. The rel-
ative ratios of disaccharides derived from UTI were 37.2%

for Adi-4S and 62.8% for Adi-0S. BNC-PG showed a high
proportion of Adi-4S (90.7%), and contained Adi-6S (9.3%)
and a trace amount of Adi-0S. The major disaccharides
derived from aggrecan were Adi-6S (70.2%), Adi-4S
(21.1%), and Adi-0S (8.7%). Decorin and biglycan showed
both Adi-4S and Adi-6S as major components, but biglycan
showed higher Adi-6S content than that observed in deco-
rin. The relative ratios of disaccharides derived from UTI,
BNC-PG, and aggrecan showed good agreement with the
reported data [11,15,32], but those of disaccharides derived
from decorin and biglycan were slightly different [41].

Discussion

We proposed a method for the rapid analysis of oligo-
saccharides at the GAGs-protein linkage region. To short-
en the total time required for the analysis of linkage
oligosaccharides in PGs, we fabricated an automatic
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Fig. 7. CE and MALDI-TOF MS analysis of 2AA-labeled linkage oligosaccharides derived from biglycan. 2AA-labeled linkage oligosaccharides derived
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of 2AA-labeled linkage oligosaccharides.

carbohydrate releasing apparatus (AutoGlycoCutter) for
rapid release of linkage oligosaccharides by employing
the in-line flow system. By using AGC, the time required
for release of oligosaccharides is only ca. 3 min, and we
can achieve ca. 1000-fold rapid release of oligosaccharides
compared to that required by the conventional in-tube
method. In addition, it should be noted that analyses of
2AA-labeled oligosaccharides at the linkage region and
AMAC-labeled unsaturated disaccharides by CE were
completed within 5 and 10 min, respectively. Although
the analysis of oligosaccharides at the linkage region
has so far been generally performed by HPLC, we demon-
strated that CE will be a useful technique. Furthermore, in
MALDI-TOF MS analysis, sulfate groups can be lost
through fragmentation. Therefore, to analyze the sulfated
glycans such as linkage oligosaccharides, it is essential to

employ chromatographic techniques such as CE in addi-
tion to MALDI-TOF MS. The efficiency of the releasing
reaction by the present method was lower than that by
the conventional method and was different among the
PGs used (57-73% relative to those by the conventional
method). However, the profiles obtained by the present
method showed separation profiles quite similar to those
obtained by the conventional in-tube method. Further-
more, it should be noted that the in-line flow system, in
principle, shows excellent reproducibility.

The results of the analysis of linkage oligosaccharide in
UTI by a combination of CE and MALDI-TOF MS
revealed that AGC could release the linkage oligosaccha-
rides from the protein core without any loss of sulfate
groups or degradation of carbohydrate chains due to peel-
ing reaction. We also analyzed the linkage oligosaccharides
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Fig. 8. Disaccharides composition analysis of PGs. AMAC-labeled
unsaturated disaccharides derived from (a) UTI, (b) BNC-PG, (c)
aggrecan, (d) decorin, and (e) biglycan were analyzed by CE. Analytical
conditions for CE; capillary, DB-1 capillary (30 cm x 50 pm i.d.); running
buffer, 100 mM Tris-borate buffer (pH 8.0) containing 1% PEG70000;
applied voltage, 20 kV; injection, pressure method (1.0 psi for 10s);
temperature, 25°C; detection, argon-laser-induced fluorescence (Ex:
488 nm, Em: 520 nm). Arrows indicate the migration position of the
authentic unsaturated chondro-disaccharides: 1, Adi-6S; 2, Adi-4S; 3,
Adi-08S.

Table 2
Disaccharides compositions of PGs
PGs Disacchride (%)

Adi-68 Adi-4S Adi-08
UTI 0 37.2 62.8
BNC-PG 9.3 90.7 Trace
Aggrecan 70.2 21.1 8.7
Decorin 304 65.0 3.7
Biglycan 48.9 453 5.8

derived from five commercially available CS/DS-PGs to
evaluate the performance of AGC.

Because the sulfated Gal structures have not been found
in the linkage region of HP/HS-PGs, sulfate groups at the
Gal residues are considered to be biological signals for CS/
DS biosynthesis. It has been reported that CS chains of
BNC-PG contain Adi-4S unit predominantly [11,35). Sim-
ilar results were observed in disaccharide composition anal-
ysis (Table 2). In contrast, aggrecan gave more complex
mixtures of disaccharides composed of Adi-6S and Adi-4S
units as major components and small amounts of Adi-0S
unit (Table 2). However, in contrast to the results observed
in disaccharides composition analysis, monosulfated hexa-
saccharides of BNC-PG at the linkage region were those

sulfated at both the C4 and the C6 positions of the GalNAc
residues (the molar ratio of C4 sulfated and C6 sulfated is
ca. 2:1), but the GalNAc residues of aggrecan were sulfated
only at the C6 position (Table 1). These results indicated
that sulfation patterns observed in the linkage region are
markedly different from those observed in the disaccharides
repeating region.

It should be noted that BNC-PG and aggrecan also con-
tain keratan sulfate chains mostly attached through O-
linked glycosides [42]. The core structure of KS is not the
PG type but is the mucin type. The nonreducing glycan
portions were not eliminated by the digestion with chon-
droitinases. Accordingly, the released oligosaccharides
were not observed by the present method, and further stud-
ies may be required for the analysis of KS. In the present
study, phosphorylated Xyl structure was not confirmed
because the linkage oligosaccharides in CS/DS-PGs used
in the present study do not contain this structure
[11,15,16,39]. Accordingly, the stability of phosphoesters
under the present conditions must be tested in the future.

The results obtained from comparison of the linkage oli-
gosaccharides of decorin with those of biglycan demon-
strated that the content of iduronic acid-containing
hexasaccharides of biglycan was significantly lower than
that of decorin (Table 1). The iduronic acid-containing
linkage oligosaccharide is a DS-specific structure [38]. DS
is a copolymer of two types of disaccharide unit, which
are D-glucuronic acid and L-iduronic acid containing units,
and the content of the iduronic acid-containing unit and
the sulfation patterns of DS are highly tissue specific. It
has been reported that CS/DS chains of decorin and bigly-
can derived from bovine articular cartilage bear exclusively
C4 sulfation [41]. Our results indicate that decorin and
biglycan showed high proportions of Adi-6S, especially
biglycan, which are different from the results in the previ-
ous report. However, biglycan exhibited a small proportion
of the iduronic acid-containing linkage-region oligosaccha-
ride. This observation may correlate with the results of the
high proportion of the Adi-6S.

In the present study, we could not show applications for
heparin/heparan sulfate-type PGs because it is difficult to
obtain standard samples of heparin/heparan sulfate-type
PGs. However, the present method will be applicable to
the analysis of heparin/heparan sulfate-type PGs by using
a combination of specific enzymes such as heparinase and
heparitinase.

In conclusion, the present procedure for the analysis of
the glycan part of PGs allows rapid and sensitive analysis
of GAGs, will be a powerful tool for routine analysis of
PGs, and provides an easy and rapid tootl for studying bio-
synthesis of GAGs.
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Abstract

We have previously described the site-specific glycosylation analysis of rat brain Thy-1 by LC/multistage tandem mass spectrometry (MS")
using proteinase-digested Thy-1. In the present study, detailed structures of oligosaccharides released from Thy-1 were elucidated by mass
spectrometric oligosaccharide profiling using LC/MS with a graphitized carbon column (GCC-LC/MS). First, using model oligosaccharides, we
improved the oligosaccharide profiling by ion trap mass spectrometry (IT-MS) coupled with Fourier transform ion cyclotron resonance mass
spectrometry (FT-ICR-MS). Sequential scanning of a full MS' scan with FT-ICR-MS followed by data-dependent MS" with IT-MS in positive
ion mode, and a subsequent full MS! scan with FT-ICR-MS followed by data-dependent MS" with IT-MS in negative ion mode enabled the
monosaccharide composition analysis as well as profiling and sequencing of both neutral and acidic oligosaccharides in a single analysis. The
improved oligosaccharide profiling was applied to elucidation of N-linked oligosaccharides from Thy-1 isolated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis. It was demonstrated that Thy-1 possesses a significant variety of N-linked oligosaccharides, including Lewis
a/x, Lewis bfy, and disialylated structure as a partial structure. Our method could be applicable to analysis of a small abundance of glycoproteins,
and could become a powerful tool for glycoproteomics.
© 2005 Elsevier B.V. All rights reserved.

Keywords: Mass spectrometric oligosaccharide profiling; Graphitized carbon column; Ion trap mass spectrometry; Fourier transform ion cyclotron resonance mass
spectrometry; Data-dependent MS”; Thy-1

1. Introduction

Glycosylation is one of the most abundant post-translational
modifications of proteins [1]. It is already known that gly-
cosylation influences the biological functions as well as the
physicochemical properties of proteins, i.e., folding, solubil-
ity, aggregation, and stability. A number of reports have noted
a positive relationship between a change in glycosylation and
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development, aging, and certain diseases [2-4]. Elucidation of
structural detail in oligosaccharides is necessary to clarify the
biological properties of glycoproteins.

MS is now a powerful tool for structural analysis of glyco-
proteins. There are two major mass spectrometric approaches to
the structural analysis of glycoproteins, i.e., MS of glycopep-
tides [5—7] and of oligosaccharides [8—13]. For oligosaccharide
sequencing, tandem mass spectrometry as well as exoglycosi-
dase digestions in conjuction with MS is recognized as an
effective means of oligosaccharide sequencing [14-16]. Mass
spectrometric peptide/glycopeptide mapping by LC coupled
with tandem mass spectrometry (LC/MS/MS) is effective for
the determination of glycosylation sites and the analysis of site-
specific heterogeneity [17-22]. However, structural detail in
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oligosaccharides is not always available by product ion spec-
tra of glycopeptides, as many of the precursor ions consist of
uniform peptides carrying different oligosaccharides with iden-
tical m/z values. LC/MS/MS of glycopeptides has limitations for
the structural analysis of carbohydrates due to the difficulty of
isolating of glycopeptide isomers. Mass spectrometric oligosac-
charide profiling through the separation of isomers by LC can
supply the structural detail of each oligosaccharide although it
cannot provide information regarding glycosylation sites and
site-specific glycosylation [23-29]. MS of both glycopeptides
and oligosaccharides is needed for glycosylation analysis of a
glycoprotein [30].

Thy-1 is a cell adhesion molecule that belongs to the
immunoglobulin superfamily and is attached to the cell mem-
brane via a glycosylphosphatidylinositol (GPI)-anchor. We
recently, studied the glycosylation of Thy-1 in rat brain by mass
spectrometric peptide/glycopeptide mapping, and demonstrated
that Thy-1 possesses various N-glycans at Asn23, 74, and 98
[31]. The monosaccharide composition of N-glycan at each gly-
cosylation site was estimated by masses of molecular ions; how-
ever, structural detail regarding some of the oligosaccharides
could not be elucidated by MS” since many glycopeptides with
identical m/z values contained several oligosaccharide isomers
and yielded product ions from a mixture of these glycopeptide
isomers. Mass spectrometric oligosaccharide profiling is neces-
sary for detailed structural analysis of oligosaccharides.

We have previously demonstrated a simple means of
oligosaccharide profiling using liquid chromatography/electro-
spray ionization mass spectrometry with a graphitized carbon
column (GCC-LC/MS) [32-34], in which oligosaccharides can
be separated on the basis of their branching, sequence, and
linkage, and can be characterized based on their monosac-
charide compositions estimated from their calculated molec-
ular masses. Here, we study the glycosylation of Thy-1 by
oligosaccharide profiling with GCC-LC/MS. First, we improved
our oligosaccharide profiling by ion trap mass spectrometry
(IT-MS) coupled with Fourier transform ion cyclotron reso-
nance mass spectrometry (FT-ICR-MS). This instrument is
capable of both monosaccharide composition analysis by acqui-
sition of accurate masses and data-dependent multistage tandem
MS (MS") for sequencing with fast switching between positive
and negative ion modes. Using a mixture of typical oligosac-
charides, including high-mannose-type, and asialo-, trisialy-
lated, and tetrasialylated complex-types, we confirmed that the
improved method can be used for monosaccharide composi-
tion analysis and detailed structural analysis of both neutral
and acidic oligosaccharides. The method was then applied to
N-linked oligosaccharide analysis of rat brain Thy-1.

2. Experimental
2.1. Materials

Man7/D1, Man7/D3, and asialo-triantennary (Tri) were
obtained from Oxford Glycosystems (Abingdon, UK). Trisia-

lylated triantennary (TriNA3) and tetrasialylated tetraanten-
nary (TetraNA4) were purchased from Dionex (Sunnyvale, CA,

USA). Rat brain was purchased from Nippon SLC (Hama-
matsu, Japan). Phosphatidylinositol-specific phospholipase C
(PIPLC) from Bacillus cereus was purchased from Molecular
Probes (Eugene, OR, USA). Peptide-N-glycosidase F (PNGase
F) was purchased from Roche Diagnostics (Mannheim, Ger-
many). SimplyBlue SafeStain was obtained from Invitrogen
(Carlsbad, CA, USA).

2.2. Release of N-linked oligosaccharides from rat brain
Thy-1 by in-gel PNGase F digestion

PIPLC-treated GPl-anchored proteins were prepared from
rat brain as reported previously [31]. Briefly, the homogenate
of rat brain was defatted and solubilized with 2% Triton X-114
at 4 °C overnight [35,36]. After centrifugation, the supernatant
was subjected to Triton X-114 phase-partitioning at 37 °C. Sol-
ubilized membrane proteins in the detergent phase were pre-
cipitated with cold acetone, and the precipitates were digested
with PIPLC. After resubjecting the digest mixture to Triton
X-114 phase-partitioning, PIPL.C-treated soluble GPI-anchored
proteins in aqueous phase were precipitated by adding cold ace-
tone. These proteins were carboxyamidomethylated [30], and
were separated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) (12.5%) followed by staining with
SimplyBlue SafeStain.

In-gel PNGase F digestion of Thy-1 and extraction of N-
linked oligosaccharides were performed as previously described
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Fig. 1. Structures of major oligosaccharides and their abbreviations. Man: man-
nose, Gal: galactose, GN; N-acetylglucosamine, GNol; N-acetylglucosaminitol,
NA; N-acetylneuramic acid.



298

[15]. The protein band of Thy-1 (20-25kDa) was excised, cut
into pieces, and destained. The gel pieces were dehydrated with
50% acetonitrile. The dried gels were then equilibrated with
50 mM sodium phosphate buffer (pH 7.2) and incubated at 37 °C
with 3 units of PNGase F. The released N-glycans were extracted
three times from gel pieces by intermittent sonication for 30 min
in water. All extracts were combined and lyophilized. The
released N-linked oligosaccharides were reduced with NaBHgy,
as previously reported [33], and subjected to GCC-LC/IT-MS-
FT-ICR-MS.

2.3. N-linked oligosaccharide analysis by
GCC-LCAT-MS-FT-ICR-MS

GCC-LC/MS was carried out using a MAGIC 2002 sys-
tem (Michrom BioResource, Auburn, CA, USA) connected
to IT-MS instrument coupled with FT-ICR-MS instrument

Poitive inon mode
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(Finnigan LTQ FT, Thermo Electron Corp., San Jose, CA, USA).
The eluents consisted of 5 mM ammonium acetate, pH 9.6, con-
taining 2% CH3CN (pump A), and 5 mM ammonium acetate,
pH 9.6, containing 80% CH3CN (pump B). The borohydride-
reduced N-linked oligosaccharides were separated on Hypercarb
(150 mm x 0.2 mm, S pm, Thermo Electron Corp.) as GCC with
a linear gradient of 5-30% for pump B over a period of 60 min
at a flow rate of 2 pwl/min.

The MS" experiment includes sequential scans, as follows:
a full MS! scan (m/z 700-2000) by FT-ICR-MS in positive
ion mode, data-dependent MS" scans by IT-MS for most abun-
dant jons regardless of their charge state, a full MS! scan (m/z
700-2000) by FT-ICR-MS in negative ion mode, and data-
dependent MS" scans by IT-MS for the most intense ions
regardless of their charge state. For the data-dependent MS”, the
following settings were used: the isolation window for precur-
sor masses, 2.5 Da; collision energy, 35%; dynamic exclusion

Negative ion mode
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Fig. 2. Typical oligosaccharide profiles obtained by full MS! scans with FT-ICR-MS. (A) total ion chromatogram (TIC) (upper), two-dimensional (2D) display
(retention time vs. m/z) (middle), and three-dimensional (3D) display (lower) in positive ion mode. (B) TIC (upper), 2D (middle) and 3D display (lower) in negative
ion mode. Numbers in parentheses after the abbreviation of the model oligosaccharides refer to the charge state.




S. Itoh et al. / J. Chromatogr. A 1103 (2006) 296-306 299

time, 15 s. The operating conditions employed for LC/MS" were
as follows: tube lens offset, 120 V; capillary voltage, 2.0 kV; and
capillary temperature, 200 °C.

3. Results

3.1. GCC-LCAT-MS-FT-ICR-MS of model
oligosaccharides

By using the IT-MS-FT-ICR-MS instrument, the oligosac-
charide profiling was shown to be more rapid, accurate, and
informative. Man7/D1, Man7/D3, Tri, TriNA3, and TetraNA4,
which were chosen as model neutral and acidic oligosaccha-
rides (Fig. 1), were analyzed by alternative scans in positive
and negative ion modes, which are consisting of a full MS!
scan by FT-ICR-MS followed by data-dependent MS” scans
by IT-MS. Fig. 2A and B show the oligosaccharide profiles
obtained by a full MS! scan with FT-ICR-MS (m/z 700-2000)
in positive and negative ion modes, respectively. The monosac-
charide compositions of individual oligosaccharides could be
easily determined by accurate m/z values, and the major peaks
ofa,b, c,d, and e were assigned to Man7/D1 or D3, Man7/D3 or
D1, Tri, TriNA3 and TetraNAg4, respectively. Oligosaccharides
detected at the same m/z values are positional isomers. Man7/D1
and D3 were detected in positive ion mode, but were only slightly
detectable in negative ion mode. The major isomers of TriNA3
and TetraNA4 were detected in both ion modes, whereas their
minor isomers were detected only in negative ion mode. These
results demonstrate the advantage of alternative scans in both
ion modes.

We confirmed the possibility of data-dependent MS” scans
for sequencing neutral and sialylated oligosaccharides. Man
7/D1 and D3 could be distinguished from each other by data-
dependent MS” (Fig. 3). Oligosaccharide eluted at 15 min could
be assigned to Man7/D1 by the relatively intense ions at m/z

913 (Y3a") and 1237 (Y3g™), which would be predominantly
produced from Man7/D1 by the cleavage of the al-6-linked
or al-3-linked branch arm of the core mannose (Fig. 3A)
(nomenclature proposed by Domon and Costello [37]). Like-
wise, the oligosaccharide at 17 min could be Man7/D3 based on
the intensity of Y3x* at m/z 1075 generated from Man7/D3 by
the cleavages of both the al—6-linked and «1-3-linked branch
arms (Fig. 3B).

Fig. 4A and B show the product ion spectra of TetraNAy4 in
positive and negative ion modes, respectively. In positive ion
mode, the characteristic B ions such as m/z 454 (Byx*), 657
(Bsx "), 1475 (B4x™), and 1658 (Bg2"), and a ladder of several Y
ions with intervals corresponding to Hex, HexNAc, and NeuAc
were detected. B/Y ions were also detected at m/z 366, 527, 819
(B5/Y3x2+), and 1330 (B6/Y4x2+). In negative ion mode, only
sialic acids were predominantly eliminated by MS? and MS?.
The structural information was provided by MS*, whereby both
B and Y ions were originated from TetraNA, together with the
internal fragmentation ions and cross ring cleaved ions (Fig. 4B).
In addition to the B and Y ions, which were predominantly pro-
duced in positive ion mode, fragment ions at m/z 470 (Cpy ™),
1322 (Zex®~, [Yex-H20P7), 1241 (Zs*™, [Ysx-H20]27),
and 1057 (Y sy /Zax®™, Yas/Zsxr® ™, Yax! Zsx ™, YoulZaxr?™,
[Yaxsx-HaOV ™, [Yaxr/sx-H201?7) were detected in negative
ion mode. These ions were also useful for the structural charac-
terization of oligosaccharides.

3.2. Glycosylation analysis of Thy-1 by
GCC-LCAT-MS-FT-ICR-MS

The improved oligosaccharide profiling using IT-MS-
FT-ICR-MS was applied to the glycosylation analysis of
Thy-1. PIPLC-treated Thy-1 in rat brain was isolated by
SDS-PAGE {31]. N-linked oligosaccharides were extracted
from the gel after in-gel PNGase F digestion and were reduced
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Fig. 3. Product ion spectra of oligosaccharide Man 7/D1 (A) and Man 7/D3 (B).
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with NaBHjy. Fig. 5 shows total ion chromatogram (TIC) (A)
obtained by GCC-LC/IT-MS-FT-ICR-MS of borohydrate-
reduced oligosaccharides, and two-dimensional display of full
MS! scans in positive ion mode (red) and negative ion mode
(blue) (B), in which oligosaccharides appear as protonated and
ammonium adducted forms along with fragment ions. Alter-
native scanning in potitive and negative ion mode enables us
to detect many oligosaccharides without missing less ionized
oligosaccharides in either ion mode. For example, oligosaccha-
rides at m/z 762 (2+) and 822 (2+) were detected only in positive
ion mode, whereas those at m/z 1387 (2—), 1440 (2—), and 1542
(2—) were detected only in negative ion mode. Furthermore,

accurate m/z values acquired by FT-ICR-MS provide their
monosaccharide composition, and subsequent data-dependent
MS" allows us to elucidate their monosaccharide sequence as
follows.

3.2.1. Monosaccharide composition of oligosaccharides
Oligosaccharides in Thy-1 were assigned to NeuAcgs
dHexg.3Hexs_gHexNAc;_sHexNAcol; based on their accu-
rate m/z values (Table 1). Oligosaccharides bearing two
Fuc residues, in which the m/z values of multiple charged
ions are nearly identical to those of oligosaccharides bear-
ing one NeuAc residue instead, could be determined
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Fig. 5. N-Linked oligosaccharide profile of rat brain Thy-1 obtained by full MS!
scans with FT-ICR-MS. (A) TIC, and (B) overlapped 2D display in positive
(red) and negative (blue) ion modes.

by FT-ICR-MS. For instance, difucosylated oligosaccha-
rides (dHexyHex¢HexNAcsHexNAcol;, theoretical molecu-
lar weight: 2096.78 Da) detected at 7.6, 16, 17, and 26 min
(Fig. 5, inset, a) were clearly distinguished from monosialylated
oligosaccharides (NeuAc;HexsHexNAcsHexNAcoly, theoreti-
cal molecular weight: 2095.76 Da) detected at 21 and 24 min
(Fig. 5, inset, b). The improved oligosaccharide profiling indi-
cated that Thy-1 possesses a significant variety of N-linked
oligosaccharides containing high-mannose-type (Man5, Man6,
Man7, Man8, and M9) and many different complex- and hybrid-
type oligosaccharides bearing NeuAco_s and Fucg.3. These
results are coincident with those of our previous study, in which
we carried out mass spectrometric analysis of Thy-1 glycopep-
tides.

3.2.2. Monosaccharide sequence of oligosaccharides

Monosaccharide sequences of oligosaccharides were elu-
cidated based on the MS/MS spectra. One of the remark-
able features of Thy-1 oligosaccharides is the attachment of
multiple Fuc and NeuAc residues. We describe below some
examples of assignment fucosylated and sialylated oligosaccha-
rides.

3.2.2.1. Gal-(Fuc-)GlcNAc—(Lewis a/x type). Fig. 6A shows
the product jon spectrum of a difucosylated oligosaccharide,
dHex,HexgHexNAcs;HexNAcoly, at m/z 887 (24.3 min) in pos-
itive ion mode. There are two possible sites of fucosylation:
GlcNAc at the non-reducing end and at the reducing end
in the trimannosyl core. The ions detected at m/z 350 (Fuc-
GleNAC™, Boa/Yse '), 370 (Fuc-GleNAcol®, Yi,™), and 512
(Gal-(Fuc—)GIcNAc*, By, ") indicate that Fuc residues link to
both the non-reducing end like Lewis a/x, and the inner triman-
nosyl core GIcNAc. Other ions detected at m/z 1553 (Z3y+, [Yay-
H07]") and 1570 (Y34") suggest a linkage of non-substituted
HexNAc at the terminal end. From these characteristic ions
together with a'Y ion at m/z 938.03 (Y3a/3™), it can be deduced
that this HexNAc is a bisecting GlcNAc that attaches to the core
mannose residue via B1-4 linkage. On the basis of these product
ions, the oligosaccharide is assigned to the structure indicated
in Fig. 6A, inset.

3.2.2.2. Fuc-Gal-(Fuc—)GlcNAc—(Lewis b/y type). Fig. 6B is
the product ion spectrum of a difucosylated oligosaccharide,
dHex;HexsHexNAcsHexNAcoli, at m/z 1070 (9.2 min). The
characteristic ions at m/z 512 (Gal-(Fuc~)GleNAc*, Fuc-Gal-
GIeNACT, B3y /Yo", B3/ Ysor ™) and 1915 (Bg*) suggest the
absence of Fuc at the reducing end GIcNAc; a B ion at m/z 658
(B3o"), aB/Y ion atm/z 350,and a Y ion at m/z 1408 (Y3psa™)
suggest the attachment of two Fuc to Gal-GlcNAc at the non-
reducing end, in a similar manner to the Lewis b/y antigen,
Fuc-Gal-(Fuc—)GlcNAc—. A Y ion at m/z 1936 (Y4,+") indi-
cates a linkage of non-substituted HexNAc at the terminal end.
A B/Y ion at m/z 877 (Bso/Yse", Baa/Yeat) and a Y ion
at m/z 1610 (Y3g™) suggest that this non-substituted HexNAc
residue is linked to the mannose residue attached to the Fuc-
Gal-(Fuc—)GIcNAc— structure. These ions lead to assignment
of this oligosaccharide as the structure indicated in Fig. 6B,
inset.

3.2.2.3. NeuAc-Gal-(NeuAc—)GlcNAc—. Fig. 7A shows the
product ion spectrum of a disialylated oligosaccharide, Neu-
AcydHex HexsHexNAc,HexNAcoly, at m/z 1085 (30.4 min).
Characteristic fragment ions at m/2 495 (B3a/Y 5o ), 948 (B3 ),
and 1110 (By4o"), together with B ions at m/z 453 (Byy™)
and 657 (Bia/Yso", Bia/Yeu™) suggest the presence of a
partial structure of NeuAc-Gal-(NeuAc—)GlcNAc—. Further-
more, detection of Y ions at m/z 370 (Y1,") and 1059 (Y34",
Y4(x/4g+) as well as a B ion at m/z 1799 (Bg") indicate
the linkage of a Fuc residue at the inner trimannosyl core
GlcNAc. Based on these product ions, the oligosaccharide
detected at m/z 1085 was assigned to the structure in Fig. 7A,
inset.
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Table 1
Summary of N-linked oligosaccharides of rat brain Thy-1
Monosacchardie composition® Theoretical Positive ion mode Negative ion mnmode Deduced structured
b
dHex - Hex HX NA mass Observed Retention Observed Retention
m/z° time mfz¢ time

(min) (min)
1 3 2 0 1058.40 1059.46(1) 29.17 CoreF
0 5 2 0 1236.45 1237.47(1) 24.74 1235.45(1) 24.76 M5
0 3 4 0 1318.50 1319.57(1) 8.63
0 6 2 0 1398.50 1399.53(1) 18.73 1397.50(1) 18.68 Mé
0 5 3 0 1439.53 1440.59(1) 9.17
1 3 4 0 1464.56 733.31(2), 1465.65(1) 2344
0 3 5 0 1521.58 761.80(2) 8.63 BisectGN
0 7 2 0 1560.55 781.29(2), 1561.60(1) 18.66 M7
1 5 3 0 1585.59 793.82(2) 14.59 Hybrid
1 5 3 0 1585.59 793.81(2) 19.13
1 5 3 0 1585.59 793.83(2) 20.96
o] 5 4 0 1642 .61 822.33(2) 9.48 Hybrid
0 S 4 0 1642.61 822.33(2) 14.02
1 3 5 0 1667.64 834.83(2), 1668.69(1) 16.48 832.81(2) 16.44 CoreF
o] 4 5 0 1683.63 842.85(2) 17.48 Hybrid
0 8 2 0 1722.61 870.83(2)° 17.07 M8
4] 5 3 1 1730.62 866.34(2) 20.31 .
o] 5 3 1 1730.62 866.35(2) 2891 864.31(2), 1729.64(1)  28.93 Hybrid
2 5 3 0 1731.64 866.86(2) 20.83 864.81(2) 20.85 Hybrid, CoreF, Lax
1 6 3 0 1747.64 874.84(2) 19.19
2 4 4 0 1772.67 887.37(2) 23.84 885.33(2) 23.86
2 4 4 0 1772.67 887.36(2) 2425 885.33(2) 2427 Hybrid, CoreF, BisectGN
1 5 4 0 1788.67 895.36(2) 7.37 Hybrid
1 5 4 0 1788.67 895.36(2) 13.90
1 5 4 0 1788.67 895.35(2) 14.16 Hybrid, CoreF
1 5 4 0 1788.67 895.35(2) 19.44 893.33(2) 19.46 Hybrid, CoreF
0 6 4 0 1804.66 903.35(2) 17.07 901.33(2) 17.09 Hybrid, BisectGN
1 4 5 0 1829.69 915.88(2) 8.63 Hybrid
1 4 5 0 1829.69 915.88(2) 9.17 Hybrid
1 4 5 0 1829.69 915.89(2) 18.00 Hybrid
i 4 5 0 1829.69 915.89(2) 22.61 913.84(2) 22,63
1 5 3 1 1876.68 939.37(2) 21.17 937.34(2) 21.12
1 5 3 1 1876.68 939.36(2) 24.90 937.34(2) 24.92
1 5 3 1 1876.68 939.39(2) 32.76 937.33(2) 3278 Hybrid, CoreF
0 9 2 0 1884.66 951.88(2)° 17.53 M9
0 6 3 1 1892.68 947.39(2) 2331 945.33(2) 23.33 Hybrid
0 6 3 1 1892.68 947.39(2) 31.09 945.33(2) 31.05 Hybrid
2 6 3 0 1893.70 947.87(2) 24.61 945.84(2) 2470
1 4 4 1 1917.71 957.85(2) 21.73
1 4 4 1 1917.71 957.85(2) 28.86
1 4 4 1 1917.71 957.85(2) 3491 CoreF
1 4 4 1 1917.71 957.85(2) 35.55
0 5 4 1 1933.70 967.89(2) 22.61 965.85(2) 22.63 Hybrid
0 5 4 1 1933.70 967.86(2) 24.61 965.82(2) 24.70
2 5 4 0 1934.72 968.39(2) 13.97 Hybrid
1 6 4 0 1950.72 976.39(2) 9.93 Hybrid, Lax
1 6 4 0 1950.72 976.41(2) 21.76 974.35(2) 21.79 Hybrid, CoreF
2 4 5 0 1975.75 988.90(2) 16.21 986.85(2) 16.16 Complex
2 4 5 0 1975.75 988.90(2) 17.07 986.87(2) 17.09 Complex
0 5 3 2 2021.72 1009.86(2) 26.35
0 5 3 2 2021.72 1009.85(2) 26.83
1 6 3 1 2038.73 1020.40(2) 23.84 1018.36(2) 23.80
1 6 3 1 2038.73 1020.44(2) 27.77 1018.37(2) 27.80 CoreF
1 6 3 1 2038.73 1020.42(2) 34.66 1018.36(2) 34.69 Hybrid, CoreF
1 5 4 1 2079.76 1040.92(2) 25.73 1038.87(2) 25.81 CoreF
1 5 4 1 2079.76 1040.92(2) 29.04 1038.88(2) 28.99
3 5 4 0 2080.78 1041.42(2) 23.84 1039.39(2) 23.86
0 6 4 1 2095.76 1048.94(2) 20.57 Hybrid
0 6 4 1 2095.76 1048.91(2) 23.84 1046.87(2) 23.80 Hybrid
2 6 4 0 2096.78 1049.42(2) 7.58
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Table 1 (Continued )
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Monosacchardie composition® Theoretical Positive ion mode

Negative ion mnmode Deduced structured

b
dHex Hex HX NA mass Observed Retention Observed Retention
mfz* time miz® time

(min) (min)
2 6 4 0 2096.78 1049.42(2) 15.97
2 6 4 0 2096.78 1045.42(2) 16.61 Hybrid, BisectGN
2 6 4 0 2096.78 1049.43(2) 2573
1 7 4 0 2112.77 1055.38(2) 34.62
1 4 5 1 2120.79 1061.45(2) 2043 Complex
1 4 5 1 2120.79 1061.45(2) 2474 1059.39(2) 2470
1 4 5 1 212079 1061.45(2) 26.47 1059.39(2) 26.42 CoreF
2 5 5 Y 2137.80 1069.94(2) 9.17 Lby
2 5 5 0 2137.80 1069.94(2) 21.30
2 5 5 0 2137.80 1069.95(2) 23.09 1067.9(2) 23.04
1 5 3 2 2167.78 1084.94(2) 30.41 1082.89(2) 30.37 Hybrid, CoreF
2 4 6 0 2178.83 1090.45(2) 26.08
0 6 3 2 2183.77 1092.95(2) 28.63 1090.88(2) 28.60 Hybrid, diSia
0 5 4 2 2224 .80 1113.45(2) 26.10
2 5 4 1 2225.82 1113.95(2) 27.56
2 5 4 1 222582 1113.98(2) 34.80
1 6 4 1 2241.81 1121.95(2) 26.60 1119.90(2) 26.63
1 6 4 1 2241.81 1119.90(2) 30.58
1 6 4 1 2241.81 1119.91(2) 38.14
3 6 4 0 224283 1122.46(2) 14.23
2 7 4 0 2258.83 1130.46(2) 10.47
3 5 5 0 2283.86 1142.96(2) 16.87
1 4 6 1 2323.87 1162.98(2) 26.60
1 6 3 2 2329.83 1163.91(2) 3172
1 6 3 2 2329.83 1163.91(2) 32.54 Hybrid, diSia
1 5 4 2 2370.86 1186.55(2) 29.89 1184.42(2) 30.00 Complex, CoreF
1 5 4 2 2370.86 1184.43(2) 36.00
1 5 4 2 2370.86 1186.52(2) 36.31 1184.42(2) 36.40 Complex, CoreF
1 5 4 2 2370.86 1186.50(2) 42.47 1184.43(2) 4243 Complex, CoreF
3 5 4 1 2370.86 1184.93(2) 30.99
2 5 5 1 242890 1215.50(2) 21.17 1213.44(2) 21.25
2 5 5 1 242890 1215.50(2) 2384
2 5 5 1 2428.90 1215.52(2) 2632 1213.45(2) 26.28
2 5 5 1 242890 1215.50(2) 27.50 1213.45(2) 27.53
2 5 4 2 251691 1259.60(2) 32.23 1257.45(2) 32.19 Complex, Lax, CoreF, diSia
2 5 4 2 251691 1257.45(2) 36.72
2 5 6 1 2631.98 876.32(3), 1314.99(2) 26.76
3 5 4 2 2662.97 1330.49(2) 32.78
1 5 6 2 2777.02 1387.50(2) 30.99
Q 6 5 3 2881.03 1439.50(2) 34.83
0 6 5 3 2881.03 1439.49(2) 40.77
2 6 5 2 2882.05 1440.05(2) 3796
2 6 [ 2 3085.13 1541.55(2) 31.38

2 dHex, deoxyhexose; Hex, hexose; HX, N-acetylhexamine; NeuAc, N-acetylneuramic acid.

b Monoisotopic value.
¢ Values in parentheses are charge state.

4 Structures are deduced by MS". Complex, complex-type-oligosaccharide; Hybrid, hybrid-type-oligosaccharide; M5-9, high-mannose-type oligosccharide con-
taining 5-9 mannose residues; BisectGN, bisecting GIcNAc; Lax, Lewis a/x structure; Lby, Lewis b/y structure; diSia, disialic acid.

¢ Ammonium adducted form.

3.2.2.4. NeuAc-Gal-GlcNAc—. Fig. 7B
uct ion spectrum of a disialylated oligosaccharide,
NeuAcydHex HexsHexNAcsHexNAcol;, at m/z 1187
(42.5 min). Although B ions were detected at m/z 454 (Boyx™*),
657 (B3x") and 819 (Bax "), none of the fragment ions at m/z 495
(NeuAc-GlcNAc™), 948 (NeuAc-Gal-(NeuAc—)GIcNAc™), or
1110 (NeuAc-Gal-(NeuAc~)GlcNAc-Man") were detected
in the spectrum. This result suggests that the two NeuAc
residues occupy both non-reducing ends of the biantenmary

shows the prod-

form. Fucosylation of the inner trimannnosyl core GlcNAc was
determined by the detection of Y ions at m/z 370 (Y1, ") and
1059 (Y4u/4g+)‘ These product ions lead to assignment of this
oligosaccharide the structure in Fig. 6B.

3.2.2.5. (v} NeuAc-NeuAc—. Fig. 7C shows the product ion
spectrum of a disialylated and difucosylated oligosaccha-
ride, NeuAcpdHex;HexsHexNAc3HexNAcoly, at m/z 1260
(32.2 min). The characteristic ions at m/z 583 (NeuAc-NeuAc™,
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Fig. 6. Product ion spectra of N-linked oligosaccharides of rat brain Thy-1. (A) MS? spectrum of dHex;Hexs HexNAcs HexNAcol, at m/z 887 (24.3 min). (B) MS?

spectrum of dHexaHexsHexNAcsHexNAcoly at m/z 1070 (9.2 min).

Byy"), 949 (NeuAc-NeuAc-Gal-GleNAc*, B3o/Ysew ), and
1094 (NeuAc-NeuAc-Gal-(Fuc—)GIcNAc™, B3, *) suggest that
this oligosaccharide contains a disialic acid residue and one
Fuc at the non-reducing end. In addition, a Y ion at m/z 370
(Y1) indicated that the other Fuc was attached to GlcNAc at
the reducing end. Based on these product ions, this oligosac-
charide structure could be assigned as indicated in Fig. 7C,
inset.

4. Discussion

Thy-1 has three N-glycosylation sites, Asn23, 74, and 98. We
have previously demonstrated the attachment of high-mannose-
type, complex-type, and hybrid-type oligosaccharides to these
sites. Asn74 is occupied with various N-glycans, which have

been estimated to be fucosylated and sialylated [31]. Product ion
spectra containing fucosylation and sialylation isomers make it
difficult to elucidate the detailed structure. We have conducted
mass spectrometric oligosaccharide analysis through the sepa-
ration of diverse oligosaccharides with GCC. We first improved
the mass spectrometric oligosaccharide profiling by IT-MS-
FT-1CR-MS. The improved method enabled the monosaccha-
ride composition analysis and sequencing of both neutral and
acidic oligosaccharides in a single run. Using this method, we
successfully analyzed various N-glycans of Thy-1 that could not
be characterized by the analysis of glycopeptides. We found a
Lewis b/y structure and sialylated GIcNAc in the branch struc-
ture. Interestingly, disialic acid (NeuAc-NeuAc—), which is
known to be involved in neurite formation was found in brain
Thy-1 [38].
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Fig. 7. Product ion spectra of N-linked oligosaccharides of rat brain Thy-1. (A) MS? spectrum of NeuAc,dHex; HexsHexNAc,HexNAcol; at m/z 1085 (30.4 min).
(B) MS? spectrum of NeuAc,dHex; Hexs HexNAc; HexNAcol; at m/z 1187 (42.5 min). (C) MS? spectrum of NeuAczdHex; HexsHexNAc; HexNAcoly at m/z 1260
(32.2min).
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In these two studies, we have demonstrated a strategy for
glycosylation analysis of Thy-1, including identification of a
glycoprotein, determination of glycosylation sites, site~-specific
glycosylation analysis, and structural analysis of oligosac-
charide details. This strategy can be applied to glycosylation
analysis of other glycoproteins. Specifically, the glycoprotein
sample is divided into two. One is subjected to proteinase
digestion followed by peptide/glycopeptide mapping, which
provides information on glycosylation sites and site-specific
heterogeneity. The other is subjected to PNGase F digestion
followed by mass spectrometric oligosaccharide profiling, by
which a detailed structure of N-glycans released from a gly-
coprotein could be provided. Recently, proteomic approaches,
which are based on two-dimensional electrophoresis followed
by mass spectrometry, have been used in various fields.
Although glycosylation analysis of abundant glycoproteins in
gel has been successful, that of a low-abundance glycoprotein in
gel remains a great challenge. The proposed method consisting
of peptide/glycopeptide mapping followed by oligosaccha-
ride profiling with sequential scans by IT-MS-FT-ICR-MS
will likely be a powerful tool for glycosylation analysis of
low-abundance glycoproteins and for proteomics/glycomics.
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Abstract

Ceruloplasmin has ferroxidase activity and plays an essential role in iron metabolism. In this study, a site-specific glycosylation analy-
sis of human ceruloplasmin (CP) was carried out using reversed-phase high-performance liquid chromatography with electrospray ioni-
zation tandem mass spectrometry (LC-ESI-MS/MS). A tryptic digest of carboxymethylated CP was subjected to LC-ESI-MS/MS.
Product ion spectra acquired data-dependently were used for both distinction of the glycopeptides from the peptides using the carbohy-
drate B-1ons, such as m/z 204 (HexNAc) and m/z 366 (HexHexNAc), and identification of the peptide moiety of the glycopeptide based on
the presence of the b- and y-series ions derived from the peptide. Oligosaccharide composition was deduced from the molecular weight
calculated from the observed mass of the glycopeptide and theoretical mass of the peptide. Of the seven potential N-glycosylation sites,
four (Asnl19, Asn339, Asn378, and Asn743) were occupied by a sialylated biantennary or triantennary oligosaccharide with fucose resi-
dues (0, 1, or 2). A small amount of sialylated tetraantennary oligosaccharide was detected. Exoglycosidase digestion suggested that
fucose residues were linked to reducing end GlcNAc in biantennary oligosaccharides and to reducing end and/or a1-3 to outer arms Gle-
NAc in triantennary oligosaccharides and that roughly one of the antennas in triantennary oligosaccharides was a2-3 sialylated and
occasionally al-3 fucosylated at GlcNAc.
© 2005 Elsevier Inc. All rights reserved.

Keywords: Ceruloplasmin; Glycopeptide; Liquid chromatography-electrospray tandem mass spectrometry; Product ion spectrum; Exoglycosidase
digestion

Ceruloplasmin (CP)! is a blue copper serum glycopro-
tein synthesized in the liver. CP has ferroxidase activity and
plays an essential role in iron metabolism [1-4]. The pri-
mary structure of human CP has been determined by
amino acid sequencing, and it is composed of a single poly-
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time-of-flight; TIC, total ion chromatogram; NeuAc, N-acetylneuraminic
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peptide chain of 1046 amino acid residues [5]. The amino
acid sequence was confirmed from complete cDNA
sequence [6]. The major oligosaccharides in human CP were
reported to be sialylated bi- and triantennary structures
with or without a fucose residue [7,8]. Although four N-gly-
cosylation sites (Asnil19, Asn339, Asn378, and Asn743)
were identitied among seven potential sites [9], the heteroge-
neity of oligosaccharides was still unknown at each glyco-
sylation site. CP is an acute phase reactant, and the serum
concentration increases during inflammation, infection, and
trauma [10]. It is known that the patterns of glycosylation
are changed by inflammatory cytokines [11]. Several studies
have reported that CP is a good diagnostic marker of solid
malignant tumors [12,13] and that the CP glycoform might




