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ABSTRACT: IgLON family proteins, including limbic-associated membrane protein (LAMP), opioid-binding
cell adhesion molecule (OBCAM), neurotrimin, and Kilon, are immunoglobulin (Ig) superfamily cell
adhesion molecules. These molecules are composed of three Ig domains and a glycosylphosphatidylinositol
(GPI) anchor and contain six or seven potential N-glycosylation sites. Although their glycosylations are
supposed to be associated with the development of the central nervous system like other Ig superfamily
proteins, they are still unknown because of difficulty in isolating individual proteins with a high degree
of homology in performing carbohydrate analysis. In this study, we conducted simultaneous site-specific
glycosylation analysis of rat brain IgLON proteins by liquid chromatography and multiple-stage mass
spectrometry (LC-MSn). The rat brain GPI-linked proteins were enriched and separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis. The four proteins were extracted from the gel, and subjected
to LC-MSn after proteinase digestions. A set of glycopeptide MS data, including the mass spectrum, the
mass spectrum in the selected ion monitoring mode, and the product ion spectra, was selected from all
data based on carbohydrate-related ions in the MS/MS spectrum. The peptide portion and the carbohydrate
structure were identified on the basis of peptide-related ion and carbohydrate-related ions, and the accurate
mass. The site-specific glycosylations of four proteins were elucidated as follows. N-Glycans near the
N-terminal were disialic acid-conjugated complex- and hybrid-type oligosaccharides. The first Ig domains
were occupied by Man-5-9. Diverse oligosaccharides, including Lewis a/x-modified glycans, a brain-
specific glycan known as BA-2, and Man-5, were found to be attached to the third Ig domain. Three
common structures of glycans were found in the GPI moiety of LAMP, OBCAM, and neurotrimin.

Cell adhesion molecules on cell surfaces are involved in
several biological events, such as cell-cell interaction,
signaling, and cellular traffic. In the central nervous system,
cell adhesion molecules are associated with the differentiation
and migration of neurons, and neurite outgrowth. The
immunoglobulin (Ig) superfamily, which contains one or
more Ig-like domains, is known as one of the cell adhesion
molecule families in the central nervous system (1). The Ig
superfamily includes various proteins, such as P0, Thy-1,
myelin-associated glycoprotein (MAG), neural cell adhesion
molecule (NCAM), L1, contactin, and IgLON family pro-
teins. Glycosylation of the Ig superfamily proteins is known

to be involved in cell-cell interactions (2-4). Polysialylated
glycans in the fifth domain of NCAM are thought to inhibit
the interaction of NCAM with other molecules and to
promote neural plasticity through a repulsive interaction (5, 6).
The HNK-1 epitope in the third and fifth domains of NCAM
is known to mediate molecular recognition in the nervous
system (7).

The IgLON superfamily includes the limbic-associated
membrane protein (LAMP),1 the opioid-binding cell adhesion
molecule (OBCAM), neurotrimin, and Kilon (8-14), and
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1 Abbreviations: LC, liquid chromatography; MS, mass spectrometry;
MSn, multiple-stage mass spectrometry; LAMP, limbic-associated
membrane protein; OBCAM, opioid-binding cell adhesion molecule;
GlcNAc, N-acetylglucosamine; GPI, glycosylphosphatidylinositol; PI-
PLC, phosphatidylinositol-specific phospholipase C; PNGase F, peptide
N-glycosidase F; IT-MS, ion trap mass spectrometer; FT ICR-MS,
Fourier transform ion cyclotron resonance mass spectrometer; GCC,
graphitized carbon column; TIC, total ion chromatogram; CID, colli-
sion-induced dissociation; SIM, selected ion monitoring; dHex, deoxy-
hexose; Hex, hexose; HexNAc, N-acetylhexosamine; Fuc, fucose; Man,
mannose; Gal, galactose; GlcNAc, N-acetylglucosamine; GlcN, glu-
cosamine; NeuAc, N-acetylneuraminic acid; EtNH2, ethanolamine; Ino,
inositol; BA-2, brain-specific sugar chain, GlcNAc�1-2ManR1-
6(GlcNAc�1-4)(GlcNAc�1-2ManR1-3)Man�1-4GlcNAc�1-4(Fu-
cR1-6)GlcNAc; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide
gel electrophoresis.
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these proteins are distributed differently in the central nervous
systemduringthedevelopmentofneuronsinabrain(11,13-18).
The IgLON family proteins consist of three Ig domains, the
third of which is attached to a glycosylphosphatidylinositol
(GPI) anchor. Each of the IgLON family proteins includes
six or seven consensus N-glycosylation sites (Figure 1), and
the glycosylation is presumed to play essential roles in the
neuralcircuit formationlikeotherIgsuperfamilyproteins(2-4).
However, since the high degree of homology of their amino
acid sequences makes it difficult to isolate the individual
proteins of this family to perform carbohydrate analysis, their
glycosylation features are still unknown with the exception
of a linkage of N-glycans in OBCAM and Kilon and of high
mannose-typeandhybrid-typeoligosaccharidesinLAMP(9,18,19).

Recently, liquid chromatography and mass spectrometry
(LC-MS) and liquid chromatography and multiple-stage
mass spectrometry (LC-MSn) have been widely applied to
thesite-specificglycosylationanalysisofaglycoprotein(20-24).
Generally, a tryptic digest of an isolated glycoprotein is
separated with a reversed-phase or normal-phase column,
and the separated glycopeptides are directly subjected to MS
and MSn (25-27). The site-specific glycosylation is deduced
from the mass spectra of the glycopeptides, and the sequences
of both the peptide and carbohydrate portions are deduced
from the fragment ions in the MSn spectra. Using this
technique, we previously performed a site-specific glycosy-
lation analysis of rat brain Thy-1, which contains three
N-glycosylation sites and a GPI anchor (28). GPI-anchored
proteins enriched via phase partitioning with Triton X-114
and PIPLC digestion were separated by SDS-PAGE, and
the Thy-1 protein extracted from the gel was digested with
trypsin or endoproteinase Asp-N. The Thy-1 glycopeptides
were separated and analyzed by using a liquid chromatog-
raphy and ion trap mass spectrometer (IT-MS) equipped with
a C18 column. The peptide portions of glycopeptides were
identified on the basis of the m/z values of the peptide-related
ions and the b- and y-ions that arose from the peptide
backbone. The carbohydrate structures at each glycosylation
site and in the GPI moiety were successfully determined from
fragment ions in the MS/MS spectra. This result suggests
that LC-MSn can be effectively utilized for site-specific
glycosylation analysis of each glycoprotein in the mixture
of several glycoproteins simultaneously.

In this study, we conducted site-specific glycosylation
analyses of rat LAMP, OBCAM, neurotrimin, and Kilon
using LC-MSn. The GPI-linked proteins in the rat brains
were separated by SDS-PAGE, and the IgLON family
proteins were extracted from a gel band (45-70 kDa). The

mixture of proteins was digested with proteinases, and the
site-specific glycosylation analysis of the four proteins was
performed by using an ion trap-Fourier transform ion
cyclotron resonance mass spectrometer (IT-MS-FT ICR-MS),
which is capable of acquiring the accurate mass as well as
the MSn spectra. We successfully elucidated the site-specific
glycosylation and the structure of the GPI moieties of LAMP,
OBCAM, neurotrimin, and Kilon. This is the first report of
the simultaneous site-specific glycosylation analysis of four
similar glycoproteins.

EXPERIMENTAL PROCEDURES

Materials. The rat brains (Wister, male, 3 weeks old) were
purchased from Nippon SLC (Hamamatsu, Japan). Phos-
phatidylinositol-specific phospholipase C (PIPLC) from
Bacillus cereus was obtained from Molecular Probes (Eu-
gene, OR). Trypsin-Gold was purchased from Promega
(Madison, WI). PNGase F and endoproteinase Glu-C were
purchased from Roche Diagnostics (Mannheim, Germany).
SimplyBlue SafeStain was obtained from Invitrogen (Carls-
bad, CA). All other chemicals were of the highest available
purity.

SDS-PAGE of Enriched Lipid-Free GPI-Linked Proteins.
Lipid-free GPI-linked proteins were enriched from rat brain
as reported previously (28, 29). Briefly, the homogenate of
two rat brains (total wet weight of 1.4 g) was defatted and
solubilized with 2% Triton X-114 at 4 °C overnight (29, 30).
After centrifugation, the supernatant was subjected to Triton
X-114 phase partitioning at 37 °C. Cold acetone was added
to the detergent phase containing solubilized membrane
proteins, and the resulting precipitate was digested with
PIPLC. After the PIPLC digest mixture had been subjected
to Triton X-114 phase partitioning, lipid-free GPI-linked
proteins in the aqueous phase were precipitated via addition
ofcoldacetone.TheseproteinswereseparatedbySDS-PAGE
(12.5%) (brain wet weight of 50 mg/lane) after carboxya-
midomethylation (31) and detected after being stained with
Coomassie Brilliant Blue G-250 using SimplyBlue SafeStain.

Protein Identification. Gel-separated proteins were ex-
tracted after in-gel trypsin digestion as previously reported
(32) and subjected to LC-MS/MS with a Paradigm MS4
HPLC system (Michrom BioResources, Inc., Auburn, CA)
consisting of pump A with 0.1% formic acid and 2%
acetonitrile and pump B with 0.1% formic acid and 90%
acetonitrile. Peptides were separated with a Magic C18
column (50 mm × 0.2 mm, 3 µm; Michrom BioResources
Inc.) with a linear gradient from 5 to 65% of pump B over

FIGURE 1: Amino acid sequence and potential N-glycosylation sites (in bold) of IgLON family proteins. Their accession numbers in Swiss-
prot database are shown in parentheses after their names. The C-terminal amino acids in the proteins are predicted GPI attachment sites.
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20 min at a flow rate of 3 µL/min. Mass spectra were
recorded with a Finnigan LTQ system (Thermo Fisher
Scientific, Waltham, MA) using sequential scan events: MS
(m/z 450-2000) followed by data-dependent MS/MS on the
IT-MS for the most intense ions in positive ion mode. For
protein identification, all obtained product ions were sub-
jected to a computer database search analysis with the
TurboSEQUEST search engine (Thermo Fisher Scientific)
using the Swiss-Prot database and search parameters: a static
modification of carboxyamidomethylation (57 Da) at Cys and
trypsin for digestion.

Extraction and Proteinase Digestion of the 45-70 kDa
Proteins Separated by SDS-PAGE. The gel-separated
proteins were extracted as previously reported (28). The
proteins were extracted with 20 mM Tris-HCl containing
1% SDS by being shaken vigorously overnight after the gel
had been broken down into small bits. The extract was
filtered with Ultrafree-MC (0.22 µm; Millipore, Bedford,
MA), and the proteins were precipitated via addition of cold
acetone. The resulting precipitate was digested with en-
doproteinase Glu-C (3.75 µg) in 30 µL of 0.1 M ammonium
acetate (pH 8.0) at 37 °C for 4 days, followed by incubation
with additional trypsin (1 µg) at 37 °C overnight.

LC-MSn. Proteolytic peptides were separated by reversed-
phase columns, Magic C30 and C18 (50 mm × 0.1 mm, 3
µm; Michrom BioResources), and a graphitized carbon
column (GCC), Hypercarb 5 µ (150 mm × 0.2 mm; Thermo
Fisher Scientific), with a Paradigm MS4 HPLC system
consisting of pump A with 0.1% formic acid and 2%
acetonitrile and pump B with 0.1% formic acid and 90%
acetonitrile. For analysis of glycopeptides, separation was
performed with a linear gradient from 5 to 50% pump B
over 100 min followed by a 50 to 95% B gradient over 10
min and 95% B over 10 min at a flow rate of 0.5 µL/min,
and mass spectra were recorded with a Finnigan LTQ-FT
system (Thermo Fisher Scientific) using sequential scan
events: MS (m/z 1000-2000 or 700-2000) with the IT-MS
followed by MS with the IT-MS-FT ICR-MS in selected ion
monitoring (SIM) mode and data-dependent MSn with the
IT-MS for the most intense ions. The LC-MSn runs were
performed with a C30 column and scan range of m/z
1000-2000 (condition A), twice, with a C30 column and
scan range of m/z 700-2000 (condition B), once, and with
a C18 column and scan range of m/z 1000-2000 (condition
C), once. For analysis of GPI-linked peptides, separation was
performed with a linear gradient from 5 to 60% pump B
over 100 min at a flow rate of 2 µL/min for a GCC, and
mass spectra were recorded with a Finnigan LTQ system
using sequential scans: a single mass scan (m/z 700-2000)
with the IT-MS followed by data-dependent MSn scans with
the IT-MS for the most intense ions, twice. LC-MSn was
performed using a capillary voltage of 1.8 kV and a capillary
temperature of 200 °C.

RESULTS

Preparation of Lipid-Free IgLON Glycopeptides. Figure
2 illustrates the experimental procedure for the glycosylation
analysis of IgLON family proteins. Lipid-free GPI-linked
proteins in a rat brain tissue sample were enriched via phase
partitioning with Triton X-114 and PIPLC digestion. The
enriched proteins were separated by SDS-PAGE and stained

with Coomassie Brilliant Blue. The presence of LAMP,
OBCAM, neurotrimin, and Kilon in the gel band at 45-70
kDa was confirmed by in-gel trypsin digestion followed by
LC-MS/MS. The IgLON proteins were extracted with other
comigrated proteins from 45-70 kDa bands in other lanes
by being shaken in 1% SDS. After SDS had been removed,
the mixture of proteins was digested with endoproteinase
Glu-C and trypsin. Most of the resulting glycopeptides
contained only a single N-glycosylation site, with the
exception of LGTTN270ASLPLNPPSTAQYGITG287 in Ki-
lon, which included a predicted GPI attachment site at
Gly287 in addition to a potential N-glycosylation site at
Asn270 (Figure 1). The glycopeptides from IgLON family
proteins was separated by using three different columns: a
reversed-phase column, a C30 and a C18 column for
hydrophobic glycopeptides, and a GCC for hydrophilic
glycopeptides, including GPI-linked peptides.

Glycosylation Analysis of LAMP. LC-MS analysis was
performed via MS on the IT-MS and data-dependent MS in
SIM mode on the FT ICR-MS, and data-dependent MS/MS
and MS/MS/MS were performed on the IT-MS in the
positive ion mode (Figure 3). After MS data acquisition, the
MS/MS spectrum (scan n) of a glycopeptide was selected
manually from all MS data on the basis of the existence of
carbohydrate distinctive fragments, such as Hex1HexNAc1

+

(m/z 366) and Hex1HexNAc1NeuAc+ (m/z 657). Then a set
of the glycopeptide’s MS data consisting of the mass
spectrum (scan n - 2), the mass spectrum in SIM on the FT
ICR-MS (scan n - 1), the MS/MS spectrum (scan n), and
the MS/MS/MS spectrum (scan n + 1) was selected from
all the MS data (step 1). The carbohydrate structure was
deduced from the fragment ions appearing in the MS/MS
spectrum (scan n), and the peptide portion was estimated
from the peptide-related ions (step 2). The sequences of some
peptides were confirmed by the b- and y-ions that arose from
Y1 ([peptide + HexNAc + H]+) in MS/MS/MS (scan n +

FIGURE 2: Experimental procedure for site-specific glycosylation
analysis of IgLON family proteins and SDS-PAGE (12.5%) of
lipid-free GPI-linked proteins which were enriched from rat brain.
The asterisk indicates the gel band containing IgLON family
proteins.
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1) (step 3). The accurate molecular mass that was calculated
from the monoisotopic m/z value and the charge state
acquired by FT ICR-MS in SIM mode (scan n - 1) was
used to corroborate the assignment of the peptide and glycan
moieties (step 4). The mass spectra acquired at the elution
position, where the glycopeptides that yielded identical Y1

ions in the MS/MS and/or MS/MS/MS spectra, were
integrated, and the site-specific glycosylation was elucidated
on the basis of the distribution of molecular ions in the
integrated mass spectra (step 5). As a representative separa-
tion pattern, a total ion chromatogram (TIC) obtained by
LC-MSn with a C30 column (scan range of m/z 1000-2000)
is shown in Figure 4A. The MS/MS spectra containing the
diagnostic ions at m/z 366 and 657 were picked out from all
the MS data, and the peptides eluted at positions 1-25 were
determined to be the glycopeptides on the basis of the
carbohydrate-related ions. The 19% of spectra acquired at
elution time, including positions 1-25, could be traced back
to the glycopeptides of IgLON family proteins.

As for LAMP, it has seven potential N-glycosylation sites
at Asn12, -38, -108, -120, -251, -259, and -272, and Asn287
is the predicted site of GPI linkage. On the basis of the
presence of the peptide-related ions ([peptide + HexNAc +
H]+, Y1 or Y1R/1�; or [peptide + dHex-HexNAc + H]+, Y1R),
glycopeptides that were eluted at the positions 1, 11, 14, 12,
4, and 24 were estimated to be the glycopeptides containing
Asn12, -38, -108, -251, -259, and -272, respectively. The
MS/MS spectra of the glycopeptide containing Asn120
(GSN120VTLVCMANGRPE) were not acquired in any of
the runs. However, glycosylation at Asn120 was confirmed
by the detection of the peptide substituted with Asp
(GSD120VTLVCMANGRPEPVITWR) after PNGase F di-
gestion (data not shown). Panels A1-F1 of Figure 5 show
the representative MS/MS and MS/MS/MS spectra acquired
at positions 11, 1, 14, 12, 4, and 24, respectively. The
integrated mass spectra of the glycopeptides containing
Asn38, -12, -108, -251, -259, and -272 are shown in panels
A2-F2 of Figure 5, respectively. The feature of the

glycosylation at each glycosylation site was elucidated on
the basis of these MS spectra.

(i) Asn38 (Asn43 in OBCAM and Asn38 in neurotrimin).
Panel A1 of Figure 5 shows one of the MS/MS spectra
acquired at position 11. The peptide portion, VAWL(GlcNAc-
)N38R, was confirmed on the basis of the b- and y-ions that
arose from Y1 (m/z 961.5) in the MS/MS/MS spectrum (panel
A1′′ of Figure 5). A series of doubly charged Y ions with
an m/z spacing pattern, 81 m/z units (Hex), suggests the
linkage of Man-7 to this peptide. The attachment of Man-7
to VAWLN38R, whose theoretical monoisotopic m/z value
([M + 2H]2+) is 1149.983, was ascertained by the observed
monoisotopic m/z value (1149.986) acquired in SIM mode
on the FT ICR-MS (panel A1′ of Figure 5). Panel A2 of
Figure 5 shows the integrated mass spectrum which was
obtained from the mass spectra of glycopeptides that yielded
Y1 (m/z 961.5) via MS/MS. Four noticeable ion peaks (peaks
a-1-a-4) appearing with the differences of 81 m/z units are
assigned to VAWLN38R glycosylated with Man-6-9 (Table
1A). The MS/MS spectra of DKNSKVAWLN38R and
CVVEDKNSKVAWLN38R, which were picked out from
positions 9 and 15, also revealed that Man-5, -7, and -8 were
attached to Asn38.

(ii) Asn12. Panel B1 of Figure 5 shows the representative
MS/MS spectrum of glycopeptide, GTDN12ITVR, which was
selected from position 1. From the Y1R ion (m/z 1224.5)
together with monoisotopic m/z value of the molecular ion
(m/z 1173.132) and a series of doubly charged Y ions with
an m/z spacing pattern, 146 (NeuAc), 101 (HexNAc), and
81 m/z units (Hex), the carbohydrate portion was estimated
to be dHex1Hex5HexNAc4NeuAc4. Furthermore, a complex-
type oligosaccharide, to which one branch of disialic acid
was attached, was deduced from the presence of B4R/Y5R′
(m/z 495.3), B2R (m/z 582.7), B3R (m/z 744.9), B4R/Y5R′′ and
B4R/Y7R′ (m/z 948.2), and B4R (m/z 1239.5) (inset of panel
B1 of Figure 5). The integrated mass spectrum at position 1
suggests that the majority of the glycans at Asn12 are hybrid-
and complex-type oligosaccharides containing disialic acids

FIGURE 3: Methods used for LC-MSn and data analysis.
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(panel B2 of Figure 5 and Table 1B). In addition, the partial
glycosylation at Asn12 was indicated by the detection of
nonglycosylated GTDN12ITVR.

(iii) Asn108. The MS/MS spectrum of glycosylated
ISN108ISSDVTVNE (Y1R/1�, m/z 1480.6) acquired at position
14 is shown in panel C1 of Figure 5. The attachment of a
Lewis a/x [Lea/x, Gal-(Fuc-)GlcNAc-] or H antigen (Fuc-
Gal-GlcNAc-) motif to the bisected complex-type oligosac-
charide was deduced from the monosaccharide composition
(dHex2Hex4HexNAc5) and the Lea/x and H antigen-related
ion (m/z 512.1) and Y1�/3R/3�

2+ (m/z 1024.3) (panel C1 of
Figure 5, peak c-1 in panel C2 of Figure 5). The alternative
LC-MSn run with the C30 column (scan range of m/z
1000-2000) suggested that ISN108ISSD is also occupied by
sialyl Lea/x (sLea/x)-modified or core-fucosylated hybrid-type
oligosaccharides based on the presence of NeuAc-Hex-
(dHex-)HexNAc+ (m/z 803.1), Hex-(dHex-)HexNAc+ (m/z
512.3), NeuAc-Hex+ (m/z 454.2), and [peptide + dHex +
HexNAc + H]+ (m/z 1084.3) (data not shown, Table 1C).

(iV) Asn251. The representative MS/MS spectrum of the
glycopeptide containing GQSSLTVTN251VTE (Y1R/1�, m/z
1438.6; elution position 12) is shown in panel D1 of Figure
5. From the monoisotopic mass and the Lea/x-related ions
(m/z 350.3 and 512.2), the carbohydrate structure was
estimated to be a complex-type oligosaccharide to which the
Lea/x motif was attached (dHex2Hex4HexNAc5; inset of panel
D1 of Figure 5). Other glycans at Asn251 were characterized
as complex-type oligosaccharides containing sLea/x or Lewis
b/y [Leb/y, Fuc-Gal-(Fuc-)GlcNAc-] based on the molecular

ions in the integrated mass spectrum (peaks d-1-6 in panel
D2 of Figure 5), the sLea/x-related ions (m/z 803, 657, and
512), and the Leb/y-related ions (m/z 658.2, 512.1, and 350.2)
acquired by the alternative run with the C30 column (scan
range of m/z 700-2000) (Table 1D).

(V) Asn259. Panel E1 of Figure 5 shows the product ion
spectra of HYGN259YTCVAANK linked by dHex1Hex3-
HexNAc5, which was deduced from the Y1R/1� ion (m/z
1600.6) and the monoisotopic mass acquired at position 4.
The BA-2, which is a core-fucosylated and agalacto-
biantennary oligosaccharide with bisecting GlcNAc, and
known as a brain-specific carbohydrate, was suggested by
the product ions at m/z 1085.3 (bisecting GlcNAc) and
1746.6 (core-fucosylation) (inset of panel E1 of Figure 5).
The majority of other glycans at Asn259 were characterized
as Lea/x-modified complex and hybrid types. Man-5 was
suggested to be a minor glycan (panel E2 of Figure 5 and
Table 1E).

(Vi) Asn272. Panel F1 of Figure 5 shows the MS/MS and
MS/MS/MS spectra of glycopeptide LGVTN272ASLVLFR
(Y1R/1�, m/z 1492.8), which were acquired at position 24. The
monosaccharide composition (dHex2Hex4HexNAc5) and the
presence of Y3R/3�

2+ (m/z 1103.8) and Lea/x-related ion
suggested the attachment of a Lea/x or H antigen motif to
the bisected and core-fucosylated complex-type oligosac-
charide (inset of panel F1 of Figure 5). The MS/MS spectra
of the LGVTN272ASLVLFRPGSVR glycopeptides (Y1R/1�

2+,
m/z 1069) were also picked out at position 24 (data not
shown). The m/z values of molecular ions appearing in the

FIGURE 4: Total ion chromatograms obtained by C30-LC-MSn (A) and GCC-LC-MSn (B). Lines 1-25 and 26 are the elution positions
of glycopeptides and GPI-linked peptides, respectively. The down arrow denotes the extracted position of the MS/MS spectra. (C) Integrated
mass spectrum obtained from elution position 26. L1 and L2 are molecular ions of GPI-linked peptides from LAMP, N1-N3 those from
neurotrimin, and O1-O3 those from OBCAM.

10136 Biochemistry, Vol. 47, No. 38, 2008 Itoh et al.



FIGURE 5: MS spectra of LAMP glycopeptides. (A1) MS/MS spectrum of glycopeptide VAWLN38R; elution position, 11; precursor ion, [M
+ 2H]2+ (m/z 1150.0). (A1′) Mass spectrum on the FT ICR-MS in SIM mode. (A1′′) MS/MS/MS spectrum acquired from Y1 (m/z 961.5).
(A2) Integrated mass spectrum obtained from position 11. (B1) MS/MS spectrum of glycopeptide GTDN12ITVR; elution position, 1; precursor
ion, [M + 3H]3+ (m/z 1173.1). (B2) Integrated mass spectrum at position 1. (C1) MS/MS spectrum of glycopeptide ISN108ISSDVTVNE;
elution position, 14; precursor ion, [M + 3H]3+ (m/z 1078.8). (C2) Integrated mass spectrum at position 14. (D1) MS/MS spectrum of
glycopeptide GQSSLTVTN251VTE; elution position, 12; precursor ion, [M + 3H]3+ (m/z 1065.0). (D2) Integrated mass spectrum at position
12. (E1) MS/MS and MS/MS/MS spectra of glycopeptide HYGN259YTCVAANK; elution position, 4; precursor ion, [M + 3H]3+ (m/z
1017.5). (E2) Integrated mass spectrum at position 4. (F1) MS/MS and MS/MS/MS spectra of glycopeptide LGVTN272ASLVLFR; elution
position, 24; precursor ion, [M + 3H]3+ (m/z 1082.8). (F2) Integrated mass spectrum at position 24. (G) MS/MS spectrum of GPI-linked
GIN287; elution position, 26; precursor ion, [M + 2H]2+ (m/z 902.5). Symbols are as in Figure 9.
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integrated mass spectrum (peaks f-1-9 and g-1-3 in panel
F2 of Figure 5) and their MS/MS spectra suggested that
complex-type oligosaccharides including Lea/x or Leb/y -mod-
ified and/or bisected oligosaccharides and BA-2 are attached
to Asn272 (Table 1F).

(Vii) Asn287. The MS/MS spectra of GPI-linked peptides
were selected from all MS data on the basis of the GPI-
characteristic oxonium ions, such as GlcN-Ino-PO4

+ (m/z
422). The structures of the GPI moieties were characterized
from their product ions appearing in the MS/MS spectra,
and their peptide portions were identified by comparing their
observed masses with the theoretical masses of predicted
peptides. Figure 4B shows the TIC obtained by GCC-
LC-MSn for the hydrophilic glycopeptides. On the basis of
the presence of GPI-characteristic oxonium ions, the MS data
of GPI-linked peptides were located at position 26. The 9.5%
of spectra generated at elution position 26 were assigned to
those of GPI-linked peptides of LAMP, OBCAM, and
neurotrimin.

Figure 5G shows one of the MS/MS spectra acquired at
position 26 (precursor ion, [M + 2H]2+ at m/z 902.5; peak
L2 in Figure 4C). On the basis of the GPI-characteristic
oxonium ions, such as NH2Et-PO4-Man-GlcN+ (m/z 447.2),
NH2Et-PO4-(HexNAc-)Man-GlcN+ (m/z 650.3), NH2Et-PO4-
(HexNAc-)Man-GlcN-Ino-PO4

+ (m/z 910.2), NH2Et-PO4-
(HexNAc-)(Hex-)Man-GlcN-Ino-PO4

+ (m/z 1072.2), and
GlcN-Ino-PO4

+ (m/z 422.2), this peptide was identified as
the GPI-linked peptide. The product ion at m/z 328.3 was
assigned to GIN287-NH-Et+ on the basis of the fragments
that arose by successive cleavages of HexNAc (m/z 1600.4),
Ino-PO4 (m/z 1340.5), GlcN (m/z 1178.3), Man-PO4-EtNH2

and Hex (m/z 732.2), Hex (m/z 570.2), and PO4-Hex (m/z
328.3). In addition, the product ions at m/z 732.3 and 1072.2
suggested the existence of HexNAc-(NH2Et-PO4-)(Hex)-
Man3 in the core structure of GPI (inset of Figure 5G). The
presence of a positional isomer was inferred from the
acquisition of two different MS/MS spectra of GPI-linked
peptides (precursor ion [M + 2H]2+, m/z 903) at different
elution times (Table 2). The alternative runs also suggested
the presence of a Hex-Man1 and HexNAc-(Hex-)(NH2Et-
PO4-)Man3 (peak L1, data not shown, Table 2), and a
nonsubstituted Man1 and HexNAc-(NH2Et-PO4-)Man3 (data
not shown, Table 2) in the GPI core structure.

Glycosylation Analysis of OBCAM. OBCAM has six
potential N-glycosylation sites at Asn17, -43, -113, -258,
-266, and -279, and the predicted linkage site of GPI is
Asn295. From the peptide-related ions, peptides eluted at
positions 2, 25, and 7 were estimated to be glycopeptides
containing Asn17, -258, and -266, respectively (panels
A1-C1 of Figure 6). Panels A2-C2 of Figure 6 show the
integrated mass spectrum of glycopeptides obtained from
positions 2, 25, and 7, respectively. The glycopeptide
containing Asn43 is identical to VAWLN38R in LAMP. From
the glycosylation at Asn38 in LAMP, Man-5-9 were inferred
to be attached to Asn43 (panel A2 of Figure 5 and Table
1A). Although the MS/MS spectrum of the glycopeptide
containing Asn113 (VHLIVQVPPQIMN113ISSD) was not
acquired, glycosylation at Asn113 was corroborated by
detection of VHLIVQVPPQIMD113ISSD after PNGase F
treatment (data not shown). The feature of glycosylation at
Asn279 was elucidated on the basis of the MS/MS spectra
of glycosylated LGNTN279ASITLYGPGAVID which wasT
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acquired in an alternative run with the C30 column (scan
range of m/z 1000-2000) (Table 1J).

(i) Asn 17. As shown in panel A1 of Figure 6, the
glycopeptide that eluted at position 2 was assigned to
AMDN17VTVR (and/or AMDN12VTVR in neurotrimin)
glycosylated with dHex1Hex5HexNAc4NeuAc4 based on the
Y1R ion and the monoisotopic mass of the molecular ion.
The attachment of three NeuAc residues in one branch of a
biantennary complex type was suggested by the existence
of characteristic B ions (m/z 495.2, 744.9, and 1239.2) (panel
A1 of Figure 6). The molecular ions appearing in the
integrated mass spectrum and their MS/MS spectra suggested
that most of the glycans at Asn17 were disialic acid-
conjugated oligosaccharides (peaks h-1-3 in panel A2 of
Figure 6 and Table 1G).

(ii) Asn258. Panel B1 of Figure 6 shows the representative
MS/MS spectrum of glycosylated ISTLTFFN258VSE that
eluted at position 25. The monosaccharide composition
(dHex2Hex5HexNAc6NeuAc1) implied two possible struc-
tures: a sLea/x -modified core-fucosylated complex type and
a Lea/x or antigen H-modified core-fucosylated and sialylated
complex type (inset of panel B1 of Figure 6). The molecular
ions (peaks i-1-2) in the integrated mass spectrum (panel
B2 of Figure 6) and the detection of nonglycosylated
ISTLTFFN258VSE revealed that Asn258 is partly glycosy-
lated with the sLea/x or Leb/y-modified core-fucosylated
complex type, and BA-2 (Table 1H).

(iii) Asn266. Panel C1 of Figure 6 shows the product ion
spectra of the glycopeptide at position 7, the peptide portion
of which was assigned to YGN266YTCVATNK on the basis
of the Y1R/1� ion in the MS/MS/MS spectrum. The glycan
was characterized as the bisected and core-fucosylated
complex-type oligosaccharide containing Lea/x structure from
the monosaccharide composition (dHex2Hex4HexNAc5), and
the Lea/x-, bisecting-, and core-fucose-related ions. The MS/
MS spectra acquired with other glycoforms (peaks j-1-4 in
panel C2 of Figure 6) together with the MS/MS spectra of
the glycopeptides DYGN266YTCVATNK (position 13) and
KDYGN266YTCVATNK (position 6) suggested that the
Lea/x-modified and/or bisected complex type and Man-5 were
predominantly attached to Asn266 (Table 1I).

(iV) Asn295. On the basis of the GPI-characteristic
oxonium ions and the peptide-related ion (m/z 314.3), the
MS/MS spectrum of GPI-linked GVN295 was picked out from
position 26 (Figure 6D; precursor ion, m/z 976.5; peak O1
in Figure 4C). The fragments arising from the GPI moiety
suggested the linkage of Hex to Man1, and HexNAc, Hex,
and NH2Et-PO4 to Man3 in the core structure (Figure 6D,
inset). Furthermore, the MS/MS spectrum of other GPI-linked
GVN295 (precursor ion, m/z 895; peak O2), which was picked
out from position 26 based on the peptide-related ion,
suggested that this GPI moiety contained HexNAc-(Hex)-
(NH2Et-PO4-)Man3. Another MS/MS spectrum (precursor
ion, m/z 814; peak O3) suggested the linkage of GPI moieties
containing HexNAc-(NH2Et-PO4-)Man3 (Table 2). The
existence of two isomers was suggested in peak O2 by the
acquisition of two MS/MS spectra of GPI-GVN295 (m/z 895)
at different elution times.

Glycosylation Analysis of Neurotrimin. Neurotrimin con-
tains seven potential N-glycosylation sites at Asn12, -38,
-120, -184, -252, -260, and -273, and the predicted linkage
site of GPI is Asn289. As the amino acid sequence in theT
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glycopeptide containing Asn12 (GTDN12ITVR) in neurot-
rimin is identical to GTDN17ITVR in OBCAM, the glycans
at Asn12 are estimated to be hybrid and complex types
containing disialic acid (panel A2 of Figure 6 and Table 1G).
Likewise, the sequence of VAWLN38R in neurotrimin is
identical to that of VAWLN38R in LAMP, and therefore,
the linkage of Man-5-9 at Asn38 was inferred from the
glycosylation at Asn38 in LAMP (panel A2 of Figure 5 and
Table 1A). Although the MS/MS spectra of glycopeptides
containing Asn120 were not acquired, glycosylation at
Asn120 was confirmed by the identification of
GND120ISLTCIATGR, GND120ISLTCIATGRPE, and GN-
D120ISLTCIATGRPEPTVTWR after PNGase F digestion
(data not shown). The substitution of Asn184 with a Lys or
an Arg residue in neurotrimin was suggested as in case of
SD rat by the identification of VTVNYPPYISE, which is a
fragment of VN184VTVNYPPYISE (data not shown) (33).

The MS/MS spectra of glycopeptides containing Asn252,
-260, -273, and -289 were located at positions 20, 5, 23,
and 26 based on the peptide-related ions, respectively (panels
A1-C1 and D of Figure 7). The integrated mass spectrum
of the glycopeptides containing Asn252, -260, and -273 are
shown in panels A2-C2 of Figure 7, respectively.

(i) Asn252. Panel A1 of Figure 7 shows the representative
MS/MS spectra of glycopeptide LTFFN252VSE linked by
dHex2Hex6HexNAc4, acquired at position 20. A Lea/x -modi-
fied core-fucosylated and bisected hybrid-type oligosaccha-
ride was deduced from the Lea/x-related ions, and Y1�/3R/3�

2+

and Y1R. The majority of the glycans at Asn252 are estimated
to be Lea/x or Leb/y-modified complex- and hybrid-type
oligosaccharides from the molecular ions (peaks k-1-9) in
the integrated mass spectrum and their MS/MS spectra (panel
A2 of Figure 7 and Table 1K).

FIGURE 6: MS spectra of OBCAM glycopeptides. (A1) MS/MS spectra of glycopeptide AMDN17VTVR; elution position, 2; precursor ion,
[M + 3H]3+ (m/z 1280.9). (A2) Integrated mass spectrum obtained from position 2. (B1) MS/MS spectrum of glycopeptide ISTLTFFN258VSE;
elution position, 25; precursor ion, [M + 3H]3+ (m/z 1290.7). (B2) Integrated mass spectrum at position 25. (C1) MS/MS and MS/MS/MS
spectra of glycopeptide YGN266YTCVATNK; elution position, 7; precursor ion, [M + 3H]3+ (m/z 1083.5). (C2) Integrated mass spectrum
at position 7. (D) MS/MS spectrum of GPI-linked GVN295; elution position, 26; precursor ion, [M + 2H]2+ (m/z 976.5). Symbols are as in
Figure 9.
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(ii) Asn260. Panel B1 of Figure 7 shows the representative
product ion spectra of the glycopeptide eluted at position 5,
the peptide portion of which was identified as
YGN260YTCVASNK on the basis of the Y1R/1� ion in the
MS/MS/MS spectrum. The monosaccharide composition
(dHex2Hex4HexNAc5), the Lea/x-related ions in the MS/MS
spectrum, and the presence of Y1�/3R/3�

2+ and Y1R in the MS/
MS/MS spectrum revealed the linkage of a Lea/x-modified
fucosylated and bisected complex-type oligosaccharide to this
peptide (inset of panel B1 of Figure 7). The molecular ions
in the integrated mass spectrum (peaks l-1-4 in panel B2
of Figure 7) together with the MS/MS spectra of glycosylated
HDYGN260YTCVASNK (position 8) suggested that Asn260
was predominantly glycosylated with the Lea/x or Leb/y-
modified bisected complex- and hybrid-type oligosaccharides
and BA-2 (Table 1L).

(iii) Asn273. On the basis of the Y1 ion and the monoiso-
topic mass, the glycopeptide eluted at position 23 was
assigned to LGHTN273ASIMLFGPGAVSE glycosylated with
Hex3HexNAc5 (panel C1 of Figure 7). Its glycan moiety was
characterized as a bisected agalacto-complex-type oligosac-
charide based on Y3R/3�

2+. Other glycans at Asn273 were
assigned to bisected complex- and hybrid-type oligosaccha-
rides (peaks m-1-4 in panel C2 of Figure 7 and Table 1M).

(iV) Asn289. Figure 7D shows one of the MS/MS spectra
of GPI-linked VNN289, which was picked out from position
26 on the basis of the peptide-related ion (peptide-NH-Et+,
m/z 371.3). Three different MS/MS spectra of GPI-linked
VNN289 were picked out from position 26 (Figure 4B). From
the molecular ions [peaks N1 (m/z 1004), N2 (m/z 924), and
N3 (m/z 842)] and their fragments, it was suggested that they
contain Hex-Man1 and HexNAc-(Hex-)(NH2Et-PO4-)Man3,

FIGURE 7: MS spectra of neurotrimin glycopeptides. (A1) MS/MS spectra of glycopeptide LTFFN252VSE; elution position, 20; precursor
ion, [M + 3H]3+ (m/z 1011.7). (A2) Integrated mass spectrum obtained from position 20. (B1) MS/MS and MS/MS/MS spectra of glycopeptide
YGN260YTCVASNK; elution position, 5; precursor ion, [M + 3H]3+ (m/z 1081.6). (B2) Integrated mass spectrum at position 5. (C1)
MS/MS and MS/MS/MS spectra of glycopeptide LGHTN273ASIMLFGPGAVSE; elution position, 23; precursor ion, [M + 3H]3+ (m/z
1102.5). (C2) Integrated mass spectrum at position 23. (D) MS/MS spectrum of GPI-linked VNN289; elution position, 26; precursor ion, [M
+ 2H]2+ (m/z 842.8). Symbols are as in Figure 9.
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HexNAc-(Hex-)(NH2Et-PO4-)Man3, and HexNAc-(NH2Et-
PO4-)Man3, respectively. The existence of two isomers was
suggested in peak N2 by the presence of two different MS/
MS spectra at different elution times (Table 2).

Glycosylation Analysis of Kilon. Kilon has six potential
N-glycosylation sites at Asn36, -118, -238, -249, -257, and
-270. The predicted linkage site of GPI is Gly287. The typical
MS/MS spectra and the integrated mass spectra of the
glycopeptides containing Asn36, -118, -238, -249, and -257

are shown in panels A1-E1 and A2-E2 of Figure 8,
respectively. The MS/MS spectra of the glycopeptide con-
taining both Asn270 and Gly287 could not be picked out
from the MS data.

(i) Asn36. Panel A1 of Figure 8 shows one of the MS/MS
spectra acquired at position 3. This glycopeptide was
identified as GAWLN36R with Man-6 based on Y1 ion and
the monosaccharide composition. Other glycans at Asn36
were estimated as Man-5, -7, and -8 from the existence of

FIGURE 8: MS spectra of Kilon glycopeptides. (A1) MS/MS spectra of glycopeptide GAWLN36R; elution position, 3; precursor ion, [M +
2H]2+ (m/z 1048.2). (A2) Integrated mass spectrum obtained from position 3. (B1) MS/MS and MS/MS/MS spectra of glycopeptide
GTN118VTLTCLATGKPE; elution position, 16; precursor ion, [M + 3H]3+ (m/z 1071.2). (B2) Integrated mass spectrum at position 16.
(C1) MS/MS spectrum of glycopeptide LFNGQQGIIIQN238FSTR; elution position, 22; precursor ion, [M + 3H]3+ (m/z 1020.6). (C2)
Integrated mass spectrum at position 22. (D1) MS/MS spectrum of glycopeptide SILTVTN249VTQE; elution position, 17; precursor ion,
[M + 3H]3+ (m/z 1054.9). (D2) Integrated mass spectrum at position 17. (E1) MS/MS and MS/MS/MS spectra of glycopeptide
HFGN257YTCVAANK; elution position, 10; precursor ion, [M + 3H]3+ (m/z 1051.2). (E2) Integrated mass spectrum at position 10. Symbols
are as in Figure 9.
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molecular ions with 81 m/z units intervals in the integrated
mass spectrum (peaks n-1-3 in panel A2 of Figure 8) (Table
1N).

(ii) Asn118. As shown in panel B1 of Figure 8, the MS/
MS/MS spectrum acquired at position 16 contained Y1R/

1�, which suggested that the peptide portion is
GTN118VTLTCLATGKPE. The linkage of BA-2 was
deduced from the monosaccharide composition
(dHex1Hex3HexNAc5), and Y1�/3R/3�

2+ and Y1R (inset of
panel B1 of Figure 8). Additionally, the linkage of Lea/x

or antigen H-modified and/or bisected complex type was
suggested by the integrated mass spectrum (peaks o-1-5
in panel B2 of Figure 8 and Table 1O).

(iii) Asn238. The MS/MS spectra of glycopeptides that
contain Asn238 were picked out from positions 22
[LFNGQQGIIIQN238FSTR (panel C1 of Figure 8)], 21
(RLFNGQQGIIIQN238FSTR), and 19 (KRLFNGQQGIII-
QN238FSTR). These MS/MS spectra and molecular ions
appearing in the integrated mass spectrum revealed that the
only carbohydrate structure at Asn238 was Man-5 (peak p-1
in panel C2 of Figure 8 and Table 1P). Together with the
results of the database search analysis, in which nonglyco-
sylated peptide LFNGQQGIIIQN238FSTR was identified, it
was suggested that Man-5 was partly attached to Asn238
(Table 1P).

(iV) Asn249. Panel D1 of Figure 8 shows the representative
MS/MS spectrum of glycopeptide SILTVTN249VTQE at
position 17. The carbohydrate structure was characterized
as a Lea/x-modified and core-fucosylated complex type by

the existence of the Lea/x-related ions and Y1R. The integrated
mass spectrum and alternative LC-MSn with the C30
column (scan ranges of m/z 700-2000 and 1000-2000)
suggested that Asn249 is glycosylated with Lea/x or antigen
H-modified core-fucosylated hybrid- and complex-type oli-
gosaccharides, BA-2, and Man-5 (peaks q-1-11 in panel
D2 of Figure 8 and Table 1Q).

(V) Asn257. As shown in panel E1 of Figure 8, one of the
glycopeptides eluted at position 10 was identified as
HFGN257YTCVAANK linked by dHex1Hex5HexNAc4 based
on Y1R/1� ion in the MS/MS/MS spectra and monoisotopic
mass. The carbohydrate structure was characterized as a
bisected- and core-fucosylated hybrid-type oligosaccharide
based on the presence of Y1�/3R/3�

2+ and Y1R (inset of panel
E2 of Figure 8). Other major glycans were estimated as Man-
5, Lea/x-modified complex- and hybrid-type oligosaccharides,
and BA-2 (peaks r-1-7 in panel E2 of Figure 8 and Table
1R).

DISCUSSION

The cell adhesion molecules in the central nervous system
play an essential role in the differentiation of neuronal cells
and formation of neural circuits. Although glycosylation on
the cell adhesion molecules is known to regulate cell-cell
interactions (2-4), their carbohydrate structures remain
unknown due to the difficulty with respect to their isolation
and the limited sample amounts. The glycans in the IgLON
family proteins are considered to be implicated in the

FIGURE 9: Summary of glycosylation of IgLON family proteins.
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formation of neural circuits, including migration of neuronal
cells, axonal guidance, and fasciculation. However, the high
degree of homology of their amino acid sequences makes it
difficult to isolate them from each other and to analyze their
carbohydrate structures in detail.

In this study, we performed a site-specific glycosylation
analysis of LAMP, OBCAM, neurotrimin, and Kilon simul-
taneously using SDS-PAGE and LC-MSn. Enriched GPI-
linked proteins were separated by SDS-PAGE, and four
target proteins were extracted from a gel piece together with
other contaminating proteins. The protein mixture was
digested and analyzed by the C30 and C18-LC-MSn runs
via MS, data-dependent MS in SIM by the FT ICR-MS, and
data-dependent MS/MS and MS/MS/MS. A set of MS data
consisting of the mass spectrum, the mass spectrum acquired
by the FT ICR-MS in SIM mode, the data-dependently
acquired MS/MS, and the MS/MS/MS spectra of a glyco-
peptide was selected from all MS data on the basis of the
existence of the oligosaccharide characteristic oxonium ions
in the MS/MS spectrum. The carbohydrate structure and
peptide sequence were deduced from the carbohydrate-related
ions and peptide-related ions in the product ion spectra. The
structural assignment of the glycopeptide was confirmed by
the accurate mass acquired on the FT ICR-MS. The b- and
y-ions arising from the peptide backbone in the MS/MS/
MS spectra were also used for the peptide assignment. The
carbohydrate heterogeneity at each glycosylation site was
characterized by integrating the mass spectra of the glyco-
peptides which yielded identical peptide-related ions. We
successfully determined the site-specific glycosylation in
LAMP, OBCAM, neurotrimin, and Kilon with the exception
of Asn120 in LAMP, Asn113 in OBCAM, Asn120 in
neurotrimin, and Asn270 in Kilon. We also demonstrated
the structure of the GPI moiety using LC-MSn equipped
with a GCC. A set of data was picked out from all MS data
by using GPI-characteristic ions, and the structure of GPI
and the linkage site were deduced from the product ions in
the MS/MS spectra. Three different structures are commonly
found in LAMP, OBCAM, and neurotrimin.

Figure 9 illustrates the site-specific glycosylation in the
four proteins. N-Glycosylation sites near the N-terminus in
LAMP, OBCAM, and neurotrimin were commonly occupied
with biantennary complex-type and hybrid-type oligosac-
charides containing disialic acids. Oligosialic acids and
disialic acids, which are found in several glycoproteins,
including NCAM, are considered to regulate the cell-cell
interaction by changing their degree of polymerization (6).
Disialic acids at the near N-terminus in LAMP, OBCAM,
and neurotrimin might regulate the cell-cell interaction in
a manner similar to that of other glycosylated adhesion
molecules.

The first domains in IgLON family proteins are commonly
glycosylated with Man-5, -6, -7, -8, and -9. The linkage of
high-mannose-type oligosaccharides is found in several Ig
superfamily proteins, including L1, MAG, and P0 (3). Since
Horstkorte et al. have reported that L1 binds to NCAM
through oligomannosidic carbohydrates in L1 (34), the high-
mannose-type oligosaccharide in IgLON family proteins
could interact with certain biological molecules.

The third domains of all IgLON proteins were highly
heterogeneous due to a linkage of diverse oligosaccharides,
including BA-2, the Lea/x or Leb/y motif, and Man-5. BA-2,

a bisected agalacto-complex type, is known as a brain-
specific glycan and is much more abundant in mammalian
brains than in other tissues (35, 36). Recently, the Na+/K+-
ATPase �1 subunit was identified as a GlcNAc-binding
protein in the mouse brain (37). The Na+/K+-ATPase �1
subunit is a potassium-dependent lectin which binds to
GlcNAc-terminating oligosaccharides and is involved in
neural cell interactions in a trans-binding fashion. A 74 kDa
protein was suggested to be the GlcNAc-terminating glycan
carrier protein binding to the Na+/K+-ATPase �1 subunit.
The linkage of BA-2 to IgLON family proteins implies that
these proteins might be the ligand proteins for the Na+/K+-
ATPase �1 subunit.

Glycosylation in a great number of membrane glycopro-
teins remains largely unknown. This is mainly because the
limited amount of available sample and the low solubility
of glycoproteins make their isolation quite difficult. Our
strategy, which includes enrichment of the target glycopro-
teins, separation by SDS-PAGE, and LC-MSn of digests
of a protein mixture, can be applied to the site-specific
glycosylation analysis of various membrane glycoproteins.
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