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Changes in the glycosylation of some serum proteins are associared with certain diseases. In this study, we
performed simultaneous site-specific glycosylation analysis of abundant serum glycoproteins by LC/Qq-
TOF MS of human serum tryptic digest, the albumin of which was depleted. The glycopeptide peaks on
the chromatogram were basically assigned by database searching with modified peak-list text files of
MS/MS spectra and then based on mass differences of glycan units from characterized glycopeprides.
Glycopeptide of IgC. haptoglobin and ceruloplasmin were confirmed by means of a comparison of their
retention times and m/z values with those obtained by LC/MS of commercially available glycoproteins.
Mass spectrometric carbohydrate heterogeneity in the assigned glycopeptides was analyzed by an addi-

LCMS tional LC/MS. We successfully demonstrated site-specific glycosylation of 23 sites in abundant serum

LC/MSIMS glycoproteins.
Immunoglobulin G

Haptoglotin

Transferrin

Ceruloplasmin

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Glycosylation of proteins is a common post-translational modi-
fication of proteins [ 1], and most proteins in serum are glycosylated
[2]. Changes in the oligosaccharide moieties of certain serum gly-
coproteins are associated with human diseases. Oligosaccharides
lacking galactose residues in immunoglobulin G (1gG) are increased
in rheumatoid arthritis [3,4] and Crohn's syndrome [5]. Congen-
ital disorders of glycosylation (CDG) are genetic disorders in the
N-linked glycosylation processing pathway [6], and can be diag-
nosed by glycosylation analysis of serum glycoproteins [7]. such as
transferrin and haptoglobin. Significant increases in fucose levels

Abbreviations! ESI, electrospray jomization; Fuc, fucose; GlcNAc, N-
acetylglucosamine: Hex, hexose; HexNAc, N-acetylhexosamine; HPLC,
tugh-performance liquid chr phy; 1gG, bulin G; M5, mass
spec y: MS/MS, mass spectrometry. NeuAc, N-acetylneuraminic
acid; Qg-TOF, quadrupole-quadrupole time-of-flight mass spectrometry: TIC. total
ion chromatogram; EIC, extracted ion chromatogram.
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and oligosaccharide branches in haptoglobin have been found to
be associated with ovarian cancer [8,9], lung cancer [10-12], pan-
creatic cancer [13) and hepatocellular carcinoma [14). Changes in
glycosylation are also found in acute-phase proteins, such as alpha-
1-acid glycoprotein and ceruloplasmin, in lung cancer [15]. These
findings suggest the potential of the glycosylation analysis of serum
glycoproteins in diagnosis of some diseases and an investigation
of new biomarkers. At present the glycosylation of each protein is
examined individually, therefore simultaneous analysis of serum
glycoproteins has been required for rapid diagnosis with a limited
amount of sample.

Mass spectrometry (MS) is known as a powerful tool for the
glycosylation analysis of serum proteins. For the glycosylation
analysis of serum glycoproteins, the enrichment of glycopeptides
by lectin-affinity or hydrophilic chromatography is useful due to
their low ionization efficiency, ionization suppression effects, and
microheterogeneity [16-19]. There are still concerns about the loss
of some glycopeptides during the preparation procedure, biased
recoveries toward certain glycan structures, and low reproducibil-
ity of recovery. Liquid chromatography/mass spectrometry (LC/MS)
is effective for the separation of glycopeptides and for the simulta-
neous glycosylation analysis.
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Fig. 1. Strategy for glycosylation analysis of abundant glycoproteins In serum.
Human serum in which albumin was roughly removed was reduced and alky-
lated at cysteine residi A mi of peptides resuiting from trypsin digestion
was subjected to LC/MS/MS and LC/MS. Glycopeptides were assigned by elucidar-
ing MS5/MS spectra (database searching). Mass spectrometric heterogeneity at each
glycosylation site was analyzed by an additional LC/MS.

Recent progress in MS/MS and multiple-stage MS (MS")
of glycopeptides allows for the characterization of both pep-
tide and oligosaccharide moieties based on fragment ions
[17.20-27). Previously it was demonstrated that the Qq-TOF
type mass spectrometer provides highly abundant carbohydrate-
related ions at lower m/z values such as mfz 204 [HexNAc+H]"
and 366 [HexHexNAc+H]*, glycopeptide-related ions with
sequentially lost saccharide units, including [peptide+H]* and
[peptide+GlcNAc+H|* at higher mjz values, and b- and y-ions
derived from peptide backbone [20,23,26.28). These fragment
ions could be used in database search to deduce peptide of
glycopeptide.

In this study we demonstrated LC/MS(/MS) of human serum
digest for the simultaneous glycosylation analysis of abundant
serum proteins. Fig. 1 shows the strategy for the glycosy-
lation analysis. Human serum, the albumin of which was
depleted, was carboxymethylated and digested with trypsin,
LC/MS/MS of the digest was performed by using the LC/Qq-
TOF MS instrument. Glycopeptide ions were basically assigned
by database searching with modified peak-list text files. Mass
spectrometric heterogeneity at each glycosylation site was
analyzed by an additional LC/MS. in which the acquisi-
tion of MS/MS was not allowed. By LC/MS of albumin-
depleted human serum digest, we were successful in the
sire-specific glycosylation analysis of abundant serum glycopro-
teins.

2. Experimental
2.1. Materials

Pooled normal human serum was purchased from Sigma (St.
Louis, MO, USA). Human haproglobin and polyclonal immuneoglob-
ulin G, which were purified from normal human serum, were
purchased from Calbiochem (San Diego, CA, USA). Modified
trypsin was purchased from Promega (Madison, WI, USA). The
water used was obtained from a Milli-Q water system (Millipore,
Bedford, MA), All other reagents were of the highest quality avail-
able.
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2.2. Sample preparation

Human serum (5 ul) was depleted of albumin using the Mon-
tage Albumin Depletion Kit (Millipore, Bedford, MA, USA)according
to the manufacturer’s protocol. Lyophilized albumin-depleted sam-
ple and each of the glycoproteins (100 ug) were dissolved in 50 !
of 0.5M Tris~HCl buffer (pH 8.5) that contained 7M guanidine
hydrochloride and 5mM EDTA. After the addition of 2l of 1M
dithiothreitol, the mixture was incubated for 30 min at 56°C. Then,
4.7 pl of 1 M sodium monoiodoacetate was added, and the resulting
mixture was incubated for 30 min at room temperature in the dark.
The reaction mixture was applied to a PD-10 column (GE Health-
care, Little Chalfont, UK) to remove the reagents, and a fraction of
the carboxymethylated proteins was dried. The sample was redis-
solved in 50 ul of 50mM Tris-HCI buffer (pH 8.0). An aliquot of
1 pl of modified trypsin prepared as 1 ug/pl was added, and then
the mixtures were incubated for 12 h at 37°C. The enzyme diges-
tions were stopped by boiling for 10 min and stored at -20°C before
analysis.

2.3. LC/MS and LC/MS/MS

The tryptic digests corresponding to 0.01-0.3 ul of human
serum or a tryptic digest of purified commercially available glyco-
protein (0.1-1.0 ug) was loaded onto a nanotrap (AMR Inc., Tokyo,
Japan). After a wash with 10 ! of 2% (v/v) acetonitrile containing
0.1% (v/v) TFA, the trapping column was switched into line with
the column. HPLC was performed on a Paradigm MS 4 (Michrome
BioResources, Auburn, CA, USA) equipped with a MonoCap High
Resolution 750 column (0.2 mm = 750 mm, GL Sciences Inc., Tokyo,
Japan) at a flow rate of about 2 pl/min. The eluents consisted of
water containing 2% (v/v) acetonitrile and 0.1% (v/v) formic acid
(pump A) and 90% acetonitrile and 0.1% formic acid (pump B). Sam-
ples were eluted with 5% of B for 2.5 or 5.0 min followed by a
linear gradient from 5 to 90% of pump B in 85min or by linear
gradients from 5 to 25% for 80 min, 25-45% for the next 60 min,
45-65% for the next 40 min and 60-90% for the next 20 min (total
205 min).

Mass spectrometric analyses were performed using a QSTAR
Pulsar i Qq-TOF mass spectrometer (AB/MDS Sciex. Toronto,
Canada) equipped with a nano-electrospray ion source. The mass
spectrometer was operated in positive ion mode, The nano-spray
voltage was set at 1700V. Mass spectra were acquired over m(z
1000-2000 for MS, and m/z 100-2000 for MS/MS. After every reg-
ular MS acquisition, MS/MS acquisitions were performed against
the top two multiply charged ions by a data-dependent acquir-
ing method. The precursor ions with the same m/z as previously
acquired were excluded for 60 or 90s. The collision energy was
varied between 30 and 70 eV depending on the size and charge of
the molecular ion. The accumulation time of the spectra was 1.0s
for MS, and 2.0 or 5.0 s for MS/MS. All signals were monoisotopically
resolved.

2.4. Assignment of glycopeptide peaks by database search

Detection and assignment of glycopeptide ions from LC/ESI
MS/MS data were performed by elucidating MS/MS spectra or
database search. Briefly, glycopeptide ions were selected manually
based on presence of oligosaccharide oxonium ions such as m/z
204 and 366 in their MS/MS spectra. The information of m/z values
and charge states of peptides in the glycopeptides was deduced
by sequential degradation pattern at N-glycan core structure in
their MS/MS spectra. The MS/MS spectra of glycopeprides were
converted to peak-list text files, and then oligosaccharide-related
ions (m/z 168, 186, 204, 274, 292 and 366 or ions under m/z 370)
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and the ions larger than peptide ion were deleted. Modified peak-
list text files were submitted to against the nonredundant human
Swiss-Prot protein database (version 48.2) using Mascot search
engine with following parameters: a specified trypsin enzymatic
cleavage with two possible missed cleavage, peptide tolerance of
1.2 Da, fragment ion tolerance of 0.8 Da, and variable modifications
of cysteine (carboxymethylation) or cystein (carboxymethylation)
and methionine (oxidation). Suggested peptides were validated by
‘manual inspection of the spectra, and the presence of more than
four consecutive fragments of amino acid sequence was used as
criteria for peptide identification,

3. Results
3.1, Locating glycopeptides in the chromatogram

Mass spectrometric glycosylation analysis of human serum was
performed by LC/Qg-TOF MS of tryptic digest using in a posi-
tive ion mode. In this method, all serum glycoproteins should
be completely digested by trypsin. When the tryptic digest was
subject to LC/MS/MS with the MS range m/z 400-2000, results
of Mascot database search using 3 missed cleavage sites sug-
gested that most peptides were completely digested [missed
cleavage <1)and few incompletely digested peptides (missed cleav-
age 3) were present. Many missed cleavage sites were present
at N- or C-terminal, or adjacent to two or more acidic amino
acid residues (D, E or carboxymethylated C) (data not shown).
Fig. 2A shows the total ion chromatogram (TIC) obtained by
LC/MS/MS with MS range mjz 1000-2000 of tryptic digest (cor-
responding to approximately 03 pl of serum) using a reversed
phase MonoCap High Resolution 750 column (0.2mm = 750 mm)
with a gradient of 5-90% of B in 205min, In order to locate
the glycopeptide peaks and determine mjz and charge state,
the intensity of the oxonium HexNAc* (mfz 204.05-204.15) that
arose by data-dependent MS/MS was depicted as the extracted
ion chromatogram (Fig. 2B). We confirmed that most of these
MS/MS spectra were of glycopeptides by the presence of abundant
carbohydrate-derived ions, such as mfz 204 ([HexNAc+H]"), 186
([HexNAc+H-H20]*), 292 ([NeuAc+H]*), 274 ([NeuAc+H-H,0]*)
and 366 ([HexHexNAc+H]*).
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Fig. 2. LC/MS/MS and LC/MS of tryptic digest of human serum. (A) TIC (mjz
1000-2000) obtained by the LC/MS/MS. (B) EIC (mfz 204.05-204.15) obtained by
the data-dependent MS/MS. (C) TIC obtained by the additional LC/MS in which darta-
dependent MS/MS was not allowed. Peak assignment: A, 1gG1; B, 1gG2: C, 1gG3/1gG4:
D-F, haptoglebin: G and H. transferrin: I-K. ceruloplasmin, Mass spectra of fractions
A=K are shown in Fig. 7.

3.2, Assignment of glycopeptide peaks by a database search

Glycopeptides were assigned by manual database searching.
As a representative example, the M5/MS spectrum acquired from
[M+4H]"™ (m/z 1221.8 (4+)) at 133 min is shown in Fig. 3. There are
some abundant ions derived from carbohydrates, such as mjz 204,
186, 292, 274 and 366 in the lower m/z region. Degradation pattern
and mass difference of 203 u between the fragment ions at m/z
1340.2 (2+) and those at 1441.7 (2+) in the higher m/z region sug-
gests that the ions are [peptide+2H]?* and [peptide+HexNAc+2H]**,
respectively. Based on these mjz values the molecular mass of
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Fig. 3, MS/MS spectrum acquired from mfz 1221.8 (4+) by data-dependent LC/MS/MS of trypsin-digested human serum. Mascot database search using mjz 1340.2 (2+) of
peptide and fragment ions (mfz 370-1300) suggested peptide sequence MVSHHN™LTTGATLINEQWLLTTAK in haproglobin { PODT38),
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Fig. 4. Integrated MS/MS spectrum of m/z 1115.5 (3+) and 1183.1 (3+) 3t 52-53 min that show similar frag p

Mascot search using m/z 1284.5 (1+) of

peptide and fragment ions (mfz 370-1280) suggested YKN*NSDISSTR in Ig mu chain C region (PO1871).

the peptide was calculated to be 2678.4. For the peptide iden-
tification, a database search requires the m/z values and charge
state of the peptide precursor ions and fragment ions but not
of the carbohydrate- and glycopeptide-related ions. We deleted
the carbohydrate-related ions in the lower m/z region (under m/z
370) and the glycopeptide-related ions in the higher m/z region
(over m/z 1340) from the peak-list text files, and then submit-
ted the modified peak-list text files for a Mascot database search
of the human Swiss-Prot database with 1 missed cleavage, pep-
tide tolerance of 1.2Da, fragment ion tolerance of 0.8Da and
variable modifications of cysteine (carboxymethylation). The pep-
tide suggested was MVSHHNS4LTTGATLINEQWLLTTAK in human
haptoglobin (PO0738). As shown in Fig. 3, many ions were con-
sistent with b- and y-series peptide fragment ions derived form
MVSHHNLTTGATLINEQWLLTTAK. The molecular mass of the car-
bohydrate moiety was calculated to be 2204.7, which suggests the
carbohydrate composition of HexNAcgHexsNeuAcs.

3.3, Assignment of glycopeptide peaks by a database search with
integrated spectra

Glycopeptides that have the same peptide backbone show
quite similar fragment patterns in the case of Qg-TOF MS. When
glycopeptides showed insufficient peptide fragment ijons in the
CID-MS/MS spectra due to low peak intensity, we integrated the
similar MS/MS spectra into one spectrum, and the integrated spec-
trum was submitred for a database search. As a representative
example, the spectrum obtained by integrating two spectra of m/z
11155 (3+) and 1183.1 (3+) acquired around 60min is shown in
Fig. 4. Mascot database search using the information of m|z 1284.5
(1+) of peptide which was deduced by sequential degradation pat-
tern at N-glycan core structure, and modified peak-list text files
berween mjz 370 and 1250 suggests that the peptide moiety is
YKN*6NSDISSTR in Ig mu chain C region (PO1871).

By elucidating MS/MS spectra, 19 tryptic glycopeptides (20 N-
glycosylation sites) in 14 glycoproteins were determined (Table 1).
The ions, which were confirmed as glycopeptides by data-
dependent M5/MS, were underlined. Other glycoforms, whose
MS/MS spectra were not acquired, were assigned based on their
mass difference of saccharide units from characterized glycopep-
tides. Since high intensity glycopeptide ions showed high guality

of MS/MS spectra and were subjected to data-dependent MS/MS
several times, many of them could be assigned. Low intensity gly-
copeptide ions showed poor MS/MS spectra for detection of peptide
fragment ions, about 20% of MS/MS spectra of glycopeptides could
not be assigned (data not shown).

3.4. Confirmation of glycopeptide peaks using commercially
available glycoproteins

We conducted peptide mapping of commercially available poly-
clonal IgG and haptoglobin, and then m/z values and charge states
of the glycopeptides were used for confirmation of assignment of
glycopeptides and assignment of undetected glycopeptides. Gly-
cosylation data of ceruloplasmin in previous report [28] was also
utilized.

Tryptic digest (0.2 pg and 0.4 pg) of commercially available
human polyclonal IgG was analyzed by LC/ESI MS/MS at mjz
400-2000 and 1000-2000 with a gradient of 5-90% of B in 85 min.
The MS data were submitted for database searching against the
human Swiss-Prot database using the computer program Mas-
cot. Polypeptides of IgG heavy chain C region of 1gG1 (P01857),
1gG2 (PO1859), 1gGC3 (P01860) and 1gG4 (PO1861) and light chain C
region of Kappa (P01834) and Lambda (P01842) chain and other
proteins were identified (data not shown). Fig. 5A and A’ show
TIC of LC/MS/MS at m/z 1000-2000 of polyclonal 1gC and EIC of
data-dependent MS/MS at m/z 204.05-205.15. respectively. It was
found that glycopeptide ions were eluted at 7-12min (fraction
A), 15-17 min (fraction C) and 18-21 min (fraction B) based on
the presence of the oligosaccharide-related lons in their MS/MS
spectra and mass differences of saccharide units. M5/MS spectra
after 25min were not of glycopeptides. The glycopepride peaks
from fraction A and fraction B were assigned as the glycopeptides
containing Fc-glycosylation site in 1gG1 (EEQYNSTYR) and 1gG2
(EEQFNSTFR) based on data-dependent MS/MS spectra, respec-
tively (data not shown). Data-dependent MS/MS spectra from
fraction C suggested molecular mass of 1171.5 Da for the peptide,
but could not suggest amino acid sequence due to low abundance
of peptide fragment ions (data not shown). Based on the molecular
mass of the peptide, the glycopeptide peaks from fraction C would
be EEQYNSTFR from IgG3 (CAA67886) and/or EEQFNSTYR from
1gG4 (P01861), which are attached to core-fucosylated agalacto-
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Table 1
Summary of analysis of serum glycof with higher ion intensities
Glycopeptide Oligosaccharide Protein (Protein ID) Theoretical MW
Retention mje Charge Observed Relative peak Observed MW Clycopeptide Peptide
time (min) Mw intensity®
Peptide sequence Oligosaccharide
Deduced oligosaccharide composition®
Ig gamma-1 chain C region (PO1857) 1*
EEQYNSTYR* 1188.50
673 1479.6 2+ 2957.1 13,1 1768.6 |HexNAc 4] Hex]5[Fuc]1 1768.64
673 1297.0 2+ 2592.0 30 1403.5 [HexNAc]3[Hex 4] Fuc]1 1403.51
674, 676 3 2+ 2795.1 33 1606.5 |HexNAc]4|Hex 4| Fuc|1 1606.59
674,677 1216.0 2+ 24299 43 12414 |HexNAc|3|Hex]3|Fuc]1 1241.45
67.7 1317.5 2+ 26330 2748 1444.5 [HexNAc)4|Hex|3|Fuc]1 1444.53
679 1500.1 rad 2998.1 23 1809.6 |HexNAc|5|Hex|4[Fuc]1 1809.67
10004 3+ 2998.0
679 1581.1 2+ 31602 02 1971.7 [HexNAc]5[Hex]5[Fuc]1 1971.72
68.0 1406.6 2+ 2811.1 09 16226 [HexNAc]4|Hex]5 1622.58
68.2,68.4 1325.5 2+ 2649.0 28 1460.5 |HexNAc)4|Hex |4 1460.53
68.2 1419.1 2+ 2836.1 29 1647.6 [HexNAc]5|Hex|3[Fuc]1 1647.61
68.5 12445 2+ 24869 14 1298.4 [HexNAc|4[Hex|3 1298 48
69.1 1625.1 2+ 3248.1 22 2059.6 [HexNAc [4[Hex|S[NeuAc] 1[Fuc]1 2059.73
1083.7 3+ 32481
69.6 1544.1 2+ 3086.2 0.5 1897.6 |HexNAc|4| Hex 4] NeuAc] 1| Fuc |1 1897.68
EEQYNSTYRVVSVLTVLHQDWLNGK® 2977.49
161.9, 162.2 1147 4+ 4584.1 1606.6 [HexNAc|4|Hex 4] Fuc)t 1606.59
162.4 1106.5 ar 44221 1444 6 |HexNAc)4[Hex ]3| Fuc]1 144453
EEQYNSTYRVVSVLTVLHQDWLNGKEYK® 3397.69
156.4 1034.3 5+ 5166.4 1768.7 |HexNAc|4[Hex|S[Fuc]1 1768.64
156.6, 157.1 1001.8 5+ 5004.0 1606.3 |HexNAc4[Hex 4| Fuc|1 1606.59
Ig gamma-2 chain C region (PO1859) 1
EEQFNSTFR? 1156.51
B54 1463.6 2+ 2925.1 63 1768.6 [HexNAc|4|Hex 5[ Fuc]1 1768.64
855 1281.0 2+ 2560.0 14 1403.5 |HexNAc]3[Hex 4] Fuc]l 1403.51
85.7.86.3 1382.5 2+ 2763.1 194 1606.5 |HexNAc)4|Hex 4| Fuc]1 1606.59
85.7.864 12000 2+ 23979 28 12414 |HexNAc]3[Hex|3[Fuc]1 1241 .45
857 1565.1 2+ 3128.2 0.0 1971.7 |HexNAC|S|Hex 5[ Fuc]t 1971.72
86.0 1484.1 2+ 2966.2 10 1809.6 |HexNAc|s[HexJ4[Fuc]1 1809.67
BG5S 1301.5 2+ 26010 218 1444.5 |HexNAcj4|Hex ]3| Fuc]1 1444.53
B6.S 1390.5 2+ 27790 0.0 1622.5 |HexNAc|4|Hex)5 1622.58
869 1403.0 2+ 2804.1 18 1647.5 |HexNAc|S{Hex]3|Fuc]1 1647,61
870,875 1309.5 2+ 2617.0 0.1 1460.5 |HexNAc4|Hex |4 1460.53
876 12285 2+ 24549 02 1298.4 |HexNAc|4|Hex|3 1298 48
B9.4 1609.1 2+ 32162 1.6 2059.7 |HexNAC [4[Hex |5 NeuAc | 1] Fuc |1 2059.73
1073.1 3+ 32162
20.0 1528.1 2+ 30542 1.5 1897.6 |HexNAc |4 Hex 4| NeuAc | 1| Fuc|1 1897 68
1019.1 3+ 3054,1
Gamma 3 immunoglobulin constant heavy chain 2
(CAAGT8B6)
EEQYNSTFR® 17251
Ig gamma-4 chain C region (POIB61) 14
EEQFNSTYR® 172.51
764 1471.6 2+ 2941.1 10 1768.6 |HexNAC|4|Hex]5|Fuc]t 1768.64
765 1289.0 2+ 25760 02 1403.5 |HexNAc|3[Hex |4|Fuc]t 1403.51
76.6, 76.8 1390.6 2+ 2779.1 34 1606.6 [HexNAc]4[Hex 4| Fuc] 1 1606.59
76.5, 76.8 1208.0 2+ 24139 04 12414 [HexNAc]3[Hex]3[Fuc]1 1241.45
76.7 1492.1 2+ 29821 02 1809.6 |HexNAc]S|Hex|4|Fuc|t 1809.67
76.9 1309.5 2+ 26170 36 14445 |HexNAc)4|Hex |3 Fuc]1 144453
710 1398.6 2+ 2795.1 01 1622.6 |HexNAcl4[Hex]5 1622.58
76.9 13175 2+ 2633.0 0.1 1460.5 |HexNAcj4[Hex}4 1460.53
770 1411.1 2+ 2820.1 03 1647.6 |HexNAc|S{Hex ]3| Fuc]1 1647.61
774 12364 2+ 24708 ol 1298.3 |HexNAcjd[Hex|3 1298 48
785 1617.1 2+ 32321 03 20596 | HexNAc J4]Hex|S[NeuAc] 1 [Fuc|1 2059.73
79.1 1536.1 2+ 3070.1 0.1 1897.6 |HexNAc|4|Hex 4] NeuAc |1 Fuc]t 1897 68
Haptoglobin (PD0738) 4
MVSHHNLTTGATLINEQWLLTTAKP 2678.39
1379 1531.7 3+ 45921 1937 |HexNAc 4| Hex | 5] NeuAc|1 1913.68
1149.0 4+ 45020 301 1913.6
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Clycopeptide Oligosaccharide Protein (Protein ID) Theoretical MW
Retention mir Charge Observed Relative peak Observed MW Glycopeptide Peptide
time (min) MW intensity®
Peptide Oligosaccharide
Deduced oligosaccharide composition”
1414 12218 4 4883.1 BA.7 22047 [HexNAc 4| Hex|5{NeuAc|2 220477
M{O)VSHHNLTTGATLINEQWLLTTAK 269438
1373 1153.0 40 4508.1 289 19137 [HexNAc 4] Hex|S{NeuAc| 1 1913.68
140.5, 141.1 12258 4+ 4899.1 64.3 2204.7 |HexNAC |4 Hex|5[Neuac)2 220477
1634.1 3+ 4899.1 22048
NLFLNHSENATAKE 457.73
86.3 1395.0 4 5576.0 01 41183 |HexNAC|B|Hex] 10{NeuAc |3 411845
87.0 16503 4+ 6597.3 03 51396 |HexNAc|10{Hex | 12[NeuAc|4 5139.81
876 1595.6 4+ 6378.3 09 49206 |HexNAC |9{Hex| 11| NeuAc J4{ Fuc] 1 4920.73
87.9 1559.1 4+ 62323 27 4TMS [HexNAC9|Hex]11|NeuAc |4 477468
88.6 1504.3 4+ 6013.0 01 4555.3 |HexNAC)8[ Hex] 10{NeuAc 4| Fuc]1 455560
88.9 1467.8 4+ 5867.1 41 4409.4 [HexNAc]8[Hex | 10{NeuAc|4 4409.54
90.4 1759.6 4 70345 02 5576.8 |HexNAc] 10] Hex| 12 NeuAc|5| Fuc|1 5576.96
90.7 17231 4 68885 05 54308 |HexNAC] 10| Hex| 12 NeuAc|S 5430.90
91.5 1668.3 4 6669.4 03 52116 |HexNAC [9{Hex | 11|NewAc |5{Fuc]1 5211.83
917 1631.8 40 65233 04 5065.6 |HexNAC|9|Hex] 11|NeuAc|s 5065.77
878 1247 3+ [n2 - 19135 [HexNAc|4[Hex]S[NeuAc] 1 1913.68
96 1221.7 3+ 1662.2 - 22045 |HexNAc]4[Hex|5[NeuAc]2 220477
VVLHPNYSQVDIGLIK™ 1794.00
127 13 ED 40728 22 22788 [HexNAc|5[Hex|6{NeuAc] 1 2278.81
1282 12369 3+ 3707.7 11 19117 |HexNAc|4[Hex]5[NeuAc] 1 1913.68
1314 1455.6 3 43638 48 2569.8 |HexNAC)S| Hex|6{NeuAc]2 2569.90
1092.0 4+ 43638
1318 13339 3+ 39987 892 22047 |HexNAC [4|Hex|5[NeuAc |2 2204.77
1000.7 de 39987 2204.7
134.1 15527 3 4655.0 7.5 2860.9 |HexNAC|5[Hex 6] NeuAc]3 2861.00
134.1 1164.7 4 4654.9 28609
Transferrin (P02787) 2
COLVPVLAE 1476.73
126.1 12528 3+ 37555 09 22788 |HexNAc|5[Hex 6] NeuAc] 1 227881
1270 1311 3+ 33904 1.7 1913.7 |HexNAc|4[Hex]5|NeuAc] 1 1913.68
1298 13499 3+ 4046.7 16 25699 [HexNAc|5[Hex|6{NeuAc]2 2569.90
1306 12282 3+ 3681.5 468 2204.7 |HexNAc j4|Hex|S[NeuAc|2 2204.77
1331 1446.9 3 43378 08 2861.0 [HexNAc|S[Hex|6{NeuAc]3 2861.00
QQOHLFGSNVTDCSGNFCLFRY 2516.08
1438 16233 3 4866.9 41 23508 |HexNAc |4| Hex] 5[ NeuAc 2| Fuc]1 235083
1439 1181 4+ 47209 22048 [HexNAc 4| Hex|S|NeuAc]2 2204.77
1574.6 ED 47209 505 22048
146.0 18420 ED 55210 09 30070 |HexNAc|5{Hex 6] NeuAc|3[Fuc |1 3007.06
146.2 17934 3 53773 1.6 28612 |HexNAC |5|Hex 6] NeuAc]3 2861.00
Ceruloplasmin (PO0450) e
EHEGAIYPDN 1891.83
95.6 1415.2 3+ 4242.7 0.1 23508 |HexNAc J4[ Hex ]S NeuAc |2{ Fuc]1 235083
1061.7 40 42426 23508
963 1366.5 3+ 4096.6 6.0 22048 |HexNAC J4[Hex 5| NeuAc |2 2204.77
10252 4+ 4096.7 22049
98.1,98.5 1633.9 3+ 4898.7 04 3006.9 |HexNAC]S[Hex]B|NeuAc |3 Fuc] 1 3007.06
12260 4+ 48999 3008.0
98.8 15852 3 47527 04 2860.9 [HexNAc|5[Hex]6]NeuAc]3 2861.00
1189.2 4 47526 28608
ENLTAPGSDSAVFFEQGTTR! 212599
127.0 14932 ED 44766 00 23506 |HexNAc J4| Hex 5| NeuAc|2{ Fuc|1 235083
1274 14445 3+ 43306 28 22046 |HexNAC |4] Hex|S[Neuac]2 2204.77
120.3 1663.3 3+ 4987.0 02 2861.0 |HexNAc)5[Hex|6{NeuAc]3 2861.00
ELHHLQEQNVSNAFLDK* 2021.00
104.3 10939 4+ 477 14 23507 |HexNAc|4| Hex]5|NeuAc ]2 Fuc|! 235083
14583 3+ ans 02 21508
105.2 1057.4 4+ 42257 45 22047 [HexNAC 4| Hex 5| NeuAc |2 2204.77
1409.6 3+ 42256 1.2 22045
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Table 1 {Conrinued )
Clycopeptide Oligosaccharide Protein (Protein ID)

Retention mjz Relative peak Observed MW Glycopeptide Peptide
time (min) Intensity”

Peptide sequence Oligosaccharide
Deduced oligosaccharide composition®

106.6 |HexNAc]5|Hex |6{NeuAc|3| Fuc]2 3153.12
106.8, 107.4 | HexNAc 5| Hex 6| NeuAc|3{ Fuc]1 3007.06
107.7 i |HexNAc|5Hex|6{NeuAc|3 2861.00

Alpha-1-antitrypsin (PO1003) 3¢

YLGNATAIFFLPDEGK 175489
[HexNAC}4{Hex]5[NeuAc 2] Fuc]1 235083
[HexNAC4[Hex]5{NeuAc|2 2204.77

Alpha-2-HS-giycoprotein (PO2765) 2
VCQDCPLLAPLNDTR 177281
[HexNAc]4]Hex]5|NeuAc]2 220477

Alpha-2-macroglobulin (P01023) 8¢

VSNQTLSLFFTVLQDVPVR 2162.17
187.9, 1888 [HexNAc|4[Hex|5|NeuAc|2|Fuc|1 2350.83
188.3 : [HexNAc)4[Hex|5|NeuAc|2 220477

Beta-2-glycoprotein 1 (P02749) 4
VYKPSAGNNSLYR 1467.75
38185 . |HexNAc]4| Hex 5| NeuAc 2| Fuc] 235083
36725 [HexNAc[4[Hex]SINeuAc]2 220477
447456 A |HexNAc|5|Hex 6] NeuAc|3[Fuc]t 3007.06
43286 . [HexMNAC]5|Hex |6 NeuAc|3 2861.00

LGNWSAMPSCK 1250.54
34553 [HexNAc]4[Hex]5[NeuAc|2 220477

Complement C3 (POI024) 3

TVLTPATNHMGNVTFTIPANR 2254.15
|HexNAc]2|Hex]|7 1540.53
|HexNAc)2| Hex]6 1378.48
|HexNAc]2|Hex]5 1216.42

Hemopexin (PO2790) L

SWPAVGNCSSALR 1404.65
|HexNAc|4[Hex]5|NeuAc 2] Fuc]t 235083
|HexNAC 4| Hex |5 NeuAc |2 2204.77

ALPQPQNVTSLLGCTH 1735.86
[HeexNAC4[Hex]5[NeuAc|2 220477

Ig alpha-1 chain C region (POIBTE) 2

Ig oipha-2 chain C region (PO1877) 4

LSLHRPALEDLLLGSEANLTCTLTGLR 2963.58
1652, 165.7 : |HexNAC|5|Hex |4 1663.61
1658 A |HexNAc|S[Hex|3 1501.56
1659 |HexNAc]2| Hex]5 1216.42
169.2 7 |HexNAc4[Hex|5|NeuAc| 1 . 1913.68
168.8. 169.4 . |HexNAc|4|Hex 5| NeuAc| 1] Fuc|1 2059.73
169.9 . |HexNAC 4| Hex 4| NeuAc|1 1751.62
170.0 . |HexNAc|3[Hex |5|NeuAc|1 1710.60

169.0 5 ; |HexNAC|5|Hex|5|NeuAc|1 2116.76

1699 . |HexNAc]5[Hex 4| NeuAc|1 1954.70
1731 ; [HexNACH4|Hex|5|NeuAc]2 220477

PALEDLLLGSEANLTCTLTGLR® 235721
174.4 X [HexNAc]5[Hex]3 1501.56
176.7 4. [HexNAc]4[Hex]5|NeuAc] | 191368

176.4 ; [HexNAC]5]Hex|5|NeuAc|t 211676

1g alpha-2 chain C region (PO1877)
TPLTANITK 957.55
[HexNAcl4[Hex|5[NeuAc|1[Fuc]t 2059.73

|HexNAC|S[Hex |5|NeuAc|1[Fuc] 226281
[HexNAc J4| Hex|5|NeuAc|2| Fuc]1 235083

Ig mu chain C region (POIS71) 5¢
YKNNSDISSTR® 128361
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Table 1 (Continued )
Clycopeptide Oligosaccharide Protein (Protein ID) Theoretical MW
Retention mjr* Charge Observed Relarive peak Observed MW Clycopeptide Peptide
time (min) Mw intensiry®

Peptide sequence Oligosaccharide

Deduced oligosaccharide composition®
59.7 11155 £ 33434 40.1 20597 [HexNAC |4{Hex|S|NeuAc 1 [Fuc|1 2059.73
603 11831 3 35464 164 22628 |HexNAC| 5| Hex|5{NeuAc] 1 [Fuc|t 226281

* Underiines indicated rhat these ions were assigned by elucidating data-d d

MS/MS of LC/ESI MS/MS of human serum digest.

* Centroid peak intensity (count per sec) in integrared MS spectra during glycopeptide eluring period.

* Oligosaccharide compositions were deduced from molecular weights.
* Number of potential N-;Iymyl.mon mu
© Missed cleavage or pected di
' Other ions with same m/z averlapped.
A% Mass spectra were shown in Fig. 7A-K.

All masses are mMONOisOtopic. Cysteine residue was urtmymethylaled Potential N-glycasylation sites were

HexNAC. N-acety 7 NeuAc, N-aceryl

or mono/diagalacto-biantennary complex-type glycan. Integrated
mass spectra of fraction A, B and C were shown in Fig. 5B-D.
Haptoglobin has four potential N-glycosylation sites, We per-
formed peptide mapping using a tryptic digest of haptoglobin
under a chromatographic condition similar to that of human
serum. Fig. 6A and A’ show TIC obtained by LC/MS/MS with mass
range m(z 1000-2000 and EIC of data-dependent MS/MS at m/z
204.05-205.15, respectively. Glycopeptides for four potential glyco-
sylation sites were assigned by elucidating MS/MS spectra (spectra
were not shown). Glycopeptides of NLFLN?07 HSEN2!' ATAK con-
taining two N-glycosylation sites were eluted in fraction E as
two glycosylated forms (Fig. 6B) and fraction E' as one glyco-
sylated forms (Fig. 6C). The former glycosylated form was more
abundant than the later form. These glycosylation sites could not
be characterized separately by trypsin digestion. Glycopeptides
of VWLHPN?4' YSQVDIGLIK and MVSHHN 84 TTGATLINEQWLLTTAK
were eluted in fractions F and D, respectively (Fig. 6D and E).
From the molecular masses of oligosaccharides we inferred that a
majority of oligosaccharides in haptoglobin are di-, tri-, and tetra-

Fuc. fucose: Hex, hexose:

M(0).oxidized meth

antennary forms and that some oligosaccharides were not fully
saturated with NeuAc, and few glycans were fucosylated.

Using the data of relative retention times, accurate mjz values
and charge states obtained by peptide mapping of commercially
available glycoproteins, we confirmed already assigned glycopep-
tides and further assigned undetected glycopeptides (I1gG3/1gG4
and two sites of ceruloplasmin), with the exceptions of one of
the glycopeptides from ceruloplasmin, intensity of which was only
noise levels.

3.5. Site-specific glycosylation analysis

To analyze the heterogeneity of glycosylation at each site, we
performed an additional LC/MS in which switching to MS/MS
was not allowed (Fig. 2C). Utilizing the information of retention
time, accurate mjz and charge state of assigned glycopeptides by
LC/MS/MS, corresponding glycopeptides were assigned in LC/MS
data by mass chromatogram. When two or more glycoforms were
derected, mass spectrometric heterogeneity was calculated using
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Fig. 5. Pepudc map of commercially available human polyclonal IgG. (A) TIC (m/z 1000-2000) obtained by LC/MS/MS of trypsin-digested IgG. (A') EIC (m/z 204.05-204.15)

d by d. : MS/MS. (B) Mass spectrum of peak A, which was assigned as glycopeptides of EEQYNSTYR of IgG.1 (PD1857), (C) Mass spectrum of peak C,
which would be glycopeptides of EEQYNSTFR of IgG3 (CAAG7886) and/or EEQFNSTYR of 1gG4 (PO1861), (D) Mass spectrum of peak B, which was assigned as glycopeptides
of EEQFNSTFR of 1gG2 (P0O1859)
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Fig. 6. Peptide map of commercially available human haptoglobin. (A) TIC (m/z 1000-2000) obtained by LC/MS/MS of trypsin-digested haptoglobin. (A') EIC (m/z
204.05-204,15) obtained by data-dependent M5/MS. (B) Mass spectrum of peak E, which was assigned as glycopeptides of NLFLN' HSENT'' ATAK attached 1o two N-glycan.
(C) Mass spectrum of peak E', which was assigned as glycopeptides of NLFLN?™ HSEN?'! ATAK attached to one N-glycan. (D) Mass spectrum of peak F, which was identified as
VVLHPNM YSQVDICLUIK. (E) Mass spectrum of peak D. which was identified as MVSHHN "™ LTTCATLINEQWLLTTAK. H, hexose: HN, N-acetylhexosamine; 5, N-acetylneuraminic

acid: F. fucose.

integrated mass spectra during the periods eluting the glycopep-
tides with same peptide. In Fig. 7, we show integrated mass spectra
of fraction A-K (Fig. 2C) as the mass spectrometric heterogene-
ity of glycosylation in 1gG1 (Fig. 7A), 1gG2 (Fig. 7B), 1gG3/lgGA
(Fig. 7C), haptoglobin (Fig. 7D~F), transferrin (Fig. 7G and H) and
ceruloplasmin (Fig. 71-K). Centroid ion intensity (count/sec) of
each glycopeptide at the most intense isotope distribution was
used as relative peak intensity. The mass spectrometric hetero-
geneity of the Fc-glycosylation sites of 1gG1 (Fig. 7A) and 1gG2
(Fig. 7B) was consistent with those of the commercially available
polyclonal IgG (Fig. 5B and D) and previous reports [29). The gly-
cosylation pattern of haptoglobin at each site was similar to that
of the commercially available haptoglobin except that peak inten-
sities of minor glycoforms were noise level (Figs. 6B-E and 7D-F),
The glycosylation of transferrin (Fig. 7G and H) at each site was
consistent with previous reports [29]. Three glycopeptides of the
four expected ones derived from ceruloplasmin could be assigned
on the chromatogram of the serum sample (Fig. 71-K), and their
glycosylation patterns were in agreement with those in our pre-

vious reports [28]. Table 1 summarized LC retention time, m/z and
charge, relative peak intensities of assigned glycopeptides in LC/MS.
No O-glycosylated peptides were detected in this study, It would be
due to low amount of O-glycosylation in serum and huge sample
complexity.

4. Discussion

Alteration of glycans in several serum glycoproteins is a poten-
tial marker for several diseases. Several glycomic approaches to
the diagnosis using mass spectrometric techniques have been
proposed. The most common procedure involves analyzing the lib-
erated glycans by MALDI-TOF MS or LC/ESI-MS, but this method
provides no information on the glycosylation sites or protein
sources. Another approach involves mass spectrometric analysis of
glycopeptides resulting from proteolytic digestion. The enrichment
of glycopeptides is useful due to their low ionization efficiency, but
loss of glycopeptides cannot be avoidable. In the present study, we
performed LC/MS(/MS) with high resolution separation to obtain
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mass spectrometric glycosylation profiles at each glycosylation site
of abundant glycoproteins in human serum.

MS/MS spectra are useful for detection and assignment of
glycopeptide ions. Because MSfMS spectra of glycopeptide pre-
cursor ions have abundant carbohydrare B-ions, such as m/z 204
([HexNAc+H]" ). and 366 (|HexHexNAc+H]" ), presence of these ions
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Fig. 7. Mass spectrometric hererogeneity of glycosylarion in abundant serum glycoproteins, Integrated mass spectra obtained by the additional LC/MS of human serum digest
(A)1gG1: (B) 1gG2: (C) 1gG3/igG4: (D-F) haptoglobin ((E) diglycosylated. (E'). monoglycosylated): (G and H)

in; (1-K] cer

is a useful indication of the selection of glycopeptide precursor
fons. MS/MS spectra of glycopeptide also contain ions of peptide
and peptide plus glycans and several b- and y-series fragment
ions of peptide backbone when using Qq-TOF mass spectrometer.
These allow us to differentiate the glycopeptide ions with differ-
ent pepride backbone and further to deduce peptide containing
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N-linked glycosylation sites by database search. When MS/MS spec-
tra of the glycopeptides obtained in a data-dependent manner
were poor for detection of peptide fragment ions, improvement
of MS/MS spectra quality by integrating several similar MS/MS
spectra into one spectrum was effective. Composition of attached
glycan can be deduced from molecular weight of glycan. Utiliz-
ing the data of site-specific glycosylation analysis of commercial
glycoproteins (1gG, haptoglobin and ceruloplasmin) allowed us
assign the corresponding glycopeptides in complex LC/MS(/MS)
chromatogram.

We preliminary performed LC/MS/MS of serum tryptic digest
to locate glycopeptides and assign by data-dependent MS/MS.
Using LC retention time, accurate m/z and charge state of assigned
glycopeptides, we successfully determined mass spectrometric
heterogeneity of 23 glycosylation sites in 15 glycoproteins by LC/MS
analyze using digest corresponding 0.3 pl of serum. Although there
have been many reports on the analysis of human serum digest
to show the glycosylation sites of abundant serum glycoproteins
[30-33], less has been reported on their glycosylation. Glycopep-
tides detected in this study were those derived from glycoproteins
which are present at about 0.2-5mg/ml in human serum, and
only glycopeptides with higher ionization efficiency were detected.
Thus, it was suggested that detection limit of our method with-
out sample enrichment procedure would be >0.2mg/ml. It was
thought that sample comlexicity, ionization suppression of low
abundant glycopeptides and necessity of high quality of MS/MS
spectrum for database searching reduced sensitivity. In order to
characterize more glycosylation sites, combination of glycopep-
tide enrichment and depletion of abundant serum proteins is
needed.
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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—MS"). 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
1o LC—MS" 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 GPl moiety of LAMP, OBCAM, and neurotrimin.

Cell adhesion molecules on cell surfaces are involved in
several biological events, such as cell—cell ineraction,
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, 1s known as one of the cell adhesion
molecule families in the central nervous system (/). The Ig
superfamily includes various proteins, such as PO, 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
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10 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),' the opioid-binding cell adhesion
molecule (OBCAM), neurotrimin, and Kilon (8—/4), and

! Abbreviations: LC, liquid chmmllography. MS, mass spectrometry,
MS", multiple-stage mass spec LAMP, limbic-associated
membrane protein; OBCAM, opioid- hlndmg cell adhesion molecule;
GIcNﬁc N- acuylglncosamnm GPI giycosylphmphaudylmmuol P1-
PLC, pt i .,.-::.1ﬁc pholipase C; PNGase F, pepude
N- glycnudxse F; IT-MS, ion trap mass specm)mctu FT ICR-MS,
Fourier transform ion cyclotron resonance mass spectrometer; GCC,
graphitized carbon column; TIC, otal ion chromatogram; CID, colli-
sion-induced dissociation: SIM, selected jon monitoring; dHex, deoxy-
hexose; Hex, hexose; HexNAc, N-acetylhexosamine; Fuc, fucose; Man,
mannose; Gal, galactose; GleNAc, N-acetylglucosamine; GlcN, glu-
cosamine; NeuAc, N-acetylneuraminic acid; EINH;, ethanolamine; Ino,
inositol; BA-2, brain-specific sugar chain, GlcNAcf1—2Manal—
6(GlcNAcS1 —4)YGlcNAcH! —2Mana | -3)Manf1 —4GleNAcf1 —4(Fu-
ca| —6)GlcNAc; SDS—PAGE, sodium dodecyl sulfate - polyacrylamide
gel electrophoresis.
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VRSVD--FNR GTOHAITVRQG DTAILACVVE DKNSKVAWLE™ RSGIIFAGHD KWSLOPRVEL EMRHALEYSL RIOKVOVYDE GSYTCSVOTO HEPKTSOVYL
1:GVP VRSGDATFPK AMDM''VTVRQG ESATLACTID DRVTRAVAWLH® ASTILYAGND KWSIDPRVI] LVNTPTOYS! MIONVOVYDE GPYTCSVOTD NHPKTSRVHL

SGDATFPK AMDM''VTVROG ESATLRCTID NAVTAVAWLE™ RSTILYAGND KWCLOPAVVL LSNTQTOYSI EIGNVOVYDE GPYTCSVOTD NHPKTSRVHL
VDFF---=-HA AVDN MLVRKG DTAVLACYLE DGASKGAWLM™ RSSIIFAGGD WWSVDFRVS! STLNMRDYSL QIQNVDVTOD GPYTCSVOTO HTEATMOVHL

IVOVPPKISH'™ ISSOVIVNEG SH'**VTLVCMAN GRFEPVITWR HLTP-LGREF EGEEEYLEIL GITREQSGKY ECKAANEVSS ADVEQVK VTV NYPPTITESK
IVOVPPQIMM!Y? ISSDITVNED 55 VTLLCLAI GRAPEPTVTWA HLSVKEGQGF VSEDEYLEIS DIKRDQSGEY ECSALNDVAA POVRKVK [TV NYPPYISKAN
IVQVSPKIVE  1SSDISINEG MM'*SISLTCIAT GRPEPTVTWR HISPK-AVGF VSEDEYLEIQ GITREQSGEY ECSASMOVAA PVVERVHE'™WTV NYPPYISEAX
TVOVFPEIYD  ISNDMTINEG TH!'VTLTCLAT CGKFEFAISWR HISPS5-AKPF ENGQ-YLDIY GITRDQAGEY ECSAENDVSF POVKMVR VWV NFAPTIQEIX

SNEATTGRQA SLKCEASAVP APDFEWYROD TRI-NSANGL EIKS TEGQSS LTVINUUTEEH YGUM'YTCVAAN KLGVTH'ASLV LFRPGSV-RG IN'
NTGVEVGOKG ILSCEASAVE MAEFQWFEED TRLATGLDGY RIEM MGRIST LTFFE™VSEKD YGH™YTCVATN KLGNTE™ASIT LYGPGAVIDG VN'™

neurotrimin 198: GTGVFVGOKG TLOCEASAVP SAEFQWFKOD KRLVEGKKGY KVEN RPFLSM LTFAE'VSEND YGH'™YTCVASN KLGHTH™ASIM LFGPGAVSEY NN™
Kilon 195: SGTVTPGRSG LIRCEGAGVP PPAFEWYKGE KRLFWGOOGT 1ICM™FSTRSI LTVTI'"VICEH FGN™'YTCVAAN KLGTTH'™ASLP LNPPSTAQYG 1TG™'

FIGURE |: 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.

these proteins are distributed differently in the central nervous
system during the developmentof neuronsinabrain (17, 13— 18).
The IgLON family proteins consist of three Ig domains, the
third of which is attached 10 a glycosylphosphatidylinositol
(GPI) anchor. Each of the IgLON family proteins includes
six or seven consensus N-glycosylation sites (Figure 1), and
the glycosylation 1s presumed to play essential roles in the
neural circuit formation like other Ig superfamily proteins (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-type and hybrid-type oligosaccharides inLAMP (9, 18, 19).

Recently, liquid chromatography and mass spectrometry
(LC—MS) and lquid chromatography and multiple-stage
mass spectrometry (LC—MS") have been widely applied to
the site-specific glycosylation analysis of a glycoprotein (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 MS" (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 MS" 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). GPl-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
idenufied 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 glycosylatuon
site and in the GPI moiety were successfully determined from
fragment ions in the MS/MS spectra. This result suggests
that LC—MS" can be effectively utilized for site-specific
glycosylation analysis of each glycoprotein in the mixture
of several glycoproteins simultaneously. .

In this swdy, we conducted site-specific glycosylation
analyses of rat LAMP, OBCAM, neurotrimin, and Kilon
using LC—MS". 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 MS" 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 brmins (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 detergenmt 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
of cold acetone. These proteins were separated by SDS—PAGE
(12.5%) (brain wet weight of 50 mg/lane) after carboxya-
midomethylation (3/7) and detected after being stained with
Coomassie Bnlliant Blue G-250 using SimplyBlue SafeStain.

Pratein Ildentification. 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 CI8
column (50 mm x 0.2 mm, 3 gm; Michrom BioResources
Inc.) with a linear gradient from 5 to 65% of pump B over
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20 min at a flow rate of 3 uL/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-HCI containing
1% SDS by being shaken vigorously overmight after the gel
had been broken down into small bits. The extract was
filiered with Ultrafree-MC (0.22 um; 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 ug) in 30 L. of 0.1 M ammonium
acetate (pH 8.0) at 37 °C for 4 days, followed by incubation
with additional trypsin (1 ug) at 37 °C overnight.

LC—MS". Proteolytic peplides were separated by reversed-
phase columns, Magic C30 and C18 (50 mm x 0.1 mm, 3
um; Michrom BioResources), and a graphitized carbon
column (GCC), Hypercarb 5 u (150 mm x 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 gradiemt from 5 1o 50% pump B
over 100 min followed by a 50 to 95% B gradient over 10
min and 95% B over 10 min ar a flow rate of 0.5 uL/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 MS" with the
IT-MS for the most intense ions. The LC—MS" 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 10002000 (condition
C), once. For analysis of GPI-linked pepudes, separation was
performed with a linear gradient from 5 to 60% pump B
over 100 min at a flow rate of 2 ul/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 MS" scans with
the IT-MS for the most intense ions, twice. LC—MS" 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 [gLON 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
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FIGURE 2: Expenmental 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 comaining IgLON family
proteins.

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 IglLON proteins were extracted with other
comigrated proteins from 45—70 kDa bands in other lanes
by being shaken in 19% SDS. After SDS had been removed,
the mixture of proteins was digested with endoproteinase
Glu-C and wrypsin. Most of the resulting glycopeptides
contained only a single N-glycosylation site, with the
exception of LGTTN*?ASLPLNPPSTAQYGITG™ 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 CI18 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 I'T-MS and data-dependent MS 1n
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 daia on the basis of the existence of
carbohydrate distinctive fragments, such as Hex,HexNAc,*
(m/z 366) and Hex,HexNAc;NeuAc* (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 1ons (step 2). The sequences of some
peptides were confirmed by the b- and y-ions that arose from
Y ([peptide + HexNAc + H|") in MS/MS/MS (scan n +
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FiGure 3: Methods used for LC—MS” and data analysis.

1) (step 3). The accurate molecular mass that was calculated
from the monoisotopic m/z value and the charge state
acquired by FT 1CR-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 Y
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 jon chromatogram (TIC) obtained by
LC—MS" with a C30 column (scan range of m/z 1000-2000)
is shown in Figure 4A. The MS/MS spectra containing the
diagnostic 1ons 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 Asnl2, -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 +
HJ*, Y or Yianp: or [pepude + dHex-HexNAc + H]*, Y ).
glycopeptides that were eluted at the positions 1, 11, 14, 12,
4, and 24 were estimated to be the glycopeptides containing
Asnl2, -38, -108, -251, -259, and -272, respectively. The
MS/MS spectra of the glycopeptide containing Asnl20
(GSN'"VTLVCMANGRPE) were not acquired in any of
the runs. However, glycosylation at Asn120 was confirmed
by the detection of the peptide substituted with Asp
(GSD'**VTLVCMANGRPEPVITWR) 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 Al of Figure 5 shows one of the MS/MS spectra
acquired at position 11. The peptide portion, VAWL(GIcNAc-
JN*R, was confirmed on the basis of the b- and y-ions that
arose from Y (m/z 961.5) in the MS/MS/MS spectrum (panel
A1” of Figure 5). A series of doubly charged Y ions with
an mfz spacing pattern, 81 m/z units (Hex), suggests the
linkage of Man-7 to this pepude. The atachment of Man-7
to VAWLN®R, whose theoretical monoisotopic m/z value
([M + 2H]**) is 1149.983, was ascertained by the observed
monoisotopic m/z value (1149,986) acquired in SIM mode
on the FT ICR-MS (panel Al° of Figure 5). Panel A2 of
Figure 5 shows the integrated mass spectrum which was
obtained from the mass spectra of glycopeptides that yielded
Y, (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 VAWLNYR glycosylated with Man-6-9 (Table
1A). The MS/MS spectra of DKNSKVAWLN*R and
CVVEDKNSKVAWLN®R, which were picked out from
positions 9 and 15, also revealed that Man-5, -7, and -8 were
attached to Asn3R.

(it) Asnl2. Panel B1 of Figure 5 shows the representative
MS/MS spectrum of glycopeptide, GTDN'’ITVR, which was
selected from position 1. From the Y, 1on (m/z 1224.5)
together with monoisotopic m/z value of the molecular ion
(miz 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 dHex;HexsHexNAcsNeuAc,. Furthermore, a complex-
type oligosacchande, to which one branch of disialic acid
was attached, was deduced from the presence of Bao/Y sy
(m/z 495.3), Baa (m/z 582.7), Big (m/z 744.9), B4o/Y sq~ and
Byo/Y 7y (mfz 948.2), and By, (m/z 1239.5) (inset of panel
B1 of Figure 5). The integrated mass spectrum at position |
suggests that the majority of the glycans at Asnl2 are hybnd-
and complex-type oligosacchanides containing disialic acids
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FiGURE 4: Total ion chromatograms obtained by C30-LC—MS* (A) and GCC-LC—MS" (B). Lines 1 —25 and 26 are the elution positions
of glycopeptides and GPI-linked peptides, respectively. The down ammow 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 GPl-linked peptides from LAMP, N1—N3 those from

neurotrimin, and O1-03 those from OBCAM.

(panel B2 of Figure 5 and Table 1B). In addition, the partial
glycosylation at Asnl2 was indicated by the detection of
nonglycosylated GTDN"ITVR.

(iii) Asnl08. The MS/MS spectrum of glycosylated
ISNIBISSDVTVNE (Y 1anp, m/z 1480.6) acquired at position
14 is shown in panel C1 of Figure 5. The attachment of a
Lewis a/x [Le¥*, Gal-(Fuc-)GlcNAc-] or H antigen (Fuc-
Gal-GleNAc-) motif 1o the bisected complex-type oligosac-
charide was deduced from the monosaccharide composition
(dHex;Hex;HexNAcs) and the Le¥* and H antigen-related
ion (m/z 512.1) and Y paans®" (m/z 1024.3) (panel C1 of
Figure 5, peak c-1 in panel C2 of Figure 5). The alternative
LC—MS" run with the C30 column (scan range of m/z
1000—2000) suggested that ISN'®ISSD is also occupied by
sialyl Le** (sLe**)-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 GQSSLTVTIN®'VTE (Y ang, m/z
1438.6; elution position 12) is shown in panel D1 of Figure
5. From the monoisotopic mass and the Le* -related ions
(m/z 350.3 and 512.2), the carbohydrate structure was
estimated to be a complex-type oligosaccharide to which the
Le** motf was attached (dHex;HexsHexNAcs; inset of panel
D1 of Figure 5). Other glycans at Asn251 were characterized
as complex-type oligosaccharides containing sLe** or Lewis
bly [Le™, 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 sLe**-related ions (m/z 803, 657, and
512), and the Le® -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 El of Figure 5 shows the product 1on
spectra of HYGN*"YTCVAANK linked by dHex,Hexs-
HexNAcs, which was deduced from the Y ton (miz
1600.6) and the monoisotopic mass acquired at position 4,
The BA-2, which i1s 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 GicNAc) and
1746.6 (core-fucosylation) (inset of panel El of Figure 5).
The majority of other glycans at Asn259 were characterized
as Le¥*-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 LGVTN?ASLVLFR
(Y janp. m/z 1492.8), which were acquired at position 24, The
monosaccharide composition (dHex;HexsHexNAcs) and the
presence of Yiung'' (m/z 1103.8) and Le**-related ion
suggested the attachment of a Le** or H antigen motif 1o
the bisected and core-fucosylated complex-type oligosac-
charide (inset of panel F1 of Figure 5). The MS/MS spectra
of the LGVTN?2ASLVLFRPGSVR glycopeptides (Y a4,
miz 1069) were also picked out at position 24 (data not
shown). The m/z values of molecular ions appearing in the
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FIGURE 5: MS spectra of LAMP glycopeptides. (A1) MS/MS spectrum of glycopeptide VAWLNYR; elution position, 11; precursor ion, [M
+ ZH]** (m/z 1150.0). (A1°) Mass spectrum on the FT ICR-MS in SIM mode. (A1) MS/MS/MS spectrum acquired from Y, (m/z 961.5)
(A2) Integrated mass spectrum obtained from position 11. (B1) MS/MS spectrum of glycopeptide GTDN"ITVR; elution position, |; precursor
ion, [M + 3H]** (m/z 1173.1). (B2) Integrated mass spectrum at position 1. (C1) MS/MS spectrum of glycopeptide ISN'®ISSDVTVNE;
elution position, 14; precursor ion, [M + 3HP* (m/z 1078.8). (C2) Integrated mass spectrum at position 14. (D1) MS/MS spectrum of
glycopeptide GOSSLTVTN®!VTE, elution position, 12; precursor ion, [M + 3H]*" (m/z 1065.0). (D2) Integrated mass spectrum at position
12. (E1) MS/MS and MS/MS/MS spectra of glycopeptide HYGN**¥YTCVAANK: elution position, 4; precursor ion, [M + 3H]P** (m/z
1017.5). (E2) Integrated mass spectrum at position 4. (F1) MS/MS and MS/MS/MS spectra of glycopeptide LGVTN'2ASLVLFR; elution
position, 24; precursor ion, [M + 3H]™ (m/z 1082.8). (F2) Integrated mass spectrum at position 24. (G) MS/MS spectrum of GPI-linked
GIN7; elution position, 26; precursor ion, [M + 2H]** (m/z 902.5), Symbols are as in Figure 9



