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glycoproteins.

Changes in the glycosylation of some serum proteins are associated 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 glycopeptides.
Glycopeptide of IgG, 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-
tional LC/MS. We successfully demonstrated site-specific glycosylation of 23 sites in abundant serum

© 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 (IgG) 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 ionization; Fuc, fucose; GIcNAc, N-
acetylglucosamine; Hex, hexose; HexNAc, N-acetylhexosamine; HPLC,
high-performance liquid chromatography; IgG, immunoglobulin G; MS, mass
spectrometry; MS/MS, tandem 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.


http://www.sciencedirect.com/science/journal/15700232
mailto:harazono@nihs.go.jp
mailto:nana@nihs.go.jp
dx.doi.org/10.1016/j.jchromb.2008.05.006

A. Harazono et al. / ]. Chromatogr. B 869 (2008) 20-30 21

Human serum

Albumin depletion
Reduction and alkylation
Tryptic digestion

v

Glycopeptides + peptides
LC/MS/MS
MS/MS Assignment of

spectra glycopeptides

LC/MS Mass spectrometric

glycosylation heterogeneity

v

Site-specific glycosylation analysis of serum glycoproteins

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 residues. A mixture of peptides resulting from trypsin digestion
was subjected to LC/MS/MS and LC/MS. Glycopeptides were assigned by elucidat-
ing MS/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 m/z 204 [HexNAc+H]*
and 366 [HexHexNAc+H]|*, glycopeptide-related ions with
sequentially lost saccharide units, including [peptide+H]|* and
[peptide+GIcNAc+H]* at higher m/z 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/Qg-
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
site-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 haptoglobin and polyclonal immunoglob-
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.

2.2. Sample preparation

Human serum (5 pl) 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 pg) were dissolved in 50 wl
of 0.5M Tris-HCl buffer (pH 8.5) that contained 7M guanidine
hydrochloride and 5mM EDTA. After the addition of 2 ul 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 pl of 50 mM Tris-HCl buffer (pH 8.0). An aliquot of
1 .l of modified trypsin prepared as 1 g/l 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 LG/MS/MS

The tryptic digests corresponding to 0.01-0.3 wl of human
serum or a tryptic digest of purified commercially available glyco-
protein (0.1-1.0 wg) was loaded onto a nanotrap (AMR Inc., Tokyo,
Japan). After a wash with 10 pl 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 x 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 85 min 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 Qg-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 glycopeptides 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/Qq-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 m/z 1000-2000 of tryptic digest (cor-
responding to approximately 0.3 .l of serum) using a reversed
phase MonoCap High Resolution 750 column (0.2 mm x 750 mm)
with a gradient of 5-90% of B in 205 min. In order to locate
the glycopeptide peaks and determine m/z and charge state,
the intensity of the oxonium HexNAc* (m/z 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 m/z 204 ([HexNAc+H]*), 186
([HexNAc+H—-H,0]*), 292 ([NeuAc+H]*), 274 ([NeuAc+H—-H,0][")
and 366 ([HexHexNAc+H|").

366.1

2741

204.1

A. Harazono et al. / ]. Chromatogr. B 869 (2008) 20-30

Z
s

Intensity (x104, cps)

10 1

60 80 100 120 140 160 180 200

(B)

Fig. 4

Intensity (x104, cps)

(©)

Intensity (x10%, cps)

60

80 100 120 140

min

160 180 200

Fig. 2. LC/MS/MS and LC/MS of tryptic digest of human serum. (A) TIC (m/z
1000-2000) obtained by the LC/MS/MS. (B) EIC (m/z 204.05-204.15) obtained by
the data-dependent MS/MS. (C) TIC obtained by the additional LC/MS in which data-
dependent MS/MS was not allowed. Peak assignment: A, IgG1; B, IgG2; C, IgG3/1gG4;
D-F, haptoglobin; G and H, transferrin; [-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 MS/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 m/z 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 m/z values the molecular mass of
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Fig. 3. MS/MS spectrum acquired from m/z 1221.8 (4+) by data-dependent LC/MS/MS of trypsin-digested human serum. Mascot database search using m/z 1340.2 (2+) of
peptide and fragment ions (m/z 370-1300) suggested peptide sequence MVSHHN'®4LTTGATLINEQWLLTTAK in haptoglobin (P00738).
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Fig. 4. Integrated MS/MS spectrum of m/z 1115.5 (3+) and 1183.1 (3+) at 52-53 min that show similar fragment patterns. Mascot database search using m/z 1284.5 (1+) of
peptide and fragment ions (m/z 370-1280) suggested YKN#6NSDISSTR in Ig mu chain C region (P01871).

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 MVSHHNI84LTTGATLINEQWLLTTAK in human
haptoglobin (P0O0738). 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 HexNAcsHexsNeuAc;.

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 Qq-TOF MS. When
glycopeptides showed insufficient peptide fragment ions 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 submitted for a database search. As a representative
example, the spectrum obtained by integrating two spectra of m/z
1115.5 (3+) and 1183.1 (3+) acquired around 60 min 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
between m/z 370 and 1250 suggests that the peptide moiety is
YKN46NSDISSTR in Ig mu chain C region (P01871).

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 MS/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 quality

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 m/z
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 I1gG1 (P01857),
IgG2 (P01859), IgG3 (P01860) and IgG4 (P01861) 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 IgG and EIC of
data-dependent MS/MS at m/z 204.05-205.15, respectively. It was
found that glycopeptide ions were eluted at 7-12 min (fraction
A), 15-17 min (fraction C) and 18-21min (fraction B) based on
the presence of the oligosaccharide-related ions in their MS/MS
spectra and mass differences of saccharide units. MS/MS spectra
after 25 min were not of glycopeptides. The glycopeptide peaks
from fraction A and fraction B were assigned as the glycopeptides
containing Fc-glycosylation site in IgG1 (EEQYNSTYR) and IgG2
(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
IgG4 (P01861), which are attached to core-fucosylated agalacto-
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Table 1

Summary of analysis of serum glycoproteome with higher ion intensities
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Glycopeptide

Oligosaccharide

Protein (Protein ID)

Theoretical MW

Retention m/z2 Charge Observed Relative peak Observed MW Glycopeptide Peptide
time (min) MW intensity?
Peptide sequence Oligosaccharide
Deduced oligosaccharide composition®
Ig gamma-1 chain C region (P01857) 14
EEQYNSTYRA 1188.50
67.3 1479.6 2+ 2957.1 13.1 1768.6 [HexNAc]4[Hex]5[Fuc]1 1768.64
67.3 1297.0 2+ 2592.0 3.0 1403.5 [HexNAc]3[Hex]4[Fuc]1 1403.51
674, 67.6 1398.5 2+ 2795.1 33.1 1606.5 [HexNAc]4[Hex]4[Fuc]1 1606.59
674, 67.7 1216.0 2+ 2429.9 4.3 1241.4 [HexNAc]3[Hex]3[Fuc]1 1241.45
67.7 1317.5 2+ 2633.0 27.8 14445 [HexNAc]4[Hex]3[Fuc]1 1444.53
67.9 1500.1 2+ 2998.1 2.3 1809.6 [HexNAc]5[Hex]4[Fuc]1 1809.67
1000.4 3+ 2998.0
67.9 1581.1 2+ 3160.2 0.2 1971.7 [HexNAc]5[Hex]5[Fuc]1 1971.72
68.0 1406.6 2+ 2811.1 0.9 1622.6 [HexNAc]4[Hex]5 1622.58
68.2,68.4 1325.5 2+ 2649.0 2.8 1460.5 [HexNAc]4[Hex]4 1460.53
68.2 1419.1 2+ 2836.1 2.9 1647.6 [HexNAc]5[Hex]3[Fuc]1 1647.61
68.5 1244.5 2+ 2486.9 1.4 1298.4 [HexNAc]4[Hex]3 1298.48
69.1 1625.1 2+ 3248.1 2.2 2059.6 [HexNAc]4[Hex]5[NeuAc]1[Fuc]1 2059.73
1083.7 3+ 3248.1
69.6 15441 2+ 3086.2 0.5 1897.6 [HexNAc]4[Hex]4[NeuAc]1[Fuc]1 1897.68
EEQYNSTYRVVSVLTVLHQDWLNGK® 2977.49
161.9, 162.2 1147.0 4+ 4584.1 1606.6 [HexNAc]4[Hex]4[Fuc]1 1606.59
162.4 1106.5 4+ 44221 1444.6 [HexNAc]4[Hex]3[Fuc]1 1444.53
EEQYNSTYRVVSVLTVLHQDWLNGKEYK® 3397.69
156.4 1034.3 5+ 5166.4 1768.7 [HexNAc]4[Hex]5[Fuc]1 1768.64
156.6, 157.1 1001.8 5+ 5004.0 1606.3 [HexNAc]4[Hex]4[Fuc]1 1606.59
Ig gamma-2 chain C region (P01859) 14
EEQFNSTFR? 1156.51
85.4 1463.6 2+ 2925.1 6.3 1768.6 [HexNAc]4[Hex]5[Fuc]1 1768.64
85.5 1281.0 2+ 2560.0 14 1403.5 [HexNAc]3[Hex]4[Fuc]1 1403.51
85.7, 86.3 1382.5 2+ 2763.1 194 1606.5 [HexNAc]4[Hex]4[Fuc]1 1606.59
85.7, 86.4 1200.0 2+ 2397.9 2.8 1241.4 [HexNAc]3[Hex]3[Fuc]1 1241.45
85.7 1565.1 2+ 3128.2 0.0 1971.7 [HexNAc]5[Hex]5[Fuc]1 1971.72
86.0 1484.1 2+ 2966.2 1.0 1809.6 [HexNAc]5[Hex]4[Fuc]1 1809.67
86.5 1301.5 2+ 2601.0 21.8 1444.5 [HexNAc]4[Hex]3[Fuc]1 1444.53
86.5 1390.5 2+ 2779.0 0.0 1622.5 [HexNAc]4[Hex]5 1622.58
86.9 1403.0 2+ 2804.1 1.8 1647.5 [HexNAc]5[Hex]3[Fuc]1 1647.61
87.0,87.5 1309.5 2+ 2617.0 0.1 1460.5 [HexNAc]4[Hex]4 1460.53
87.6 1228.5 2+ 2454.9 0.2 1298.4 [HexNAc]4[Hex]3 1298.48
89.4 1609.1 2+ 3216.2 1.6 2059.7 [HexNAc]4[Hex]5[NeuAc]1[Fuc]1 2059.73
1073.1 3+ 3216.2
90.0 1528.1 2+ 3054.2 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 28
(CAA67886)
EEQYNSTFR® 1172.51
Ig gamma-4 chain C region (P01861) 14
EEQFNSTYR® 1172.51
76.4 1471.6 2+ 2941.1 1.0 1768.6 [HexNAc]4[Hex]5[Fuc]1 1768.64
76.5 1289.0 2+ 2576.0 0.2 1403.5 [HexNAc]3[Hex]4[Fuc]1 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+ 2413.9 04 1241.4 [HexNAc]3[Hex]3[Fuc]1 1241.45
76.7 1492.1 2+ 2982.1 0.2 1809.6 [HexNAc]5[Hex]4[Fuc]1 1809.67
76.9 1309.5 2+ 2617.0 3.6 14445 [HexNAc]4[Hex]3[Fuc]1 1444.53
77.0 1398.6 2+ 2795.1 0.1 1622.6 [HexNAc]4[Hex]5 1622.58
76.9 1317.5 2+ 2633.0 0.1 1460.5 [HexNAc]4[Hex]4 1460.53
77.0 14111 2+ 2820.1 0.3 1647.6 [HexNAc]5[Hex]3[Fuc]1 1647.61
774 1236.4 2+ 2470.8 0.1 1298.3 [HexNAc]4[Hex]3 1298.48
78.5 1617.1 2+ 3232.1 0.3 2059.6 [HexNAc]4[Hex]5[NeuAc]1[Fuc]1 2059.73
791 1536.1 2+ 3070.1 0.1 1897.6 [HexNAc]4[Hex]4[NeuAc]1[Fuc]1 1897.68
Haptoglobin (P00738) 4d
MVSHHNLTTGATLINEQWLLTTAKP 2678.39
1379 1531.7 3+ 4592.1 1913.7 [HexNAc]4[Hex]5[NeuAc]1 1913.68
1149.0 4+ 4592.0 30.1 1913.6
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Table 1 (Continued )

Glycopeptide Oligosaccharide Protein (Protein ID) Theoretical MW
Retention m(z3 Charge Observed Relative peak Observed MW Glycopeptide Peptide
time (min) MW intensity®
Peptide sequence Oligosaccharide
Deduced oligosaccharide composition®
1414 1221.8 4+ 4883.1 88.7 2204.7 [HexNAc]4[Hex]5[NeuAc]2 2204.77
M(O)VSHHNLTTGATLINEQWLLTTAK 2694.38
137.3 1153.0 4+ 4608.1 289 1913.7 [HexNAc]4[Hex]5[NeuAc]1 1913.68
140.5, 141.1 1225.8 4+ 4899.1 64.3 2204.7 [HexNAc]4[Hex]5[NeuAc]2 2204.77
1634.1 3+ 4899.1 2204.8
NLFLNHSENATAKE 1457.73
86.3 1395.0 4+ 5576.0 0.1 4118.3 [HexNAc]8[Hex]10[NeuAc]3 4118.45
87.0 1650.3 4+ 6597.3 0.3 5139.6 [HexNAc]10[Hex]12[NeuAc]4 5139.81
87.6 1595.6 4+ 6378.3 0.9 4920.6 [HexNAc]9[Hex]11[NeuAc]4[Fuc]1 4920.73
87.9 1559.1 4+ 6232.3 2.7 47745 [HexNAc]9[Hex]11[NeuAc]4 4774.68
88.6 1504.3 4+ 6013.0 0.1 4555.3 [HexNAc]8[Hex]10[NeuAc]4[Fuc]1 4555.60
88.9 1467.8 4+ 5867.1 41 4409.4 [HexNAc]8[Hex]10[NeuAc]4 4409.54
90.4 1759.6 4+ 7034.5 0.2 5576.8 [HexNAc]10[Hex]12[NeuAc]5[Fuc]1 5576.96
90.7 1723.1 4+ 6888.5 0.5 5430.8 [HexNAc]10[Hex]12[NeuAc]5 5430.90
91.5 1668.3 4+ 6669.4 0.3 5211.6 [HexNAc]9[Hex]11[NeuAc]5[Fuc]1 5211.83
91.7 1631.8 4+ 65233 0.4 5065.6 [HexNAc]9[Hex]11[NeuAc]5 5065.77
87.8 1124.7 3+ 33712 = 1913.5 [HexNAc]4[Hex|5[NeuAc]1 1913.68
91.6 1221.7 3+ 3662.2 = 2204.5 [HexNAc]4[Hex]5[NeuAc]2 2204.77
VVLHPNYSQVDIGLIKF 1794.00
127 1358.6 3+ 4072.8 22 2278.8 [HexNAc]5[Hex]6[NeuAc]1 2278.81
128.2 1236.9 3+ 3707.7 3.1 1913.7 [HexNAc]4[Hex]5[NeuAc]1 1913.68
1314 1455.6 3+ 4363.8 48 2569.8 [HexNAc]5[Hex]6[NeuAc]2 2569.90
1092.0 4+ 4363.8
1318 1333.9 3+ 3998.7 89.2 2204.7 [HexNAc]4[Hex]5[NeuAc]2 2204.77
1000.7 4+ 3998.7 2204.7
134.1 1552.7 3+ 4655.0 7.5 2860.9 [HexNAc]5[Hex]6[NeuAc]3 2861.00
1341 1164.7 4+ 4654.9 2860.9
Transferrin (P02787) 2d
CGLVPVLAENYNK® 1476.73
126.1 1252.8 3+ 3755.5 0.9 2278.8 [HexNAc]5[Hex]6[NeuAc]1 2278.81
127.0 1131.1 3+ 3390.4 1.7 1913.7 [HexNAc]4[Hex]5[NeuAc]1 1913.68
129.8 1349.9 3+ 4046.7 1.6 2569.9 [HexNAc]5[Hex]6[NeuAc]2 2569.90
130.6 1228.2 3+ 3681.5 46.8 2204.7 [HexNAc]4[Hex]5[NeuAc]2 2204.77
133.1 1446.9 3+ 4337.8 0.8 2861.0 [HexNAc]5[Hex]6[NeuAc]3 2861.00
QQQHLFGSNVTDCSGNFCLFRH 2516.08
143.8 1623.3 3+ 4866.9 41 2350.8 [HexNAc]4[Hex]5[NeuAc]2[Fuc]1 2350.83
143.9 1181.2 4+ 47209 2204.8 [HexNAc]4[Hex]5[NeuAc]2 2204.77
1574.6 3+ 4720.9 50.5 2204.8
146.0 1842.0 3+ 5523.0 0.9 3007.0 [HexNAc]5[Hex]6[NeuAc]3[Fuc]1 3007.06
1462 1793.4 3+ 5377.3 1.6 2861.2 [HexNAc]5[Hex]6[NeuAc]3 2861.00
Ceruloplasmin (P00450) 4d
EHEGAIYPDNTTDFQR! 1891.83
95.6 1415.2 3+ 42427 0.1 2350.8 [HexNAc]4[Hex]5[NeuAc]2[Fuc]1 2350.83
1061.7 4+ 4242.6 2350.8
96.3 1366.5 3+ 4096.6 6.0 2204.8 [HexNAc]4[Hex]5[NeuAc]2 2204.77
1025.2 4+ 4096.7 2204.9
98.1,98.5 1633.9 3+ 4898.7 0.4 3006.9 [HexNAc]5[Hex]6[NeuAc]3[Fuc]1 3007.06
1226.0 4+ 4899.9 3008.0
98.8 1585.2 3+ 4752.7 04 2860.9 [HexNAc]5[Hex]6[NeuAc]3 2861.00
1189.2 4+ 4752.6 2860.8
EHLTAPGSDSAVFFEQGT]'RJ 2125.99
127.0 1493.2 3+ 4476.6 0.0 2350.6 [HexNAc]4[Hex]5[NeuAc]2[Fuc]1 2350.83
127.4 1444.5 3+ 4330.6 2.8 2204.6 [HexNAc]4[Hex]5[NeuAc]2 2204.77
129.3 1663.3 3+ 4987.0 0.2 2861.0 [HexNAc]5[Hex]6[NeuAc]3 2861.00
ELHHLQEQNVSNAFLDKX 2021.00
104.3 1093.9 4+ 4371.7 1.4 2350.7 [HexNAc]4[Hex]5[NeuAc]2[Fuc]1 2350.83
1458.3 3+ 4371.8 0.2 2350.8
105.2 1057.4 4+ 42257 45 2204.7 [HexNAc]4[Hex]5[NeuAc]2 2204.77

1409.6 3+ 4225.6 1.2 2204.6
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Glycopeptide

Oligosaccharide

Protein (Protein ID)

Theoretical MW

Retention m/z® Charge Observed Relative peak Observed MW Glycopeptide Peptide
time (min) MW intensity®
Peptide sequence Oligosaccharide
Deduced oligosaccharide composition®
106.6 1294.6 4+ 5174.2 1.2 3153.2 [HexNAc]5[Hex]6[NeuAc]3[Fuc]2 3153.12
106.8, 107.4 1258.0 4+ 5027.9 2.0 3006.9 [HexNAc]5[Hex]6[NeuAc]3[Fuc]1 3007.06
107.7 12215 4+ 4881.8 1.9 2860.8 [HexNAc]5[Hex]6[NeuAc]3 2861.00
Alpha-1-antitrypsin (P01009) 3d
YLGNATAIFFLPDEGK 1754.89
154.6 1369.6 3+ 4105.7 2.2 2350.8 [HexNAc]4[Hex]5[NeuAc]2[Fuc]1 2350.83
154.8 1320.9 3+ 3959.7 140.6 2204.8 [HexNAc]4[Hex]5[NeuAc]2 2204.77
Alpha-2-HS-glycoprotein (P02765) 24
VCQDCPLLAPLNDTR 1772.81
1369 1326.9 3+ 3977.7 2204.8 [HexNAc]4[Hex]5[NeuAc]2 2204.77
Alpha-2-macroglobulin (P01023) 8d
VSNQTLSLFFTVLQDVPVR 2162.17
187.9, 188.8 1505.3 3+ 4512.7 5.1 2350.6 [HexNAc]4[Hex]5[NeuAc]2[Fuc]1 2350.83
188.3 1456.7 3+ 4367.0 225 2204.8 [HexNAc]4[Hex]5[NeuAc]2 2204.77
Beta-2-glycoprotein 1 (P02749) 4d
VYKPSAGNNSLYR 1467.75
83.5 1273.8 3+ 3818.5 15 2350.8 [HexNAc]4[Hex]5[NeuAc]2[Fuc]1 2350.83
83.6 1225.2 3+ 3672.5 6.9 2204.8 [HexNAc]4[Hex]5[NeuAc]2 2204.77
85.2 1492.6 3+ 44746 0.3 3006.9 [HexNAc]5[Hex]6[NeuAc]3[Fuc]1 3007.06
85.4 1443.9 3+ 43286 0.5 2860.8 [HexNAc]5[Hex]6[NeuAc]3 2861.00
LGNWSAMPSCK 1250.54
109.7 1152.8 3+ 34553 2204.7 [HexNAc]4[Hex]5[NeuAc]2 2204.77
Complement C3 (P01024) 3d
TVLTPATNHMGNVTFTIPANR 2254.15
121.0 1265.9 3+ 3794.6 5.4 1540.4 [HexNAc]|2[Hex]7 1540.53
121.2 1211.8 3+ 3632.5 47.8 1378.4 [HexNAc]|2[Hex]6 1378.48
121.6 1157.8 3+ 3470.4 10.2 1216.3 [HexNAc]|2[Hex]5 1216.42
Hemopexin (P02790) 5d
SWPAVGNCSSALR 1404.65
115.3 1252.8 3+ 3755.5 0.7 2350.8 [HexNAc]4[Hex]5[NeuAc]2[Fuc]1 2350.83
115.8 1204.1 3+ 3609.4 10.3 2204.7 [HexNAc]|4[Hex]5[NeuAc]2 2204.77
ALPQPQNVTSLLGCTH 1735.86
115.8 1314.5 3+ 3940.4 103 22045 [HexNAc]4[Hex]5[NeuAc]2 2204.77
Ig alpha-1 chain C region (P01876) 24
Ig alpha-2 chain C region (P01877) 4d
LSLHRPALEDLLLGSEANLTCTLTGLR 2963.58
165.2, 165.7 1157.8 4+ 4627.2 8.0 1663.6 [HexNAc|5[Hex]4 1663.61
165.8 1117.3 4+ 4465.0 154 1501.4 [HexNAc|5[Hex]3 1501.56
165.9 1046.0 4+ 4180.0 5.6 1216.4 [HexNAc]2[Hex]5 1216.42
169.2 12203 4+ 4877.2 4838 1913.6 [HexNAc]4[Hex]5[NeuAc]1 1913.68
168.8, 169.4 1256.9 4+ 5023.5 13 2059.9 [HexNAc]4[Hex]5[NeuAc]1[Fuc]1 2059.73
169.9 1179.8 4+ 47153 4.0 1751.7 [HexNAc]4[Hex]4[NeuAc]1 1751.62
170.0 1169.6 4+ 4674.2 5.1f 1710.6 [HexNAc]3[Hex]5[NeuAc]1 1710.60
169.0 1271.2 4+ 5080.8 21.0f 2117.2 [HexNAc]5[Hex]5[NeuAc]1 2116.76
1017.2 5+ 5081.0 2117.4
169.9 1230.4 4+ 4917.6 1.8 1954.0 [HexNAc]5[Hex]4[NeuAc]1 1954.70
1731 1293.2 4+ 5168.8 9.0 2205.2 [HexNAc]4[Hex]5[NeuAc]2 2204.77
PALEDLLLGSEANLTCTLTGLR® 2357.21
174.4 1287.2 3+ 3858.6 14.3 1501.4 [HexNAc|5[Hex]3 1501.56
176.7 1424.6 3+ 4270.9 65.8 1913.7 [HexNAc]4[Hex]5[NeuAc]1 1913.68
176.4 1492.5 3+ 44745 20.5 2117.3 [HexNAc]5[Hex]5[NeuAc]1 2116.76
Ig alpha-2 chain C region (P01877)
TPLTANITK 957.55
84.1 1006.8 3+ 3017.2 3.7 2059.7 [HexNAc]4[Hex]5[NeuAc]1[Fuc]1 2059.73
1509.6 2+ 3017.2 2059.6
841 1074.4 3+ 32203 48 2262.8 [HexNAc]5[Hex]5[NeuAc]1[Fuc]1 2262.81
1611.2 2+ 3220.3 2262.8
87.2 1103.8 3+ 33083 13 2350.8 [HexNAc]4[Hex]5[NeuAc]2[Fuc]1 2350.83
Ig mu chain C region (P01871) 5d
YKNNSDISSTR® 1283.61
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Glycopeptide

Oligosaccharide Protein (Protein ID) Theoretical MW

Retention m(z3 Charge Observed Relative peak Observed MW Glycopeptide Peptide

time (min) MW intensity®
Peptide sequence Oligosaccharide
Deduced oligosaccharide composition®

59.7 1115.5 3+ 33434 40.1 2059.7 [HexNAc]4[Hex]5[NeuAc]1[Fuc]1 2059.73

60.3 1183.1 3+ 3546.4 16.4 2262.8 [HexNAc]5[Hex]5[NeuAc]1[Fuc]1 2262.81

2 Underlines indicated that these ions were assigned by elucidating data-dependent MS/MS of LC/ESI MS/MS of human serum digest.
b Centroid peak intensity (count per sec) in integrated MS spectra during glycopeptide eluting period.

¢ Oligosaccharide compositions were deduced from molecular weights.
4 Number of potential N-glycosylation sites.
¢ Missed cleavage or unexpected digestion.
f Other ions with same m/z overlapped.
A-KMass spectra were shown in Fig. 7A-K.

All masses are monoisotopic. Cysteine residue was carboxymethylated. Potential N-glycosylation sites were underlined. M(O), oxidized methionine; Fuc, fucose; Hex, hexose;

HexNAc, N-acetylhexosamine; NeuAc, N-acetylneuraminic acid

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 NLFLN297HSEN211ATAK 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 VVLHPN241 YSQVDIGLIK and MVSHHN84L 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-

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 m/z values
and charge states obtained by peptide mapping of commercially
available glycoproteins, we confirmed already assigned glycopep-
tides and further assigned undetected glycopeptides (IgG3/IgG4
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 m/z 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
detected, mass spectrometric heterogeneity was calculated using
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Fig. 5. Peptide 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)
obtained by data-dependent MS/MS. (B) Mass spectrum of peak A, which was assigned as glycopeptides of EEQYNSTYR of IgG.1 (P01857). (C) Mass spectrum of peak C,
which would be glycopeptides of EEQYNSTFR of 1gG3 (CAA67886) and/or EEQFNSTYR of IgG4 (P01861). (D) Mass spectrum of peak B, which was assigned as glycopeptides

of EEQFNSTER of IgG2 (P01859).
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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 MS/MS. (B) Mass spectrum of peak E, which was assigned as glycopeptides of NLFLN2°” HSEN?! ATAK attached to two N-glycan.
(C) Mass spectrum of peak E’, which was assigned as glycopeptides of NLFLN297 HSEN2" ATAK attached to one N-glycan. (D) Mass spectrum of peak F, which was identified as
VVLHPN24'YSQVDIGLIK. (E) Mass spectrum of peak D, which was identified as MVSHHN'84LTTGATLINEQWLLTTAK. H, hexose; HN, N-acetylhexosamine; S, 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 IgG1 (Fig. 7A), 1gG2 (Fig. 7B), 1gG3/1gG4
(Fig. 7C), haptoglobin (Fig. 7D-F), transferrin (Fig. 7G and H) and
ceruloplasmin (Fig. 7I-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 IgG1 (Fig. 7A) and IgG2
(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. 7I-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
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Fig. 7. Mass spectrometric heterogeneity of glycosylation in abundant serum glycoproteins. Integrated mass spectra obtained by the additional LC/MS of human serum digest.
(A) IgG1; (B) IgG2; (C) IgG3/1gG4; (D-F) haptoglobin ((E) diglycosylated; (E’), monoglycosylated); (G and H) transferrin; (I-K) ceruloplasmin.

performed LC/MS(/MS) with high resolution separation to obtain
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 MS/MS spectra of glycopeptide pre-
cursor ions have abundant carbohydrate B-ions, such as m/z 204

([HexNAc+H]"), and 366 ([HexHexNAc+H]"), presence of these ions
is a useful indication of the selection of glycopeptide precursor
ions. 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-
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ent peptide backbone and further to deduce peptide containing
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 (IgG, 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 .l 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 >0.2 mg/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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