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Abstract

Ceruloplasmin has ferroxidase activity and plays an essential role in iron metabolism. In this study, a site-specitic glycosylation analy-
sis of human ceruloplasmin (CP) was carried out using reversed-phase high-performance liquid chromatography with electrospray ioni-
zation tandem mass spectrometry (LC-ESI-MS/MS). A tryptic digest of carboxymethylated CP was subjected to LC-ESI-MS/MS.
Product ion spectra acquired data-dependently were used for both distinction of the glycopeptides {rom the peptides using the carbohy-
drate B-ions, such as m/z 204 (HexNAc) and m/z 366 (HexHexNAc), and identification of the peptide moiety of the glycopeptide based on
the presence of the b- and y-series ions derived {rom the peptide. Oligosaccharide composition was deduced from the molecular weight
calculated from the observed mass of the glycopeptide and theoretical mass of the peptide. Of the seven potential N-glycosylation sites,
four (Asn119, Asn339, Asn378, and Asn743) were occupied by a sialylated biantennary or triantennary oligosaccharide with fucose resi-
dues (0, 1, or 2). A small amount of sialylated tetraantennary oligosaccharide was detected. Exoglycosidase digestion suggested that
fucose residues were linked to reducing end GleNAc in biantennary oligosaccharides and Lo reducing end and/or o1-3 to outer arms Gle-
NAc in triantennary oligosaccharides and that roughly one of the antennas in triantennary oligosaccharides was o2-3 sialylated and
occasionally al-3 fucosylated at GlcNAc.
© 2005 Elsevier Inc, All rights reserved.

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

Ceruloplasmin (CP)' is a blue copper serum glycopro-
tein synthesized in the liver. CP has ferroxidase activity and
plays an essential role in. iron metabolism {i~4]. The pri-
mary structure of human CP has been determined by
amino acid sequencing, and it is composed of a single poly-

* Corresponding author. Fax: +81 3 3700 9084,
E-muil address: Warazono@@nihs.go.jp (A, Farazono).

U Abbreviations used: CP, ceruloplasmin: LC-ESI-MS. liquid chromatog-
raphy with electrospray ionization mass spectrometry; Hex, hexose; Hex-
NAc, N-acetylhexosamine; LC-ESI-MS/MS, liquid chromatography with
electrospray ionization tandem mass spectrometry; EDTA, ethylenedi-
aminetetraacetic acid; TFA, trifluoroacetic acid; Q-TOF, quadrupole
time-of-flight; TIC, 1otal ion chromatogram: NeuAc, N-acetylncuraminic
acid; GleNAc. N-acetylglucosamine; Fue, fucosc,

0003-2697/$ - see front matter © 2005 Elsevier Inc. All rights reserved.
doi:10.1016/5.ab.2005.10.036

peptide chain of 1046 amino acid residues [5]. The amino
acid sequence was ‘confirmed from complete cDNA
scquence [6]. The major oligosaccharides in human CP were
reported to be sialylated bi- and triantennary structures
with or without a fucose residue [7.8]. Although four N-gly-
cosylation sites (Asnl19, Asn339, Asn378, and Asn743)
were identified among seven potential sites [9], the heteroge-
neity of oligosaccharides was still unknown at each glyco-
sylation site. CP is an acute phase reactant, and the serum
concentration increases during inflammation, infection, and
trauma [10]. It is known that the patterns of glycosylation
are changed by inflammatory cytokines [ 1]. Several studies
have reported that CP is a good diagnostic marker of solid
malignant tumors [[2,13] and that the CP glycoform might
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be a valuable supplement [12]. Thus, it is important to con-
duct a site-specific glycosylation analysis of normal human
CP.

One of the most eflective techniques for determining the
site-specific carbohydrate heterogeneity of glycoproteins is
the mass spectrometric peptide mapping of proteolytic
fragments of glycoproteins by liquid chromatography with
electrospray ionization mass spectrometry (LC-ESI-MS)
[14--19]. The specific detection of glycopeptides in a com-
plex peptide mixture is generally achieved by monitoring
specific carbohydrate fragment ions such as m/z 204 (Hex-
NAc) and m/z 366 (HexHex NAc) produced by cone voltage
fragmentation or by precursor ion scanning {I5-19].
Because product ion spectra of glycopeptides show high
abundant carbohydrate fragment ions and low abundant b-
and y-series fragment ions derived from the peptide
backbone [20,21], product ion spectra acquired data-depen-
dently in liquid chromatography with electrospray
ionization tandem mass spectrometry (LC-ESI-MS/MS)
can be used for both the selection from the peptides and the
identification of the glycopeptides [22]. MS in combination
with specific exoglycosidase digestions allows us to obtain
the site-specific information on anomericity and linkage of
glycans [23]. In the current study, we conducted a site-spe-
cific glycosylation analysis of human CP and successfully
determined glycosylation status and glycosylation profile at
each N-glycosylation site.

Materials and mecthods
Muterials

Acetonitrile, formic acid, and guanidine hydrochloride
were purchased from Wako Pure Chemicals Industries
(Osaka, Japan). Purified human CP was purchased from
Calbiochem (San Diego, CA. USA). Modified trypsin was
purchased from Promega (Madison, WI, USA). a2-3 Neur-
aminidase (EC 3.2.1.18) of Muacrobdella decora, a recombi-
nant form, and al-3,4 -fucosidase (EC 3.2.1.51) from
Xanthomonas sp. were purchased from Calbiochem. a2-
3,6,8,9 Neuraminidase (EC 3.2.1.18) of Arthrobacter ureu-
Jaciens, a recombinant form, and Bl-4 galactosidase (EC
3.2.1.23) were purchased from Sigma Chemical (St. Louis,
MO, USA). The water used was obtained from a Milli-Q
water system (Millipore, Bedford, MA, USA). All other
reagents were of the highest quality available.

Reduction and S-carboxymethylation of CP

CP (100 pg) was dissolved in 270l of 0.5M Tris-HCl
buffer (pH 8.5) that contained 8 M guanidine hydrochloride
and SmM ethylencdiaminetetraacetic acid (EDTA). After
the addition of 2 pl of 2-mercaptoethanol, the mixture was
incubated for 2h at 40°C, Then 5.67 mg of monoiodoacetic
acid was added, and the resulting mixture was incubated
for 2h at 40°C in the dark. The rcaction mixture was
applied to a PD-10 column (Amersham Biosciences, Upp-

r

sala, Sweden) to remove the reagents, and the eluate was
lyophilized.

Trypsin digestion of CP

Reduced and carboxymethylated CP was redissolved in
100 pl of 0.1 M Tris-HCI buffer (pH 8.0). An aliquot of 1 pl
of trypsin prepared ‘as | pg/ul was added to 50ul of CP
solution (1:50, w/w), and the mixture was incubated for 16 h
at 37°C. The enzyme digestion was stopped by storing at
—20°C before analysis,

HPLC of tryptic digest of CP

Tryptic digests (0.2 and 0.4 pug) of human CP were ana-
lyzed by LC-ESI-MS/MS to identify the peptides and gly-
copeptides, respectively. HPLC was performed on a
Paridigm MS 4 (Michrome BioResources, Auburn, CA,
USA) equipped with a Magic CI8 column (0.2, 50 mm,
Michrome BioResources). 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). Trypsin-digested samples were loaded onto a
microtrap (peptide captrap, Michrom BioResources). After
a wash with [5ul H,O/CH,CN (98:2) with 0.1% trifluoro-
acetic acid (TFA), the trapping column was switched into
line with the column. Samples were eluted with 5% of B for
10 min, followed by a linear gradient from 5 to 65% of B in
60 min at a flow rate of 2 ul/min.

ESI-Q-TOF-MSIMS

Mass spectrometric analyses were performed using a
quadrupole time-of-flight (Q-TOF) mass spectrometer
(QSTAR Pulsar, MDS Sciex, Toronte, Canada) equipped
with a nano-electrospray ion source. The mass spectrome-
ter was operated in the positive ion mode. The nanospray
voltage was set at 2500 V. Mass spectra were acquired at
mlz 400-2000 or m/z 1000-2000 for MS analysis and at mi/z
100-2000 for MS/MS analysis. After every regular MS
acquisition, two MS/MS acquisitions against top two of the
multiply charged molecular ions were performed (data-
dependent acquisition). The precursor ions with the same
mlz as acquired previously were excluded for 120s. The col-
lision energy was varied between 30 and 80eV depending
on the size and charge of the molecular ion. Accumulation
times for the spectra were 1.0 and 2.0s for MS and MS/MS,
respectively. All peaks were resolved monoisotopically.

Tandem MS/MS data from LC-ESI-MS/MS runs were
submitted to the search engine Mascot to identify the tryp-
tic peptides of CP. One missed cleavage was allowed, and
tolerances of 2.0 and 0.8 u mass were used for precursor and
product ions, respectively. From the data tor LC-ESI-MS/
MS at m/z 1000-2000, glycopeptide precursor ions were
sclected manually based on the presence of oligosaccharide
oxonium ions such as m/z 204 (HexNAc¢) and m/z 366 (Hex-
HexNAc). The glycopeptide ions were assigned based on
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the presence of b- and y-series fragment ions of peptides of
putative glycopeptides or molecular weight difference of
sugar unit. The molecular weight of the carbohydrate in the
glycopeptide was calculated from the molecular weights of
the glycopeptide and the suggested peptide. The oligosac-
charide composition and type were deduced from the
molecular weight of the carbohydrate.

Oligasaccharide sequencing by exoglvcosidase digestions

Trypsin in the digest of human CP was inactivated by
boiling for 5min at 100°C. Aliquots of the digest (4 ug)
were digested in a volume of 20l for 12h at 37°C in
50 mM sodium phosphate bufter (pH 5.0) using the follow-
ing exoglycosidases alone or in combination: «2-3 ncur-
aminidase, 20mU/ml; «2-3,6,8,9 neuraminidase, 100 mU/
ml, al-3.4 fucosidase, 20mU/ml; and Bl1-4 galactosidase,
30mU/ml. Aliquots (0.08 ng) before and after exoglycosi-
dase digestions were subjected to LC-ESI-MS at /= 700 to
2000 in which MS/MS acquisition was not performed.

Results

Peptide mapping of tryptic digest of human CP ( LC-ESI-
MSIMS in mlz range of 400-2000)

The amino acid sequence of human CP (National Center
tfor Biotechnology Information protein database: P00450)
is shown in Fig. [. The tryptic peptides, including potential
N-glycosylation sites, are shown in bold type. Trypsin can
digest human CP into seven glycopeptides containing only
one potential N-glycosylation site. To determine the glyco-
sylation state at cach glycosylation site, we performed mass
spectrometric peptide mapping of the tryptic digest of CP.
An aliquot of 0.2 ug of the tryptic digest was analyzed by

KEKHYYIGII ETTWDYASDH GEKKLISVDT EHSNIYLONG PDRIGRLYKK ALYLQYTDET
FRTTIEKPVW LGFLGPIIKA ETGDKVYVHL KNLASRPYTF HSHGITYYKE HEGAIYPD‘);I‘;‘
TDFQRADDKV YPGEQYTYML LATEEQSPGE GDGNCVTRIY HSHIDAPKDI ASGLIGPLIT
CKKDSLDKEK EKHIDREFVV MFSVVDE?!’;‘S WYLEDNIKTY CSEPEKVDKD NEDFQESNRM
YSVNGYTFGS LPGLSMCAED RVKWYLFGMG NEVDVHAAFF HGQALTNKNY RIDTINLEPA
TLFDAYMVAQ NPGEWMLESQ NLNHLKAGLQ AFFQVQE(;&;( SSSKDNIRGK HVRHYYIAAE
EITWNYAPSG IDIFTKEx'LT APGSDSAVFF EQGTTRIGGS YKKLVYREYT DASFTNRKER
GPEEEHLGIL GPVIWAEVGD TIRVTFHNKG AYPLSIEPIG VRENKNNEGT YYSPNYNPOS |
RSVPPSASHV APTETFTYEW TVPKEVGPTN ADPVCLAKMY YSAVDPTKDI FTGLIGPMKI

CKXGSLHANG RQKDVDKEFY LFP’I’VFDETI"’E SLLLEDNIRM [TTAPDQVDK EDEDEQESNK
MHSMNGFMYG NQPGLTMCKG DSVVWYLFSA GNEADVHGIY FSGNTYLWRG ERRDTANLEP
QTSLTLHMWP DTEGTFNVEC LTTDHYTGGM KOQKYTVNQCR RQSEDSTFYL GERTYYIAAV
EVEWDYSPOR EWEKELHHLQ EQTKIJVSNAFLD KGEFYIGSKY KKVVYRQYTD STFRVPVERK
AEEEHLGILG PQLHMADVGDK VKIIFKNMAT RPYSIHAHGV QTESSTVTPT LPGETLTYVW
KIPERSGAGT EDSACIPWAY YSTVDOVKDL YSGLIGPLIV CRRPYLKVEN PRRKLEFALL

d

FLVFDENESW YLDDNIKTYS DHPEKVNKDD EEFIESNKMH AINGRMEGNL OGLTMHVGDE
VMWYLMGMGN EIDLHTVHFH GHSFQYKHRG VYSSDVIFDIF PGTYQTLEMF PRTPGIWLLH
CHVTDHIHAG METTYTVLON EDTKSG

Fig. . Primary amino acid sequence of human CP (P00450). The tryptic
peptides. including potential N-glycosylation sites, are shown in bold type.
Tryptic peptides identified in the LC-ESI-MS/MS analysis are underlined.
Cysteine residues are carboxymethylated. Identified N-glycosylation sites
are indicated by arrow.

LC-ESI-MS/MS in the m/z range of 400-2000 (data not
shown). When molecular ions with more than a single
charge were detected, the product ion spectrum was
acquired automatically. Peptide identification of each prod-
uct ion spectrum was done using the Mascot search engine.
More than 70% of the amino acid sequence was identified;
identified amino acids of CP are underlined in Fig. |. Three
peptides containing the potential N-glycosylation site
(Asn208, AsnS69, and Asn907 [residues 197-218, 558-579,
and 895-917, respectively]) were detected, whereas peptides
containing the other N-glycosylation sites were not
detected. Thus, Asnll9, Asn339, Asn378, and Asn743
might be glycosylated.

Glycosylation analysis of human CP (LC-ESI-MSIMS
in the mlz range of 1000-2000)

N-glycosylated peptides have relatively high molecular
weights due to their oligosaccharide moiety. Because ions at
lower m/z values can be detected in the m/z range of 400-
2000, glycopeptide ions with higher m/z values might be
missed to obtain product ion spectra. To detect glycopep-
tide ions preferentially, another LC-ESI-MS/MS analysis
was carried out in the m/z range of 1000-2000 using an ali-
quot of 0.4 pg of the tryptic digest. Fig. 2A shows a total ion
chromatogram (TIC) of a TOF-MS scan for the full scan
mlz 1000-2000. Fig. 2B shows a TIC of the product ion
scan. Because product ion spectra of glycopeptide precur-
sor ions have abundant carbohydrate B-ions, #/z 204 (Hex-
NAc), in/z 186 (HexNAc-H,0), m/z 366 (HexHexNAc), and
miz 292 (NeuAc), the extracted ion chromatogram at m/z
204.05-204.15 (HexNAc, 204.08) of the product ion scan is
illustrated in Fig. 2C. The extracted ion chromatogram at
miz 204.05-204.15 of product ion spectra provides a useful
indication of the selection of glycopeptide precursor jons.
The glycopeptide ions were assigned based on an examina-
tion of product ion spectra using the information on amino
acid sequences of the peptides containing a putative N-gly-
cosylation site.

Identification of Asnl 19 glycopeptide

The product ion spectrum of 1366.6 (+3) at 26 min,
labeled by A in Fig. 2C, is shown in Fig. 3A. There were
abundant oligosaccharide oxonium ions such as m/z 204
(HexNAc), m/z 366 (HexHexNAc), m/z 186 (HexNAc-
H,0), m/z 168 (HexNAc-2H,0), mi/z 274 (NeuAc-H,0),
and m/z 292 (NeuAc). Thus, this precursor ion was assigned
as a glycopeptide. Several fragment ions consistent with b-
and y-series fragment ions [24] derived from the peptide
EHEGAIYPDN'"TTDFQR (residues 110-125) were
detected together with several deamidated (—17) or dehy-
drogenated (—18) b- and y-series ions and y-series ions with
the GlcNAc residue. Thus, the peptide moiety EHEGA
IYPDNTTDFQR was suggested. The carbohydrate’s
molecular weight, 2223.0, was calculated by subtracting the
theoretical molecular weight of the peptide (1891.8) from
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Fig. 2. LC-ESI-MS/MS in the m/z range of 1000-2000 of the tryptic digest
of human CP. (A) TIC of the TOF-MS scan for the full-scan m/z 1000~
2000 and the HPLC gradient, (B) TIC of the product ion scan acquired
data-dependently. (C) Extracted ion chromatograph at m/= 204.05-204.15
of the product ion spectra. Brackets denote glycopeptide fraction and pep-
tide sequences of the glycopeptides. Product ion spectra indicated by A-D
are shown in FFig. 3.

the calculated molecular weight of the glycopeptide
(4096.7) and adding the molecular weight of H,O (18.0).
The presence of product ions at m/z 274 (NeuAc-H-0) and
miz 292 (NeuAc) suggested sialylation of the oligosaccha-
ride. Thus, the carbohydrate’s composition, [Hex-
NAc],[Hex]s[NeuAc],, was deduced.

Identification of Asn743 glycopeptide

The product ion spectrum of 16284 (+3) at 29min,
labeled by B in Fig. 2C, is shown in Fig. 3B. This precursor

ion was assigned as a glycopeptide due to the presence of

abundant oligosaccharide oxonium iens such as m/z 204
(HexNAc), m/z 366 (HexHexNAc), and m/z 292 (NeuAc) in
the product ion spectrum. Scveral fragment ions were con-
sistent with theoretical b- and y-series fragment ions
derived from the peptide ELHHLQEQN"*VSNAFLDK
(residues 735-751).. Doubly charged ions of peptide (m/z
[01L.7), peptide+ HexNAc (m/z 1113.1), peptide+ 2Hex-
NAc (m/z 1214.6), peptide + 2HexNAc+ Hex (m/z 1295.5),
peptide+ 2HexNAc+2Hex (m/z 1376.7), and peptide+
2HexNAc+ 3Hex (m/z 1457.5) showed the sequential frag-
mentation of the pentasaccharide carbohydrate core. The

carbohydrate’s molecular weight, 2879.1, was calculated
from the theoretical molecular weight of the peptide
(2021.0) and the calculated molecular weight of the glyco-
peptide (4882.1). The carbohydrate’s composition, [Hex-
NAc]s[Hex][NeuAc];, was deduced from the molecular
weight.

Identification of Asn378 glycopeptide

The product ion spectrum of 1444.6 (+3) at 35min,
Jabeled by C in Fig. 2C, is shown in Fig. 3C. Abundant oli-
gosaccharide oxonium ions were detected, as were several
fragment ions consistent with b- and y-series fragment ions
derived from the peptide EN**LTAPGSDSAVFFEQGT
TR (residues 377-391). The carbohydrate’s molecular
weight, 2222.9, was calculated from the theoretical molecu-
lar weight of the peptide (2126.0) and the calculated molec-
ular weight of the glycopeptide (4330.9). Thus, the peptide
moiety ENLTAPGSDSAVFFEQGTTR and the carbohy-
drate’s composition, [HexNAc],[Hex]s[NeuAc],, were sug-
gested.

Identification of Asn339 glycopeptide

The product ion spectrum of 1282.6 (+3) at 39min,
labeled by D in Fig. 2C, is shown in Fig, 3C. The spectrum
contains abundant oligosaccharide oxonium ions, and sev-
eral fragment ions consistent with b- and y-series fragment
ions derived from the peptidle AGLQAFFQVQECN*K
(residues 327-340) were detected. The product ion spec-
trum contains the ions of the peptide (im/z 1640.8) and
peptide + HexNAc (in/z 1843.9) and several y-series frag-
ment ions of the peptide with a GlcNAc residue. The carbo-
hydrate's molecular weight, 2223.0, was calculated from the
theoretical molecular weight of the peptide (1639.7) and the
calculated molecular weight of the glycopeptide (3844.7).
Thus, the peptide moicty AGLQAFFQVQECNK and the
carbohydrate’s composition, [HexNAc],[Hex];[NeuAc],,
were suggested.

Heterogeneity of oligosuccharides at each glycosylation site

Glycopeptides with the potential N-glycosylation sites
Asnll9, Asn339, Asn378, and Asn743 were detected,
whereas no glycopeptides containing the other sites
(Asn208, Asn569, and Asn907) could be detected in this
LC-ESI-MS/MS analysis. These findings suggest that
Asnll9, Asn339, Asn378, and Asn743 of human CP are
glycosylated and that Asn208, Asn569, and Asn907 are not.
Once a glycopeptide was identified, the other glycopeptides
with the same peptide could be easily assigned because they
were eluted at a similar retention time in the order of the
number of NeuAc and had similar product ion spectra and
molecular weight difference of sugar units. The oligosaccha-
ride heterogeneity at cach four N-glycosylation sites was
determined by mass speetrum. For a representative exam-
ple, the mass spectrum of the glycopeptides containing
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Fig. 3, Product ion spectra of ni/z 1366.6 (+3) al 26 min (A). mi/z 1628.4 (+3) al 29 min (B), m/= 1444.6 (+3) at 35 min (C), and m/= 1282.6 (+3) at 39 min (D)
labeled by A, B, C. and D, respectively, in Fig, 2C. These spectra show abundant carbohydrate-derived ions at ni/z 168 (HexNAc-2H,0), m/z 186 (Hex-
NAc-H.0), mfz 204 (FHexNAc), miz 366 (HexHexNAe), mfz 274 (NewAc-H,0), and iz 292 (NeuAc), The b- and y-series fragment ions {24} derived from
the peptide moiety were observed, The molecular weights of the oligosaccharide were calculated from the molecular weights of the glycopeptide and pep-
tide, and the deduced oligosaccharide composition is presented. Cystein residue was carboxymethylated,
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Asn743 at 27.5 to 31.5min is shown Fig. 4. The results of
glycosylation analysis are summarized in Table 1. Deduced
compositions of the oligosaccharides are estimated based
on the calculated molecular weights of the oligosaccharides.
Relative peak intensity was calculated by comparing triply
charged glycopeptide ions. All glycosylation sites were
occupied by at least three kinds of oligosaccharides, namely
disialobiantennary structures ([HexNAc][Hex]s[NeuAc),),
disialobiantennary structures with fucose ([HexNAc],
[Hex]s[NeuAc], [Fuc]}), and trisialotriantennary structures
([HexNAc]s[Hex]){{NeuAc],). Trisialotriantennary struc-
tures with one fucose or two fucoses ([HexNAc]; [Hex],

[NeuAc]; [Fuc],,) were also detected at Asnll9 and
Asn743; furthermore, tetrasialotetraantennary structures

with no fucose or one fucose ({HuxNAc](,[Ht,x]7[NeuAc],,
[Fucl,_) were detected at Asn743.

Linkage analysis of oligosaccharides by exoglycosydase
digestion

To elucidate the oligosaccharide structure in terms of
sequence and linkage, aliquots of the tryptic digest were fur-
ther digested with exoglycosidases. As a representative exam-
ple, Fig. 5 shows integrated mass spectra during the periods
at which Asnl19 glycopeptides were eluted in LC-ESI-MS
analyses before and after digestion with exoglycosidase
arrays. Treatment with o2-3 neuraminidase removed one
NeuAc residue from most of the .triantennary structurcs
{[HexNAc]s[Hex]s[NeuAc]; [Fuc))_,) and a small amount of
biantennary structures ((HexNAc],[Hex}[NeuAc], [Fuc, )
(Fig. 5B). A minor amount of triantennary structures
removed two NeuAc residues. Thus, it appears that most tri-
antennary structures contain one o2-3-linked NeuAc. Treat-
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ment with a2-3 neuraminidase + Bl-4 galactosidase removed
all terminal galactose residues from the desialylated glycans
without fucose residues but only partially digested terminal
galactoses from the desialylated glycans with fucoses
(Fig. 5C). The addition of al-34 fucosidase to o2-3
neuraminidase -+ Bl-4 galactosidase treatment completely
digested the remaining terminal galactose by releasing one
fucose and one galactose (Fig. SD). Thus, galactose residues
are linked Bl-4 to GlcNAc, and undigestion of terminal
galactose by Bl-4 galactosidase is due to attachment of
v fucose [25,26). Because galactose was linked to GleNAc in
the Bl-4 position, the fucose removed with «l-3.4 fucosidase
may be linked al-3 to GlcNAc but not al-4 to GlcNAc.
These data strongly suggested that sialyl Lewis X structure
was present in human CP. Sialyl Lewis X structure was pres-
ent predominantly in triantennary oligosaccharides, but a
small amount seemed to be present in biantennary oligosac-
charides as well. The remaining fucose residue may be linked
al-6 to reducing end GleNAc (core fucose).

Fig. 6 shows integrated mass spectra of Asnl 19, Asn743,
Asn378, and Asn339 glycopeptides in LC-ESI-MS analysis
following digestion with 02-3,6,89 neuraminidase + pl1-4
galactosidase. Treatment with ©2-3.6,8,9 neuraminidase
+ B1-4 galactosidase removed all NeuAc and then removed
terminal galactoses in the outer arms without fucose. Thus,
this treatment could diflerentiate glycoforms based on the
location of fucose residues. Fucosylation occurred predomii-
nantly at reducing end GlcNAc in biantennary oligosaccha-
rides and occurred at reducing end GleNAc and/or outer
arm GleNAc in triantennary oligosaccharides. Mass spectra
of Asnl19 and Asn743 glycopeptides showed higher oligo-
saccharide heterogeneity, and a minor amount of tetraan-
tennary glycans could be detected. The glycosylation profile
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Fig. 4. Mass spectrum of the glycopeptides containing Asn743 eluting at 27.5-31.5 min from Fig. 2A. Deduced composition of the oligosaccharides is indi-

cated based on the molecular weights of the oligosaccharides.
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Fig. 5. LC-ESI mass spectra ol the glycopeptides containing Asnll9
digested with the [ollowing exoglycosidases: (A) cxoglycosidase (<); (B)
02-3 neuraminidase; (C) o2-3 neuraminidase + f1-4 galactosidase; (D)
a2-3 neuraminidase + fl-4 galactosidase + al-34 fucosidase. Arrows
between panels A and B, pancls B and C. and pancls C and D correspond
to the digestion of NeuAc, Gal, and Gal+1<uc. respectively. H, hexose; N.
N-acetylhexosumine; F, fucose; S, N-acetylneuraminic acid,

of Asn378 glycopeptides showed lower core fucosylation,
and that of Asn339 glycopeptides showed lower branching.
These glycosylation profiles provided the heterogeneity of
fucose linkage and the number of arms at
each glycosylationsite in human CP.

Discussion

A site-specific glycosylation analysis of human CP was
conducted using LC-ESI-MS/MS, where product ion
spectra were acquired in a data-dependent manner. The
collision energy for the product ion scan was adjusted
from 30 to 80eV depending on the size and charge of the
precursor ion. Under these conditions, peptide precursor
ions were degraded and produced b- and y-series frag-
ment ions derived from the amino acid sequence. Glyco-
peptide precursor ions produced abundant carbohydrate
ions (m/z 204, 186, 168, and 366) together with several
low intensity b- and y-series fragment ions derived from
the amino acid sequence [20,21]. Thus, product ion spec-
tra of glycopeptides are readily distinguishable from

.those of peptides by such carbohydrate marker ions, and

the peptide moiety in the glycopeptide could be deduced
from the product ions that were consistent with the
expected fragment ions derived from the peptide contain-
ing the N-glycosylation site. It is known that the glyco-
peptide ions are more labile than peptide ions and
produce consecutive monosaccharide/polysaccharide
losses at much lower collision energy, and this would pro-
vide information about branching and fucose location
[18]. However, we used relatively high collision energy in
this site-specific glycosylation analysis to identify the
peptide ions in parallel with the detection and identifica-
tion of the glycopeptide ions.

Protein coverage of more than 70% in human CP was
obtained in the LC-ESI-MS/MS analysis with the /n/z range
of 400-2000 (for peptide mapping). The heterogeneity at
four potential N-glycosylation sites was determined in the
m/z range of 1000-2000 (glycosylation analysis). We could
detect all of the potential glycosylation sites as either glyco-
peptides or nonglycosylated peptides. Peptides containing
the potential N-glycosylation site Asn208, Asn569, or
Asn907 were detected in nonglycosylated but not glycosyl-
ated forms. Peptides with the potential N-glycosylation site
Asnll19, Asn339, Asn378 or Asn743 were detected in gly-
cosylated but not nonglycosylated forms. These findings
indicate that Asnll19, Asn339, Asn378, and Asn743 of
human CP are glycosylated and that Asn208, Asn569, and
Asn907 are not. Human CP was reported to have no O-
linked glycosylation [8]. No information on O-glycosylation
was obtained from this analysis. These results are consistent
with a previous study determining the glycosylation sites of
human CP [9].

Hcterogeneity of oligosaccharides was determined at
each of four glycosylation sites. Disialobiantennary struc-
tures with no fucose or one fucose ([HexNAc], [Hex];
[NecuAch[Fuc]y}) and trisialotriantennary structures
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Fig. 6. LC-ESI mass spectrt of the glycopeptides containing Asnl 19 (A),
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neuraminidase + Bl-4 galactosidase. Glycosylation profiles showed differ-
ent degrees of branching and fucosylation at core GleNAc and outer arm
GleNAc between glycosylation sites. Open circles, mannose; closed circles,
galactose; open squares, N-acetyl glucosamine; open triangles, fucosce.

([HexNAc]s[Hex]s[NeuAc);) were observed at all sites.
These dominant oligosaccharides were consistent with
structures published previously [7.8]. Furthermore, we
detected trisialotriantennary structures with one fucose
([HexNAc){Hex}{NeuAc];[Fuc],) at Asnl19, Asnd78, and
Asn743, trisialotriantennary structures with two fucoses
([HexNAc]s{Hex]s[NeuAc],[Fuc],) at Asnl19 and Asn743,
and tetrasialotetraantennary structures with no fucose or
one fucose ([HexNAc][Hex],[NeuAc],[Fuc],_ ) at Asn743.

To determine the linkage of fucose and NeuAc, exogly-
cosidase digestions were performed. Treatment with o2-3
neuraminidase suggested that roughly one antenna of tri-
antennary glycans was linked by NeuAc in the a2-3 posi-
tion. This is consistent with the previous findings that
NeuAc is linked -a2-3 to the GalBl-4GIcNAcBI-
4Manol-3ManPl-4GIlcNAcB1-4GicNAc group in the
triantennary glycan in human CP {7.8]. Results from a2-3
neuraminidase + pl-4 galactosidase treatments with or
without al-3.4 fucosidase suggested that fucose residues
were linked to reducing end GlcNAc and/or outer arm
GlcNAc in the al-3 position in the antenna where NeuAc
is linked to galactose in the «2-3 position. These findings’
indicated that human CP contains a certain amount of
sialyl Lewis X structure in triantennary glycans. Treat-
ment with o2-3,6,8,9 neuraminidase + fl-4 galactosidase
reveals the heterogeneity of the location of fucosylation
as well as the number of arms. Although relative peak
intensity does not express the relative amount of each gly-
can due to the different ionization efficiencies, the mass
spectra showed the difference in fucosylation pattern and
number of arms among sites.

No asialo oligosaccharides were detected in this analy-
sis. It is known that desialylated CP is rapidly cleared
from the circulation by the asialoglycoprotein receptor
within the parenchymal cells of liver [27.28]. It is possible
that desialylated CP might be cleared immediately by the
liver.

Although the N-linked carbohydrate structures linked to
human CP have been studied, only a few carbohydrate
structures have been reported and site-specific characteriza-
tion of these oligosaccharides has not been described. To
determine the glycosylation state at each glycosylation site,
the tryptic digest was examined by LC-ESI-MS/MS, where
product ion spectra were acquired data-dependently. Gly-
copeptide lons were assigned based on the product ion
spectra. Fucose and NeuAc linkages were determined by
exoglycosidase digestions. Our data successfully provided
comprehensive information on the site-specitic N-linked
oligosaccharides in human CP. This method is a powertul
technique for elucidating the glycosylation of a biological
sample. ’
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Abstract

We developed an efficient and convenient strategy for protein identification and glycosylation analysis of a small amount of unknown gly-
coprotein in a biological sample. The procedure involves isolation of proteins by electrophoresis and mass spectrometric peptide/glycopeptide
mapping by LC/ion trap mass spectrometer. For the complete glycosylation analysis, proteins were extracted in intact form from the gel, and
proteinase-digested glycoproteins were then subjected to LC/multistage tandem MS (MS") incorporating a full mass scan, in-source collision-
induced dissociation (CID), and data-dependent MS”. The glycopeptides were localized in the peptide/glycopeptide map by using oxonium
ions suchas HexNAc* and NeuAc*, generated by in-source CID, and neutral loss by CID-MS/MS. We conducted the search analysis for the gly-
copeptide identification using search parameters containing a possible glycosylation at the Asn residue with N-acetylglucosamine (203 Da). We
were able to identify the glycopeptides resulting from predictable digestion with proteinase. The glycopeptides caused by irregular cleavages
were not identified by the database search analysis, but their elution positions were localized using oxonium ions produced by in-source CID,
and neutral loss by the data-dependent MS”. Then, all glycopeptides could be identified based on the product ion spectra which were sorted from
data-dependent C1D-MS" spectra acquired around localized positions. Using this strategy, we successfully elucidated site-specific glycosyla-
tion of Thy-1, glycosylphosphatidylinositel (GPI)-anchored proteins glycosylated at Asn23, 74, and 98, and at Cys111, High-mannose-type,
complex-type, and hybrid-type oligosaccharides were all found to be attached to Asn23, 74 and 98, and four GPI structures could be charac-
terized. Our method is simple, rapid and useful for the characterization of unknown glycoproteins in a complex mixture of proteins.
© 2005 Elsevier B.V. All rights reserved. '

Keywords: Glycoprotein; LC/MS; Ton trap mass spectrometer; In-source C1D; Thy-1

1. Introduction

Glycosylation is one of the most abundant post-
translational modifications of proteins [1]. Most glycopro-
teins exist in heterogencous forms due to their carbohydrate
heterogeneity at multiple glycosylation sites. Because het-
erogeneity at each glycosylation site can be associated with

* Corresponding author, Tel.: +81 3 3700 [141; fax: +81 3 3707 6950,
E-muil address: nana@inihs.go.jp (N. Kawasaki).

0021-9673/% - sce front matter © 2005 Elsevicr B.V. All rights rescrved.
doi: 10.1016/j.chroma.2005.07.100

many biological functions {2,3], it is necessary to analyze the
oligosaccharide structures at each glycosylation site.

Mass spectrometric peptide/glycopeptide mapping by lig-
uid chromatography coupled with electrospray ionaization
tandem mass spectrometry (LC/ESI-MS/MS) is now used
for characterization of glycoproteins [4,5]. Site-specific gly-
cosylation of some gel-separated glycoproteins can be ana-
lyzed by in-gel proteinase digestion followed by MS; this
method, however, gives unsatisfactory results due to a lower
recovery of some glycopeptides from the gel [6-8]. For
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complete site-specific glycosylation analysis, all glycopep-
tide fragments should be recovered from the gel. Hence,
the extraction of a whole glycoprotein from the gel before
proteinase digestion would be more reasonable than in-gel
digestion. Additionally, the poor ionization cfficiency of gly-
copeptides makes it difficult to analyze the glycosylation of
glycopeptides in a complex mixture of peptides [6,9]. The
glycopeptide-specific method is required for mass spectro-
metric peptide/glycopeptide mapping.

A precursor ion scan using triple quadrupole-type mass
spectrometer is favorably used for analysis of glycopeptides
[10-13]. However, this method requires repetitive analysis
for the protein identification and glycosylation analysis, as
it monitors carbohydrate marker ions such as HexNAc* and
Hex-HexNAc* fragmented from glycopeptides by collision-
induced dissociation (CID)-MS/MS, and does not provide
product ion spectra of non-glycosylated peptides. As such,
additional analysis would not be possible for small quanti-
ties of proteins, including gel-separated glycoproteins. As an
alternative method, we have previously demonstrated pep-
tide/glycopeptide mapping using quadrupole time-of-flight
mass spectrometer, by which product ions arise from both
peptides and carbohydrates [14]. Using oxonium ions as
marker ions, we can sort out product ion spectra of glycopep-
tides from a number of product ion spectra of peptides, and
can determine the amino acid sequences of glycopeptides,
glycosylation sites, and monosaccharide composition in a
single analysis. Recently, ion trap mass spectrometry (ITMS),
which is capable of data-dependent multistage tandem MS
(MS"), has been found to be preferable for use in glycosyla-
tion analysis of glycopeptides [ 15,16]. Glycopeptide-specific
detection by precursor ion scan and data-dependent scan
cannot be used for glycosylation analysis by ITMS due to
the low mass cut-off system. Instead, oxonium ions frag-
mented by in-source CID are used for the localization of
glycopeptides in the peptide/glycopeptide map {3,17]. It has
recently been reported that peptide + GlcNAc ions originat-
ing from N-glycosylated peptides by MS? yield peptide b and
y ions by further MS”, and that the peptide sequence and N-
glycosylation sites can be identified based on the peptide frag-
mentions [15,16,18]. In addition, another group has reported
that glycopeptides can be identified in peptide/glycopeptide
map by a search analysis using a database to which all possi-
ble cleavage products of the glycopeptides have been added in
advance [19]. A combination of peptide/glycopeptide map-
ping with in-source C1ID, data-dependent CID-MS”, and the
database search analysis would enable protein identification,
glycopeptide selection, and glycosylation analysis of a small
amount of glycoprotein. ,

[n the present study. we developed a strategy for the
characterization of a small amount of unknown glycopro-
tein in a biological sample. An unknown glycoprotein was
isolated by electrophoresis and extracted from the gel in an
intact form, We used sodium dodecyl! sulfate (SDS), which
is effective for extracting proteins from the gel, and could
be easily removed by adding cold acetone. The proteinase-
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digested glycoprotein was subjected to peptide/glycopeptide
mapping, with the sequential scan consisting of a full mass
scan, in-source CID, and data-dependent CID-MS". Using
this method, we carried out site-specific glycosylation analy-
sis of glycosylphosphatidylinositol (GPI)-anchored proteins
inratbrain. A computer database search was used for the iden-
tification of a GPl-anchored protein and its N-glycosylation
sites. In-source CID and data-dependent CID-MS/MS were
also used for localization of peptides with N-glycan and GPI
in the peptide/glycopeptide map. On the basis of their product
ion spectra, we elucidated N-glycosylation at each glycosy-
lation site and the structure of GPls.

2. Experimental
2.1. Materials

Rat brains were purchased from Nippon SLC (Hama-
matsu, Japan). Trypsin-Gold and endoproteinase Asp-
N were purchased from Promega (Madison, WI, USA)
and Wako Pure Chemical (Osaka, Japan), respectively.
Phosphatidylinositol-specific phospholipase C (PIPLC) from
Bacillus cereus were purchased from Molecular Probes
(Eugene, OR, USA). All other chemicals used were of the
highest purity available.

2.2. Sodium dodecy! sulfate-polyacryviamide gel
electrophoresis (SDS-PAGE) of PIPLC-treated
GPl-anchored proteins

PIPLC-treated GPl-anchored proteins were prepared from
rat brain utilizing Triton X-114 phase partition and PIPLC
digestion [20,21]. Two whole rat brains (2.8 g, Wistar, male,
3 weeks) were homogenized in cold acetone and cen-
trifuged for 10 min at 4 °C. The precipitate was then homog-
enized in CHCl3: methanol (2:1, v/v) and centrifuged for
10 min at 4°C. After being washed with methanol, the pellet
was homogenized in 50 mM Tris—HCI] (pH 7.4) contain-
ing 150mM NaCl, | mM ethylenediaminetetraacetic acid
(EDTA), and 1 mM phenylmethylsulfonyl fluoride (PMSF),
and centrifuged at 10,000 x g at 4 °C for 20 min. The pellet
was resuspended in the same buffer with an additional 2%
Triton X-114 (v/v), and stirred at 4"C for 16 h. After cen-
trifugation at 10,000 x g at 4°C for 20 min, the supernatant
was subjected to Triton X-114 phase-partitioning at 37 °C for
10 min. The detergent phase was resuspended with an equal -
volume of 50 mM Tris—HC! (pH 7.4) containing 150 mM
NaCl. Solubilized membrane proteins in the detergent phase
were precipitated with cold acetone and were resuspended
in 400 !l of 50 mM Tris—-HCI (pH 7.4). Following the addi-
tion of PIPLC (1 U), the suspension was incubated at 37°C
for 18 h. The suspension was resubjected to Triton X-114
phase-partitioning, and PIPLC-treated GPl-anchored pro-
teins were precipitated with cold acetone from the aqueous
phase. PIPLC-treated GPl-anchored proteins obtained from
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50 mg of rat brain were separated by SDS-PAGE (12.5%)
after carboxyamidomethylation [22].

2.3. Extraction and digestion of gel-separated proteins

The protein in gel band was extracted with 20mM
Tris~HCI containing 1% SDS by shaking vigorously
overnight after breaking down the gel into small bits. The
extract was filtered with Ultrafree-MC (0.22 um, Millipore,
Bedford, USA), and the protein was precipitated by adding
cold acetone. The precipitate was digested with trypsin (1 p.g)
in 20 pl of 0.1 M Tris—HCI (pH8.0) at 37 °C for 16 h, or with
Asp-N (0.4 pg) in 20 pl of 5 mM Tris—HCI (pH 7.5) at 37°C
overnight,

24. LC/MS"

Proteolytic peptides were separated by a Magic CI8
column (50 mm x 0.2 mm, 3 wm, Michrom BioResources,
Auburn, CA, USA) with a Paradaim MS4 HPLC system
(Michrom BioResources Inc., Auburn, CA, USA) consist-
ing of pump A: 0.1% formic acid and 2% acetonitrile, and
pump B: 0.1% formic acid and 90% acetonitrile. Separation
was performed with a linear gradient of 5-65% of pump B in
40 min after 5% in 10 min of pump B at a flow rate 3 wl/min.
Mass spectra were recorded by Finnigan LTQ (Thermo Elec-
tron, San Jose, CA, USA) with the sequential scan: a full mass
scan (m/z 300-2000), a full mass scan with in-source CID
(in/z 80-500, collision energy: 50 V), and data-dependent
CID-MS” for most intense ions at each scan with dynamic
exclusion for 30s. Scan time (m/z 300-2000) is approxi-
mately 0.1 s. The operating condition used for LC/ITMS was
as follows: tubc lens offset of 130V, capillary voltage of
2.0kV, capillary temperature of 200°C.

2.5. Computer datubase search analysis

All product ions obtained by LC/ITMS were subjected
to the computer database search analysis with the TurboSE-
QUEST search engine (Thermo Electron, San Jose, CA,
USA). We used the NCBI database (rat, updated at February
2003) and following scarch paramecters: a static modifica-
tion of carboxyamidomethylation (57 Da) at Cys, a possible
modification of GlcNAc (203 Da) at Asn, and trypsin used
for digestion.

3. Results
3.1. Extraction of whole proteins from the gel

Rat brain PIPLC-treated GPl-anchored proteins were sep-
arated by SDS-PAGE (Fig. 1), and the most noticcable band
at 20-25 kDa was cut off from the gel and crushed. The gel
pieces were shaken vigorously in 1% SDS, and the extracted
protein was precipitated with cold acctone to remove SDS.

{kDa)
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100 — &
75 = o
50 —
37 =
25
(A)
10 20 23 30
QRVISLTACL VNQNLRLDCR HENNTNLPIQ
40 50" 60
HEFSLTREKK KHVLSGTLGV PEHTYRSRVN
70 74 80 90
LFSDRFIKVL TLANFTTKDE GDYMCELRVS
98100 110
GQNPTSSNKT INVIRDKLVK (IJ
(B) . GPI-anchor

Fig. 1. (A) SDS-PAGE of PIPLC-treated GPl-anchored proteins from rat
brain. (B) Amino acid scquence of rat Thy-1. N-Glycosylation sites arc
indicated by bold face, The protein at 20-25 kDa indicated by asterisk was
subjccted to the glycosylation analysis in this study.

We checked the recovery of the protein at 2025 kDa by com-
paring the fluorescence intensity (Ex 633 nm/Em 670 nm) of
the proteins at 20-25 kDa visualized by Coomassie staining
before and after extraction. Approximately 55% of the pro-
tein at 20-25 kDa could be recovered from the gel (data not
shown). The protein was digested with trypsin and subjected
to the sequential scan consisting of full mass scans with and
without in-source CID and data-dependent MS” by LC/ITMS
for protein identification and glycosylation analysis,

3.2. Database search analysis

Fig. 2(A) shows the peptide/glycopeptide map of the
trypsin-digested protein at 20-25 kDa. First, all product ions
generated by data-dependent MS” were used for the database
search analysis. Using scarch parameters described in Sec-
tion 2.5, the protein was identified as Thy-1, a glycoprotein
containing threc N-glycosylation sites at Asn23, 74, and 98,
and a GPI attachment site at Cysl11. The search analysis
also suggested the glycosylation at Asn74 and 98, with elu-
tion positions of 34 min (peak T6, Val69-Lys78) and 3.5 min
(peak T1, Val89-Lys99), respectively (Fig. 2(A)). Although

— 234 —



6FTEST  (T9°901T) 8LI-69A 9L ¢ 6FTECI
6L'120T  (T9901T) SLI-69A 91 € EFTC0l
FOGIET  (5C°089) 8L30-ELV L T FT6ILT
6 1FCT (10°99L1) SL-+9Q. LY £ ¥8IFC 0L°6L8 (S€°089) 8270-€LV Tl £ #0088 €LeLel 0 19 ¥ c
STIFCT  (10°99L1) 8L3-+94 LY £ 16'1FCT ILeLel I 1 ¥ 0
SFEI0L  (T9'901T) SL-69A 91 € 86€I0T
€C90El  (SE089) 8LH-ELY (A% T 1890t 0L'8¥61 0 Foo9 I
LYTIST (T9°9011) 8LM-69A 9L [ YA £
11'8001 (T9'901T) 8LM-69A 91 € 1L78001
16L7ey (10°99L1) 8L-+9A LV € 81°'8zel €667 (€€089) 8LI-€LV [AR T sL86¢l 1L°ze6!l 0 ¥ ¢ [4
0T°€L6  (T990TD) 8LT-69A PAR £ 6LELE 89°LT8I1 0 § ¥ I
F9'SEFT  (29°9011) 8L-69A oL T SO6LET
€5'656  (£9°9011) 8L-69A AR € 10096
0sszzl (65°089) 8L3-ELY <L T 8g9ccl €9°98L1 0 € I
+90EkT  (79°9011) 823-69A 9l T IL0EE]
ISt (SE°089) 8LM-€LV (A5 T LoLIen 99°0LLI 0 ¥ or C
~ 669611 {5€°089) 8LN-€LV ol < tELell £9°6TL1 Y ¢ 9 z
iy TUSLET  (T99011) 8L-69A 91 ¢ 6eI'8LEl
.m_. 88°8CTT  (10°99L1) 8LM-+9C LV ¢ 6L6ETT 60'616  (299011) 8LI-69A 9L ¢ [Il'el6
= TosoTiTl (3vE68) SLOTILL ¥V 4 [ a4l 667911 (SE°089) 8L3-€LV (AR [ A NS 975991 0 ¢ € 1
M orLecT (29°9011) 8LM-69A 9L T FoLECT
= 96'STIT  (S089) 8LH-€LV <l ¢ 8I'tcil LEE8ST 0 < S i
M 859LZT  (T9'901T) SLIM-69A PAR ¢ 199LZ1
= SFE90T  (£€°089) 8L3-€LV (AR T 89°¢901 FSCO¥I 0 ¥ € I
M - PETFOT  (SE089) 8LM-ELY L T SPEFol csICrl 0 € ¥ I
g €CCOIT  (T990T1) 8LW-69A 9L c  TLTOM
g €1s66  (10°99L1) 8LM-+9d LY < 117666 6£°676 (cc'089) 8L-€LV [4 5 T Ter6 SFFECT 0 4 ¢ 0
Uw 819701  (T1'9661) SLI-6SA 91 £ 9Toc01 [V 4] 0 € [4 I PLUSY
3 #89811  (08°9791) 9S1-CZN (A4 € 174811 0L°8F61 0 F 9 I
~ 6+'L911  (08'9T91) 9LI-€TN ¥V € 1€°8911 99°0631 I £ 9 0
= 28TEIT (089791 9€1-€TN 4 € 08°¢LT €9°98L1 o Fo€ I
5 87601  (08°9291) 9¢L-CTN v € TE'€601 97991 0 9 £ I
= 9¢°09¢1  (L&'8L1T) IEH-TTA" 14 T £0'19¢1
- L£Lo6  (08°9291) 1EH-CTT (A4 € 65°L06 L0966  (L9°++F1) T€H-1TH €L ¢ IF'966 F6°86ST 0 4 L 0
6L°¢H0T  (08'9Z91) 9E1-CTN €Y € EF 0T LS 6ICT 0 ¢ £ 0
TIosFl  (PL16SD) €€3-TTH <1 T 0F98FI
80166  ($L1651) £<4-TTH €L € LE166
001121 {(1S'TFOT) 0£0-T2H 134 T [441al 90°cke  (LOFEPI) TET-ITH €L € 9I'Ik6
€6°6LZ1  (LS8LTT) TEH-TeT 24 A 99°6LT1 90°8rET  (€9°S1€D) TEH-ITH €L T SEBFEl
9¢es8  (Z€8L11) 1€H-Z7T & € Peees #0668 (£9°CTED) IEH-1TH el € 67668 6F'96¢1 ] T 9 0
79°TTrl  (08°9T91) 9€1-EIN 34 T Ot ekl
SL8r6  (08'9T91) 9S1-€TN ey < 09°6t6 60's0¥T  (bL16SD) £€d-1TH Fl ©  I8sorl
0S'8611  (LS'8LIT) TEH-T¢H a4 < 69'8611 90256 (bLT6S1) £€3-1TH FL € LTLES
ve66L  (L§8LID) IEH-CZ €V < LY 66L cosp8  (C9CTED) EH-TZH <L £ £USH8 e FEC] 0 [4 € 0 Cqusy
qo Joqumu nws Sjur Q2 Joquiny owels S
205100y ], ,9NPISII PIoR OUTIY yeod IBIRY) POATISQQ  [EONDI0Y] ,ONPISOI PIOT OUMIY ¥eod odiey) poAldsqQ SSBH synoN SYNXOH X0H  XOHP
, a1eIpAyoqIEd ous
Z.%< ursdAIy [eo1I0I00Y I Jaonrsoduwios s1eIpAyoqie)  UOTIBJASOSAID

108

[-Ay ] ureiq iel Jo SISA[eu® Uone[AS0d4D)

I diqeL

— 235 —



109

S. Itoh et al. /7 J. Chromatogr. A 1094 (2005) 105-117

‘stsoypuoted Ti poestput st ssewt opndod feonoiodyy o
“anfea 51dojosIouoy 4
"PIOE JNWRINDT[AID0R- “OYNON DUNUELSOXOY[A1008-pN “DYNXIH 050X0Y “XOH I2SOXOYAX0IP “XOHP

66'TLOT 8112} s0T9-98T 9V ¥ LEELOT

£6°L6T1 (90°S181) 01T-S6L Y £ 90°8621 FL'S60T I ¥ 9 0

£L°8501 (B1°CITD) co14-983 9V ¥ LO6S0T TL9C0T I £ 9 I

L6181 (81°7122) SO14-987 sY € FEESET

£4°9¢01 (81°T1Z2) s0TH-98 5V ¥ LTLEOT

TT6STI (r6 €P8T) TOIN-98T €V € SH6STI

65°6PT1 (90°518T) 0T I-S6L ¥V < SL6PTI

CS6FIT (9cIs1) 66989 =~ TV ¢ €I0SII crsTst (FSLITT) 66-63A 1L z 8L'SCEl 0L°8k61 0 13 9 I
WAL (FSLITT) 666N 1L 4 SECLIST 1LTE61 0 13 < It

oo (81°7172) S0TY-983 9V ¥ 0L7201 ;

+C0ST] (90°SI81) 0T T-S6L ¥V ¢ ¥T0ETI 01°96¥1 (FS LI 66-68A iL z $1°96+1 99°0681 1 £ 9 0

TT/IOI (81°¢1¢e) coTd-983 9V ¥ 688101 L9FLST I £ < I

S6'LEET (81°TITT) SOTH-98F Y £ 6F8c¢1

12966 (81°7122) S01¥-983 97 ¥ +£'966

LES6IT (90°¢181) OTI3I-S61 Y < LY'S611 $9°98LT 0 ¥ < 1

LTHIET (81°T1co) s01¥-983 v ¢ TLUFIST

96'$86 (81°CIZT) s0T1Y-987 IS 14 367986

06’1811 (90°518T) OTTN-S6L ¥V € 081811

€1°Z801 (9L°51S1) 6631-989 ra < T€°T801 T9SPLI 0 € 9 I

68°9FI11 (90°¢18D) 0T 131-S6L v 3 OL9FT1 . 6S°0P91 0 ¥ < 0

€TOLIT (90181 0T T-S6L v ¢ LTOLII . 19'32L1 I € < 0

9z'6LC1 (8I'TIZZ) COTY-989 SV < 69°6LT1

0£°656 ($1°C172) SO1¥-989 v 3 £0°096 LO1LET (FSLITT) 663-68A 1L < PSILET 65°0F91 0 ¥ < 0
9L°1S6 © (L9°SFTI) 901Q-96S <L < LEIS6 09'+Z91 0 2 ¥ I

11°9TF] (19°6$Z1) TOIN-16D (4 T TT9TEl

80'156 (19°65T1) TOIN-169 Y £ $T16 09'8091 0 t € C

76'3¢T1 (81°T1TT) 019987 97 € 1T6£T1

SS901T (90°181) OTTM-S6L 134 3 659011

$L°9001 (9L°¢161) 6631-989 v € 01°£001 9¢01ET (P LTTT) 66-68A IL z 89°01¢1 LE616T 0 < € 0
T0°60C1 (FSLITT) 66M-68A 1L z 6176021 6'91¢1 0 ¥ € 0

88 CHIT (81°7122) S019-983 97 € [ e S B

SL9TST (90°s181) 01 1-S61L 134 z <H9T161

18°0101 (90181 01 T-S61 o 3 ce 1101

€1 1201 (+6°EF81) COTN-98T £V € 81201

01056 (F8°0LET) SOTYE-TEO 374 < 9T0£6

01°L9€1 (94711 6631-987 v Pt 1€°L9¢1 )

FLTT16 (9L ¢1s1) 6631-983 v € ¥TTl6 66°L911 (BS°LI11) 66-63A 1L 4 #8911 CHETT 0 4 < 0 S6USY
£S°0FCT (29°9011) SLI-69A LL £ AN A 96'679¢ 1 9 S !
£9°LE11 (299011} 8L¥-69A LL < 91811 S It 1 9 12 1
79158 (799011 8£31-69A 9L 14 9L'1$8 F8CIET 0 < L I

) a4l (Z9'9011) 8LI-69A 9L £ SLFCI $8°187¢C 0 S < €

8F'OI11 (29°9017) SLI-69A LY € L6111 08'6£cCC 1 ¥ 9 I
18°5L01 (T99011) 8L3-69A 9L < TE9L01 6L°SE1T 0 < 4 T
F1°0L01 (29°9011) 8L3-69A L1 < SE°0L01 LL8ITT 1 S ¥ I

€6'1871 (10°99£1) 8L3-+90 LV ¢ £rzT8el €1°7901 (Z9°9011) 8L31-69A 9L £ €9°7901 9L +60T ) ¥ 9 z
959501 (Z99011) 8LIM69A JAS € 80°LS01 SLLLOT I ¥ S 1
8L°TFOT (C9°9011) 8L3-69A Ll < FTER01 TL9g0zT I ¢ 9 1

— 236 —



110 S. ol et al. /. Chromatogr. A 1094 (2005) 105-117

" T4 T5 17
1009(A) TIC (mvz 300-2000) To* |
0
100+

(B) In-source CID (m/z 204) ,

;
|
i

1 ﬁ

(C) In-source CID (m/z 292)

0
1004

Relative abundance

i
i
S

0
1001 (D) Neutral loss {81 u)

i
!
i
H
i

A —

{

|

0 - T T T f ! f T S

0 10 20 30 40 50
Time (min)

Fig. 2. Total ion chromatogram (TIC) of trypsin-digested protein at
20-25 kDa (n/z 300-2000) (A), mass chromatograms from TIC with ion-
source CID of m/z 204 (B) and 292 (C), and ncutral loss chromatogram
of 81 u by data-dependent CID-MS/MS (D). Asterisks mean the peak of
glycopeptides identified by 1he database scarch analysis.

the glycopeptide Val89-Lys99 contains two Asn residues,
Asn93 and 98, only Asn98 was identified as a glycosyla-
tion site because of detection of b and y ions modified with
GlcNAc at Asm98.

Next, to study the site-specific glycosylation at Asn74
and 98, product ion spectra of glycopeptides were sorted
from the numbers of product ion spectra acquired around
peak T6 and T1. We sorted out product ion spectra of gly-
copeptides using B series ions, such as Hex;HexNAc;* and
Hex;HexNAc* (m/z366 and 528) originated from glycopep-
tides by CID-MS/MS, as marker ions [23]. We could sort
out 14 product ion spectra originated from glycopeptide
Val69-Lys78 around peak T6. The monosaccharide com-
positions of N-glycans at Val69-Lys78 were calculated as
dHexg_3Hexa_7HexNAca_s on the basis of the m/z valucs of
their molecular ions and the theoretical mass of the pep-
tide. Likewise, seven product ion spectra originated from
glycopeptide Val89-Lys99 were sorted from those around
peak T1, and their monosaccharide compositions were esti-
mated as dHexg_aHexs s gHexNAcy-sNeuAcy (Table 1).
Glycosylation at Asn74 and 98 were elucidated by a
detailed examination of these product ion spectra as
follows.

3.2.1. Analysis of the glvcosviation at Asn74 of peptide
Val69-Lys78 v

Fig. 3(A) shows a product ion spectrum of the glycopep-
tide Val69-Lys78 at 34.52 min. [ts precursor ion is the doubly
charged ion at m/z 1512.2, Many product ions generated
by cleavages of glycosidic linkages can be observed in this
product ion spectrum. The most intense ion at m/z 1311 is
assigned to a peptide bearing the reducing end of GicNAc,
which was caused by glycosidic linkage cleavage of N-linked
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oligosaccharide. Fig. 3(B) is the product ion spectrum of the
peptide + GleNAcionatm/z 1311, The band y ions generated
by cleavages of the peptide backbone prove that this gly-
copeptide is the peptide Val69-Lys78 glycosylated at Asn74.

The molecular weight of the carbohydrate moiety can be
calculated as 1933.8 Da by subtracting the theoretical mass
of the peptide (1106.6 Da) from the calculated glycopep-
tide mass (3022.4 Da). Consequently, the monosaccharide
composition can be estimated as dHexaHexsHexNAcy. In
the product ion spectrum (Fig. 3(A)), B ions correspond-
ing to dHex; Hex;HexNAc; (Bz4) and dHex | Hexa HexNAc
(B34) were detected at m/z 512 and 674, respectively. These
results indicate that one of two dHex, which are likely
to be Fuc, attaches to Gal-GlcNAc at the non-reducing
end in a similar manner as the Lewis a/x antigen (Gal-
(Fuc-)GlcNAc-), or the blood group H-determinant (Fuc-
Gal-GlcNAc-). The product ion at /n/z 350 produced from
the triply charged precursor ion at ni/z 1008.7 corre-
sponded to dHex|HexNAc| (data not shown), suggesting
that Fuc attaches to GlcNAc like the Lewis a/x antigen (Gal-
(Fuc-)GlcNAc-). The attachment site of the other Fuc can be
deduced at inner trimannosy! core GlcNAc from the observa-
tion of Y ions at m/z 1457, 1660, and 1822, which correspond
to Val69-Lys78 plus dHex | HexNAc (Y ). dHex|HexNAc;
(Y24), and dHex| Hex; HexNAc; (Yaas3pavy), respectively. In
addition, the product ion at m/z 1411 resulting from the
precursor ion at m/z 1512.2 by loss of 101.6u (HexNAc),
suggests a linkage of non-substituted HexNAc at the non-
reducing terminal end. Together with detection of the product
ion at m/z 940 (Y 34/ B/3B+v [GlcNAc-Man-GlcNAc-GlcNAc-
peptide+H]**), it can be deduced that this HexNAc is a
bisecting GlcNAc attached to the core mannose residue via a
B1-4 linkage. From these product ions, we could deduce two
oligosaccharide structures. One is the structure indicated in
Fig. 3(A), inset, and the other is one containing a Gal-Gal-
(Fuc-)GlcNAc-Man-branch instead of a Gal-(Fuc-)GlcNAc-
Man-branch. Detection of Gal-(Fuc-)GlcNAc-Man* at m/z
674 but not Gal-Gal-(Fuc-)GlcNAc-Man* at m/z 836 sug-
gests that this oligosaccharide structure can be assigned to
the structure indicated in Fig. 3(A), inset.

The carbohydrate structures of the other glycopeptide
Val69-Lys78 detected around peak T6 can be characterized as
the high-mannose-type oligosaccharide (MS5), complex-type
oligosaccharides containing some partial structures such as
inner core Fuc, bisecting GlcNAc, the Lewis a/x antigen,
and blood group H-determinant, and hybrid-type oligosac-
charides (Table 1).

3.2.2. Analysis of the glvcosviation ar Asn98 of peptide
Val89-Lys99

Fig. 4 shows one of the product ion spectra of the gly-
copeptide Val89-Lys99 at 3.47 min. lts precursor ion is
the doubly charged ion at m/z 1525.8. The monosaccha-
ride composition, dHexjHexgHexNAcs, can be estimated
based on the calculated mass of the carbohydrate motety
(1950.0 Da) obtaincd by subtracting the mass of the theo-
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(A) Product ion speetrum (MS?) ofthe doubly charged glycopeptide precursor ion atm/z 1512.2 inpeak T6, The glycopeptide Val69-Lys78 is glycosylated

with oligosaccharide, dHexaHexsHexNAcy at Asn74, and the inset is the deduced oligosaccharide structure, (B) MS? product ion spectrum derived from the
doubly charged glycopeptide precursor ion at m/z 1512.2, followed by further fragmentation of the product ion at m/z 1310.7.

retical typtic peptide mass (1117.5 Da) from the calculated
glycopeptide mass (3049.5Da). Y ions corresponding to
Val89-Lys99 plus dHexHexNAc; (Y q), dHex HexNAc;
(Yaw), and dHex) Hex  HexNAc; (Y3u3p/3y) detected at m/z
1468, 1671, and 1833, respectively, reveals that one Fuc
residue is linked to the inner trimannosyl core GlcNAc. Addi-
tionally, the product ion at m/z 1424 suggests a linkage of
non-substituted HexNAc at the non-reducing terminal end.
Together with the product ions at m/z 945 and 1890, it can be
deduced that this HexNAc is a bisecting GlcNAc that attaches

to a core mannose residuc via a 14 linkage. On the basis
of the product ions at m/z 487, 528 and 1380, correspond-
ing to Hexs (Byp), HexaHexNAc (Bsq), and HexgHexNAc;
(Bya), the oligosaccharide structure was characterized as a
hybrid-type oligosaccharide (Fig. 4, inset).

The carbohydrate structures of the other glycopeptide
Val89-Lys98 detected around peak T! are characterized
as high-mannose-type oligosaccharide (MS5), complex-type,
and hybrid-type oligosaccharides, which include bisecting
GleNAc and Lewis a/x structures (Table 1).
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Fig. 4. Product ion spectrum of the doubly charged glycopeptide precursor ion at im/z 1525.8 in peak T1. The glycopeptide Val89-Lys99 is glycosylated with
the oligosaccharide, dHex ) HexgHMexNAcy at Asn98, and the insct is the deduced oligosaccharide structure,

3.3. Detection of glvcopeptides by in-souwrce CID and
CID-MS/MS

Glycopeptides containing Asn23 could not be identified
by the database search analysis. Therefore, we first local-
ized all glycopeptides in the peptide/glycopeptide map using
oxonium marker ions generated by in-source CID. Fig. 2(B
and C) shows mass chromatograms of oxonium marker ions,
HexNAc" (m/z 204) and NeuAch (m/z 292), respectively.
The mass chromatogram of m/z 204 indicates that the gly-
copeptides were localized around 3.7, 9.7, 19.1, 27.2, 28.4
34.3,36.3, and 37.8 min. The mass chromatogram of m/z 292
suggests that the glycopeptides bearing NeuAc were local-
ized around 3.7, 30.0, 36.4, and 38.2 min. In addition to the
localization of glycopeptides by in-source CID, we moni-
tored neutral loss caused by data-dependent CID-MS/MS,
The neutral loss chromatogram of 81 u indicates the local-
ization of doubly charged glycopeptides ions with Hex at
the non-reducing ends. The elution positions of the local-
ized glycopeptides by ncutral loss are almost identical to
those by in-source CID. Second, for confirmation of the clu-
tion position of glycopeptides and characterization of the
carbohydrate moiety, we sorted the product ion spectra of
glycopeptides from enormous numbers of data-dependently
acquired product ion spectra around localized glycopeptides
by using oligosaccharide oxonium ions as marker ions. Con-
sequently, the locations of glycopeptides were confirmed
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in peak T1-6 (Fig. 2(A)). The peaks T! and 6 correspond
to the location of glycopeptides identified by the database
search as Val89-Lys99 and Val69-Lys78, respectively. Four
glycopeptide peaks were newly sorted by in-source CID and
data-dependent CID-MS/MS. Structural assignment of the
glycopeptides in these peaks was carried out using their MS”
spectra as follows.

3.3.1. Analvsis of the glvcosylation ut Asn23 of peptide
His21-Phe33

Fig. 5(A) shows one of the product ion spectra of the
glycopeptide His21-Phe33 in peak T4, Its precursor ion
is the triply charged ion at m/z 937.3. The intense prod-
uct ion at m/z 899 is assigned to a doubly charged ion
of peptide plus GlcNAc on the basis of Y series ions.
The region of His21-Phe33 containing Asn23 in Thy-1
was suggested as the peptide moiety of this glycopeptide.
1593.3 Da, by the FindPept tool available on the internet -
(EXPASY Proteomics tools, Swiss Institute of Bioinfor-
matics, hitp://us.cxpasy.org/tools/findpept.html). We exam-
incd the data-dependently acquired product ion spectrum
of the precursor ion at m/; 899 and found that the m/z
values of b and y ions in the product ion spectrum were
identical to those of predictable product ions originating
from the peptide His21-Phe33 modified with FHexNAc at
Asn23 (Fig. 5(B)). From the calculated oligosaccharide mass
(1235.1 Da) obtained by subtracting the theoretical typtic
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Fig. 5. (A) Product ion spectrum (MS?) of the doubly charged glycopeptide precursor ion at m/z 937.3 in peak T4. The glycopeptide His21-Phe33 is glycosylated
with oligosaccharide, HexsHexNAcs at Asn23, and the insct is the deduced oligosaccharide structure. (B) MS? product ion spectrum derived from a doubly
charged glycopeptide precursor ion at m/z 937.3, followed by further fragmentation of the product ion atn/z §99.2.

peptide mass (1591.7 Da) from the calculated glycopeptide
mass (2808.8 Da) together with product ions at m/z 366 and
528, it is indicated that this peptide carries HexsHexNAc,,
i.e. high-mannose-type oligosaccharide, M5. All product ion
spectra in peak T4 revealed that peptides His21-Phe33 con-
tain only high-mannose-type oligosaccharide (M5).

3.3.2. Analysis of glvcopeptides in peaks T2, 3, 5, and 7
Similarly, product ion spectra of glycopeptides around
peaks T2, 3, 5, and 7 were sorted by using oligosaccharide

oxonium marker ions generated by MS/MS. In product ion
spectra sorted out from around peak T2, the intense ion at
m/z 884 was detected and assigned to a singly charged ion
of a peptide plus GlcNAc. The peptide was suggested to be
Ala73-Lys78 containing Asn74 by the FindPept tool. The
monosaccharide composition can be cstimated from the cal-
culated mass of oligosaccharide moiety obtained by subtract-
ing the theoretical mass of Ala73-Lys78 (680.35 Da) from
calculated glycopeptide mass. Oligosaccharide structure of
the glycopeptides is characterized based on their product
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