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Introduction

Summary

Changes in the glycan structures of some glycoproteins have been
observed in autoimmune dis such as systemic lupus erythematosus
(SLE) and rheumatoid arthritis. A deficiency of a-mannosidase II, which
is associated with branching in N-glycans, has been found to induce SLE-
like glomerular nephritis in a mouse model. These findings suggest that
the alteration of the glycosylation has some link with the development of
SLE. An analysis of glycan alteration in the disordered tissues in SLE may
lead to the development of improved diagnostic methods and may help to
clarify the carbohydrate-related pathogenic mechanism of inflammation in
SLE. In this study, a comprehensive and differential analysis of N-glycans
in kidneys from SLE-model mice and control mice was performed by
using the quantitative glycan profiling method that we have developed
previously. In this method, a mixture of deuterium-labelled N-glycans
from the kidneys of SLE-model mice and non-labelled N-glycans from
kidneys of control mice was analysed by liquid chromatography/mass
spectrometry. It was revealed that the low-molecular-mass glycans with
simple structures, including agalactobiantennary and paucimannose-type
oligosaccharides, markedly increased in the SLE-model mouse. On the
other hand, fucosylated and galactosylated complex type glycans with high
branching were decreased in the SLE-model mouse. These results suggest
that the changes occurring in the N-glycan synthesis pathway may cause
the aberrant glycosylations on not only specific glycoproteins but also on
most of the glycoproteins in the SLE-model mouse. The changes in glyco-
sylation might be involved in autoimmune pathogenesis in the model
mouse kidney.

Keywords: isotope-tagging method; liquid chromatography/multiple-stage
mass spectrometry; systemic lupus erythematosus

carcinoembryonic antigen in colon cancer.” Furthermore,
an increase in biantennary oligosaccharides lacking

Glycosylation is one of the most common post-transla-
tional modifications'” and contributes to many biological
processes, including protein folding, secretion, embryonic
development and cell—cell interactions.” Alteration of
glycosylation is associated with several diseases, including
inflammatory responses and malignancies;*™ for instance,
significant increases in fucosylation and branching are
found in ovarian cancer and lung cancer.” Additionally, the
carbohydrate structure changes from type 1 glycans
(Galp1-3GlaNAc) to type II glycans (Galf1-4GalNAc) in

galactose (Gal) was found on immunoglobulin G (1gG) in
systemic lupus erythematosus (SLE) and rheumatoid
arthritis,”"" and agalactoglycans are used for the early
diagnosis of rheumatoid arthritis."

Systemic lupus erythematosus is an autoimmune disease
characterized as chronic and as a systemic disease, with
symptoms such as kidney failure, arthritis and erythema. In
addition to the known changes in glycosylation on IgG,
there have been several reports on the association between
glycosylation and inflammation in SLE and rheumatoid
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arthritis.'*'® A deficiency of a-mannosidase II (aM-II),
which is associated with branching in N-glycans, has been
found to induce human SLE-like glomerular nephritis in a
mouse model.'® Green et al. reported that branching struc-
tures of N-glycan in mammals are involved in protection
against immune responses in autoimmune disease patho-
genesis.'” Although there is no direct evidence that alter-
ation of glycosylation is the upstream event in the
pathogenesis of SLE, these findings suggest that changes in
the glycan structure may be involved in the inflammatory-
related autoimmune disorder. Glycosylation analysis may
lead to the development of improved diagnostic methods
and may help to clarify the carbohydrate-related patho-
genic mechanism of inflammation in SLE.

Mass spectrometry (MS) and liquid chromatography/
mass spectrometry (LC/MS) are the most prevalent
strategies for identifying disease-related glycans in glyco-
mics."* " Aberrant glycosylations in some disease samples
have been found by comparing mass spectra or chroma-
tograms between normal and disease samples; however,
because of the tremendous heterogeneities of the sugar
moiety in glycoprotein as well as the low reproducibility
of LC/MS, accurate quantitative analysis is difficult using
MS and LC/MS alone. To overcome these problems, we
previously developed the stable isotope-tagging method
for the quantitative profiling of glycans using 2-amino-
pyridine (AP).*' After the glycans are released from sam-
ple and the reference glycoproteins are derivatized to
pyridyl amino (dy-PA) glycans and to tetra-deuterium-
labelled pyridyl amino (d,-PA) glycans, respectively, a
mixture of both dy-PA and d,-PA glycans was subjected
to LC/MS, and the levels of individual glycans were calcu-
lated from the intensity ratios of dy-glycan and d,-glycan
molecular ions (Fig. la). Recently, alternative isotope-
tagging methods using deuterium-labelled compounds,
such as 2-aminobenzoic acid its derivatives, and perme-
thylation, have been proposed by other groups.”* All of
these studies prove the utility of isotope-tagging methods
for the quantitative analysis of glycosylation.

In the present study, we used the isotope-tagging method
to analyse changes in N-glycosylation in the disordered kid-
ney in an SLE mouse model. We used an MRL/Mp]-lpr/lpr
(MRL-lpr) mouse which lacks the Fas antigen gene."’
The MRL-lpr mouse is known to naturally develop SLE-like
glomerular nephritis and is widely used in SLE studies.
MRL/MpJ-+/+ (MRL-+/+) mice were used as controls.

Materials and methods

Materials

The kidneys of the SLE-model mice (MRL-lpr) and con-
trol mice (MRL-+/+) (n = 3) were purchased from Japan
SLC, Inc. (Hamamatsu, Japan). Thermolysin (EC
3.4.24.27), originating from Bacillus thermoproteolyticus

(2) Control Sample
:_-:}G—B—CHO ::}-I—I—CHO
;mlm O
4eAR 8 AP

o O

d,-PA-giyean lous  GrPhoven
40a p— -
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mz miz ) miz
(6) m U] (W)

High-mannosa typa glycans [Hu,nﬂuﬂlﬂ.)
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Figure 1. (a) Quantitative glycan profiling using the stable isotope-
tagging method and liquid chromatography/mass spectrometry (LC/
MS). (i) sample = control, (ii) sample > control, (iii) sample < con-
trol. (b) Total ion chromatogram obtained by a single scan (m/z
700-2000) of the dg-glycan and d-glycan mixture,

Rokko, was purchased from Daiwa Kasei (Shiga, Japan).
Glycopeptidase A (PNGase A) was obtained from Sei-
kagaku Kogyo Corporation (Tokyo, Japan). Non-deute-
rium-labelled 2-aminopyridine (d;-AP) and deuterium-
labelled 2-aminopyridine (d;-AP) were purchased from
Takara Bio (Otsu, Japan) and Cambridge Isotope Labora-
tories (Andover, MA), respectively.

Sample preparation

Mouse kidneys were filtered using a cell strainer (70 pum;
BD Biosciences, San Jose, CA) and contaminating blood
cells in the kidney cells were burst in 140 mm NH,Cl-Tris
buffer (pH 7-2). The surviving kidney cells were washed
three times with phosphate-buffered saline containing a
mixture of protease inhibitors (Wako, Tokyo, Japan) and
dissolved in guanidine-HCl buffer (8 M guanidine-HCl,
0.5 M Tris=HCl, pH 8:6) containing a mixture of protease
inhibitors by vortexing at 4°. The protein concentration
was measured using a 2-D Quant Kit (GE Healthcare

© 2008 The Authors Journal compilation © 2008 Blackwell Publishing Ltd, immunciogy, 126, 336-345 337
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Bio-Sciences, Uppsala, Sweden). The protein solution
(200 pg proteins) was incubated with 40 mm dithiothrei-
tol at 65° for 30 min. Freshly prepared sodium iodo-
acetate (final concentration, 96 mm) was added to the
sample solution, and the mixture was incubated at room
temperature for 40 min in the dark. The reaction was
stopped by adding cystine (6 mg/ml in 2 M HCI) in an
amount equal to the amount of dithiothreitol. The solu-
tion containing carboxymethylated proteins was diluted
in four times its volume of H,0, and the mixture was
incubated with 0.1 pg of thermolysin at 65° for 1hr.
After terminating the reaction by boiling, the reaction
mixture was diluted in four times its volume of 0:2 M
acetate buffer. The N-linked glycans were released by
treatment with PNGase A (1 mU) at 37° for 16 hr and
were desalted using an EnviCarb C cartridge (Supelco,
Bellefonte, PA).

Labelling of N-glycans with do-AP and dg-AP

Glycans released from the SLE-model mouse cells were
incubated in acetic acid (20 pl) with 12:5 m d,;-AP at 90°
for 1 hr. Next, 3.3 M borane—dimethylamine complex
reducing reagent in acetic acid (20 pl) was added to the
solution and the mixture was incubated at 80° for 1 hr.
Excess reagent was removed by evaporation, and d,-PA
glycans were desalted using an EnviCarb C cartridge, con-
centrated in a SpeedVac and reconstituted in 20 ul of
5 mm ammonium acetate (pH 9-6). Glycans released from
the control mouse were labelled with dg-AP in a similar
manner. The resulting d,-PA glycans were combined with
dy-PA glycans, which were prepared from an equal
amount of proteins.

On-line liquid chromatography/mass spectrometry

The sample solution (4 pl) was injected into the LC/MS
system through a 5-pl capillary loop. The dg-PA and
d,-PA glycans were separated in a graphitized carbon col-
umn (Hypercarb, 150 x 0-2 mm, 5 um; Thermo Fisher
Scientific, Waltham, MA) at a flow rate of 2 pl/min in a
Magic 2002 LC system (Michrom Bioresources, Auburn,
CA). The mobile phases were 5 mM ammonium acetate
containing 2% acetonitrile (pH 9.6, A buffer) and 5 mm
ammonium acetate containing 90% acetonitrile (pH 96,
B buffer). The PA-glycans were eluted with a linear gradi-
ent of 5-45% of B buffer for 90 min.

Mass spectrometric analysis of PA glycans was per-
formed using a Fourier transform ion cyclotron reso-
nance/ion trap mass spectrometer (FT-ICR-MS, LTQ-FT;
Thermo Fisher Scientific) equipped with a nanoelectro-
spray ion source (AMR, Tokyo, Japan). For MS, the
electrospray voltage was 20 kV in the positive ion mode,
the capillary temperature was 200°, the collision energy
was 25% for MS" experiment, and the maximum injection

times for FT-ICR-MS and MS" were 1250 and 50 milli-
seconds, respectively. The resolution of FT-ICR-MS was
50 000, the scan time (m/z 700-2000) was approximately
0-2 seconds, dynamic exclusion was 18 seconds, and the
isolation width was 3-0 U (range of precursor ions + 1-3),

Results

Quantitative profiling of kidney oligosaccharides in
the SLE-model mouse

The recovery of oligosaccharides from whole tissues and
cells is generally low because of the insolubility of the mem-
brane fraction and possible degradation of the glycans. To
improve the recovery of N-glycans from kidney cells, whole
cells were dissolved in guanidine hydrochloride solution,
and all proteins, including membrane proteins, were
digested into peptides and glycopeptides with thermolysin.
The N-glycans were then released from the glycopeptides
with PNGase A, which is capable of liberating N-linked
oligosaccharides even at the N- and/or C-terminals of
peptides. The N-linked oligosaccharides from the
SLE-model mice and control mice were labelled with d-AP
and d,-AP, respectively. The mixture of labelled glycans
derived from an equal amount of proteins was subjected to
quantitative glycan profiling using LC/MS".

Figure 1(b) shows the total ion chromatogram obtained
by a single mass scan (m/z 700-2000) of the glycan
mixture in the positive ion mode. Although the MS data
contain many MS spectra derived from contaminating
low-molecular-weight peptides, the MS/MS spectra of oli-
gosaccharides could be sorted based on the existence of
carbohydrate-distinctive jons, such as HexHexNAc™ (m/z
366) and Hex(dHex)HexNAc® (m/z 512). The mono-
saccharide compositions of the precursor ions were calcu-
lated from accurate m/z values acquired by FT-ICR-MS.
Oligosaccharides found at 25-27 min were assigned to
low-molecular-mass glycans consisting of dHexgHex,,
HexNAc; (dHex, deoxyt : Hex, b ; HexNAc,
N-acetylhexosamine). High-mannose-type glycans, which
consist of Hexs joHexNAc,, were located at 20-28 min;
complex-type glycans (dHexg ;Hex; ;HexNAc,4) were
found at 21-27 min. Figure 2(a) shows the relative inten-
sities of the molecular jons of N-glycans in the SLE-
model mouse, which may correspond roughly to the
levels of individual N-glycans, More than half of all
glycans were complex-type oligosaccharides, and the most
prominent glycan was dHex;Hex;HexNAcs. Man-9
(HexsHexNAc,) was the second most common oligo-
saccharide. Nearly one-quarter of the glycans were low-
molecular-mass glycans, and dHex,Hex,HexNAc, was the
third most abundant glycan in the SLE-model mouse.
The rate of percentage change in individual glycans
between the SLE-model mice and control mice was calcu-
lated from the intensity ratio of d-glycan and d,-glycan
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Figure 2. (a) Relative intensities of the molecular ions of dg-pyridyl amino (PA) glycans from the sy ic lupus eryth (SLE) model
mouse, The intensity of the most intense jon ([M + 2H]""of d,-PA dHex,Hex;HexNAc,(3), m/z 1180-97) was taken as 1.0, (b) Rate of percent-
age change of dy/d,-glycans. Each value is the average of three biological repeats. Error bars correspond to the standard deviation. The numbers
in parentheses show the isomers.
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molecular ions (Fig. 2b). The significant changes found in
many glycans are described below.

Increased oligosaccharides in the SLE-model mouse

Figure 3(a,b) show the mass and MS/MS spectra of the
most increased glycan, which showed a notable increase
in the SLE-model mouse. Based on m/z values of molecu-
lar ions and differences of 1.00 U in m/z values among
monoisotopic ions, the intense ion (m/: 973-40) and its
neighbour ion (m/z 977-43) were assigned to [M+H]|" of
dy-PA dHex,Hex,HexNAc;, and dy-PA dHex;Hex,Hex-
NAc,, respectively (Fig. 3a). The intensity ratio of these
ions suggested that the level of dHex;Hex;HexNAc,
increased 3-6-fold in the SLE-model mouse. The structure
of this oligosaccharide was estimated to be a core-fucosy-
lated trimannosyl core lacking a Man residue from the
successive cleavages of Man (Yy: m/z 815), Man (Y;: m/z
653), GlcNAc (Y,: m/z 450) and Fuc (¥, m/z 304)
(inset in Fig. 3b). Such a defective N-glycan is known as
a paucimannose-type glycan, and is rarely found in verte-
brates. All paucimannose-type glycans, such as dHex,
Hex;HexNAc; (a core-fucosylated trimannosyl core) and
Hex;HexNAc; (a non-fucosylated trimannosyl core) were
increased in the SLE-model mouse. Furthermore, a two-
fold increase was found in Hex,HexNAc; (Man-4).

Figure 4 shows the molecular ratios of individual
N-glycans between the SLE-model mice and control mice.
A remarkable increase (3-5-fold) was also found in

(a)
100y

dHex, Hex,HexNAc,, which is assigned to a core-fucosy-
lated biantennary oligosaccharide lacking two non-reduc-
ing terminal Gal residues; its non-fucosylated form
(Hex;HexNAc,) was also increased 1-8-fold in the SLE-
model mouse. In other complex-type glycans,
dHex, Hex,HexNAc, (1), which is assigned to a bianten-
nary oligosaccharide lacking one molecule of Gal,
increased 1:6-fold. Interestingly, a significant decrease was
found in dHex,Hex,HexNAc, (2), a positional isomer of
dHex,HexHexNAc, (1); this might have been caused by
galactosylation on either GleNAc-Manal-3 or GleNAc-
Manwl-6. In contrast, no change was found between
fucosylated and non-fucosylated oligosaccharides, nor
between bisected and non-bisected oligosaccharides.

A significant increase was found in some high-
mannose-type oligosaccharides, such as HexsHexNAc;
(Man-5; + 137%) and Hex,HexNAc, (1) (Man-6;
+ 1369), while Hex;HexNAc; (1,2) (Man-7) and a posi-
tional isomer of Hex,HexNAc, (1) [Hex,HexNAc; (2)]
remained unchanged in the SLE-model mouse. A slight
increase was found in HexyHexNAc, (Man-8; + 116%)
and Hex,,HexNAc; (possibly assigned to Man-9 plus Gl
+ 116%).

Decreased oligosaccharides in the SLE-model mouse

The mass spectrum of the most decreased glycan is shown
in Fig. 5(a). Based on differences of 0-5 U in m/z values
among menoisotopic ions, molecular ions at m/z 118097

Figure 3, Mass (a) and mass spectrometry
(M5)/MS (b) specira of the most increased gly-
can (dHex,Hex;HexNAc,), Precursor ion, mys
973-4; grey circle, mannose; grey triangle,
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and 1182-98 are estimated to be [M + 2H]** of dy-PA
and d,-PA dHex;Hex;HexNAcs (1), respectively. The
intensity ratio of d, : d, glycans suggests that this glycan
in the SLE-model mouse was decreased to 47% of the
amount found in the control mouse. Figure 5(b) shows
the M5*™ spectra of d-PA dHex,Hex:HexNAcs (1) (pre-
cursor ion, m/z 1180-97). The fragment ion at m/z 512 in
MS/MS (i) and MS/MS/MS (i) spectra, which corre-
sponds to dHex,Hex,HexNAc,", suggests the attachment
of two Lewis motifs on the side chains of the glycan. The
presence of dHex,HexNAc,PA* (m/z 446) and
dHex Hex,HexNAc;PA" (m/z 1015) reveals the linkages
of a core fucose and a bisecting GlcNAc. Based on these
fragments, this decreased glycan is estimated to be a
Lewis-motif-modified, core-fucosylated and bisected bi-
antennary oligosaccharide (inset in Fig. 5).

As shown in Figs 2(b) and 4, oligosaccharides lacking
one molecule of Gal with and without bisecting Gle-
NAc [dHex;Hex;HexNAe, (2) and dHex,Hex,HexNAc;
(1)] were decreased to 48% and 55%, respectively. A
significant decrease was also found in other monogalacto-
biantennary oligosaccharides, such as dHex;Hex Hex
NAc, (2) (a Lewis-motif-modified, core-fucosylated
monogalacto-biantennary) and dHex;Hex,HexNAcs (1)
(a Lewis-motif-modified core-fucosylated and bisected
monogalacto-biantennary).

The oligosaccharides, non-reducing ends of which are
fully galactosylated, were decreased in the SLE-model
mouse. For example, monofucosyl biantennary
dHex Hex,HexNAc, (1) and (2) were decreased 59% and
75%, respectively. The di-, tri- and tetra-fucosylated oli-
gosaccharides, dHex;Hex,;HexNAc; (1), dHex;Hex,Hex-
NAc, (1,2) and dHex,Hex;HexNAc; (1,2), which were
estimated to be tri- and tetraantennary forms, were
also significantly decreased. These results show that
oligosaccharides with a complicated structure, such as
high branching oligosaccharides and di- and tri-fucosylated
oligosaccharides, were decreased in the SLE-model mouse.

Discussion

Using the isotope-tagging method, we demonstrated
aberrant N-glycosylation on the kidney proteins of a SLE-
model mouse. We found increases in low-molecular-mass
glycans with simple structures, including paucimannose-
type glycans, agalacto-biantennary oligosaccharides, Man-5
and Man-6, and decreases in glycans which have a compli-
cated and diverse structure, such as digalacto-biantennary
oligosaccharides and highly fucosylated glycans (Fig. 4). An
increase in agalacto-biantennary oligosaccharides on IgG
has been reported in the sera of patients with autoimmune
diseases, including SLE, rheumatoid arthritis and IgA
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(2)
100°

E
;

®)

Figure 5. (a) Mass spectrum of the most
decreased  glycan [dHex,HexsHexNAc, (1))

(b-i) Mass spectrometry (MS)/MS spectrum of
m/z 1181.0; (b-ii) MS/MS/MS spectrum of m/z
1849.7; (belif) MS/MS/MS/MS spectrum of

m/z 13383, Grey circle, mannase; white circle,
galactose; grey wiangle, fucose; black square,
N-acetylglucosamine;  dHex,  deoxyhexose
(fucose); Hex, hexose (mannose and galactose);

nephropathy.”!"** The present findings show that abnor-
mal glycosylation occurs not only in IgG in serum but also
in several glycoproteins in the SLE-model mouse kidney.
Figure 6 shows the biosynthesis pathway of N-linked
oligosaccharides in mammalian cells. Man-9, a product in
the early stage of the pathway, is processed to Man-5 in
the endoplasmic reticulum, and a GlcNAc and Fuc are
added to Man-5 in the Golgi apparatus. After the
removal of two Man residues by aM-I1, GlcNAc, Gal and
Fuc are further added to oligosaccharides by several
glycosyltransferases. There have been a few rrpom on
paucimannose-type oligosaccharides in vertebrates;™ how-
ever, these glycans are common oligosaccharides in other
multicellular organisms such as insects and Caenorhabditis

?m 'g.m

w?????gfrﬂ

Sl mWW

HN, N-acetylhexosamine  (N-acetylghucos-

amine),

elegans®®>' The membrane protease B-N-acetylgluco-
saminidase is thought to mediate the synthesis of
paucimannose-type oligosaccharides.’® Based on core
fucosylation on some paucimannose-type oligosaccha-
rides, it was deduced that P-N-acetylglicosaminidase
might act on glycan synthesis after N-acetylglucosaminyl-
transferase 1, core fucosyltransferase and oM-IL** The
synthesis of paucimannose-type oligosaccharides may be
involved in the suppression of growing diversity and
complexity of glycan structures.

We found a number of changes in the levels of
monogalacto-biantennary oligosaccharides in the SLE
mouse. Galactosylation to agalacto-biantennary oligo-
saccharides is mediated by p-1,4-galactosyltransferase

Figure 6. Biosynthesis pathway of N-linked
aligosaccharides in mammalian cells. Triple
up-arrow, increases of more than +2.0; triple
down-arrow, decreases of not more than
-2.0, Grey circle, mannose; white circle,
l galactose; grey triangle, fucose; black square,
N-acetylglucosamine. ‘P* is protein portion,

342 © 2008 The Authors Journal compilation © 2008 Blackwell Publishing Ltd, Immunology, 126, 336-345




Differential analysis of N-glycan in the kidney in a SLE mouse model

(p-1,4-GalTase).” Previous studies suggested that trans-
lational repression of [3-1,4-GalTase in lymphocytes is
associated with an increase in agalacto-oligosaccharides
on IgG in the serum of the MRL-lpr mouse.™ Although
the activity of P-1,4-GalTase remains unknown in the
SLE-model mouse, the increase in agalacto forms and
the decrease in digalacto forms imply changes in p-14-
GalTase activity. The present results suggest a decrease
in diverse and complex glycans, which are synthesized at
a late stage in the N-glycan synthesis pathway, and an
increase in the simple glycans appearing at an early stage
in the SLE-model mouse,

The activation of complements is involved in glomeru-
lar nephritis of SLE'*" The complements are activated
through three pathways: a classical pathway, an alternative
pathway and a lectin pathway. In the classical pathway, a
binding of Clq to an immune complex triggers the acti-
vation of Clr and Cls. Activated Cls cleaves C4 and C2,
generating C3 convertase (C4b2a), which generates C3b.
The complement component subsequently produces C5b-
9 complex, which leads to an inflammatory response on
host tissues.”*' The excess deposition of immune com-
plexes followed by a sustained immune response triggers
tissue disorders, including lupus nephritis.*™** In the
lectin pathway, mannose-binding lectin (MBL) is associ-
ated with the activation of complements. Two forms of
MBL (MBL-A and MBL-C) are present in complexes with
MBL-associated serine proteases (MASPs) in mice. The
MASPs are activated by binding MBL to Man or GlcNAc
on the surface of the antigen in a calcium-dependent
manner.**™ Like Cls in the classical pathway, activated
MASPs cleave C4 and C2.*"*' In lupus nephritis, MBL-A
and MBL-C in the immune complex bind to GlcNAc resi-
dues at the reducing ends of agalacto-biantennary oligo-
saccharides in IgG,™ and subsequently activate the
complements.”*** In aM-II-deficient mice, which suffer
from SLE-like syndromes including kidney disorders, the
majority of glycans are hybrid-type oligosaccharides
because of the failure of Man trimming by the lack of
aM-IL'"® Green eral concluded that MBL recognized
Manal-3 and Manul—6 linkages in hybrid-type oligo-
saccharides,'” and glycans lacking normal side chains,
including agalacto-biantennary oligosaccharides, might be
involved in the aberrant immune response in auto-
immune diseases. Paucimannose glycans, which contain
exposed Manal-3 or Manul-6 linkages, may be recog-
nized as ligand carbohydrates by MBL. Our present find-
ing, an increase in paucimannose oligosaccharides and
agalacto forms, might result from an alteration of the bio-
synthesis pathway of N-glycans, The alterations may cause
the aberrant glycosylations on most of the glycoproteins
rather than some glycoproteins in the SLE-model mouse.
The changes in glycosylation might be involved in an
autoimmune pathogenesis in the SLE-model mouse
kidney.

The continuous production of aberrant antibodies that
react with components from self-tissue and accumulation
in the immune complex are thought to promote tissue
damage in autoimmune disease.’*** The mechanism of
localized accumulation in the immune complex in some
tissues remains unknown in SLE. We found an increase
in glycans that may bind to MBL and subsequently pro-
mote complement activation via the lectin pathway in the
mouse kidney. Our present results suggest that an aber-
rant N-glycan synthesis pathway as well as an abnormal
immune system may be involved in the damage caused
by glomerular nephritis in the SLE-model mouse,
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Article history: Changes in the glycosylation of some serum proteins are associated with certain diseases. In this study, we
Received 19 December 2007 performed simulraneous site-specific glycosylar analysis of abundant serum glycoproteins by LC/Qqg-
Accepted 5 May 2008 TOF MS of human serum tryptic digest, the albumin of which was depleted. The glycopeptide peaks on

Availabie online 10 May 2008 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.
Clycopeptide of 1gG, haptoglobin and ceruloplasmin were confirmed by means of a comparison of their
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thiaar retention times and mjz values with thase obtained by LC/MS of ¢ clally glycop

Giycopeptide Mass spectrometric carbohydrate heterogeneiry in the assigned glycopepti des was analyzed by an addi-

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

immunoglobulin G © 2008 Elsevier B.V. All rights reserved.

Haptoglobin

Transferrin

Ceruloplasmin

1. Introduction and oligosaccharide branches in haproglobin have been found to

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
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be associated with ovarian cancer [8.9), lung cancer [10-12], pan-
creatic cancer [13] and hepatocellular carcinoma [14]. Changes in
glycosylation are also found in acute-phase proteins, such as alpha-
1-acid glycoprotein and ceruloplasmin, in lung cancer [15]. These
findings suggest the potential of the glycosylation analysis of serum
glycoproteins in diagnosis of some diseases and an investigation
of new biomarkers. At present the glycosylation of each protein is
examined individually, therefore simultaneous analysis of serum
glycoproteins has been required for rapid diagnosis with a limited
amount of sample.

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

ing MS/MS spectra (darabase 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 lons
117.20-27). Previously it was demonstrated that the Qq-TOF
type mass spectrometer provides highly abundant carbohydrate-
related ions at lower m/z values such as mfz 204 [HexNAc+H|"
and 366 [HexHexNAc+H]", glycopeptide-related ions with
sequentially lost saccharide units, including [peptide+K]* and
|peptide+GlcNAc+H]* at higher mjz values, and b- and y-ions
derived from peptide backbone [20,23.26,28]. These fragment
ions could be used in database search to deduce peptide of
glycopeptide.

In this study we demonstrated LC/MS{/MS) of human serum
digest for the simultaneous glycosylation analysis of abundant
serum proteins. Fig. 1 shows the strategy for the glycosy-
lation analysis. Human serum, the albumin of which was
depleted, was carboxymethylated and digested with trypsin.
LC/MS/MS of the digest was performed by using the LC/Qg-
TOF MS instrument. Glycopeptide ions were basically assigned
by database searching with modified peak-list text files. Mass
spectromertric 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 pelyclonal 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 (S pl) was depleted of aibumin 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 !
of 0.5M Tris-HCl buffer (pH 8.5) that contained 7M guanidine
hydrochloride and 5mM EDTA, After the addition of 2l of 1M
dithiothreitol, the mixture was incubated for 30 min at 56 *C. Then,
4.7 plof 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, Lirtle Chalfont, UK) to remove the reagents. and a fraction of
the carboxymethylated proteins was dried. The sample was redis-
solved in 50 | of SOmMM Tris-HCl buffer (pH 8.0). An aliquot of
1 pl of modified trypsin prepared as 1 pg/ul was added, and then
the mixtures were incubated for 12h at 37 *C. The enzyme diges-
rions were stopped by boiling for 10 min and stored at —-20*C before
analysis.

2.3. LC/MS and LC/MS/MS

The tryptic digests corresponding to 0.01-03 pl of human
serum or a tryptic digest of purified commercially available glyco-
protein (0.1-1.0 ug) was loaded onto a nanatrap (AMR Inc., Tokyo,
Japan). After a wash with 10 ul 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 abour 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 5.0min followed by a
linear gradient from 5 to 90% of pump B in BSmin or by linear
gradients from 5 to 25% for 80 min, 25-45% for the next 60 min,
45-65% for the next 40 min and 60-90% for the next 20 min (total
205 min).

Mass spectrometric analyses were performed using a QSTAR
Pulsar i Qq-TOF mass spectrometer (AB/MDS Sciex, Toronto,
Canada) equipped with a nano-electrospray ion source. The mass
spectrometer was operated in positive ion mode. The nano-spray
voltage was set at 1700V. Mass spectra were acquired over mjz
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 mfz 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 M5/MS. All signals were monoisotopically
resolved.

2.4. Assignment of glycopeptide peaks by database search

Derection and assignment of glycopeptide ions from LC/ES!
MS/MS data were performed by elucidating MS/MS spectra or
database search. Briefly, glycopeptide ions were selected manually
based on presence of cligosaccharide oxonium jons 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 degradarion partern 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 o 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 maodifications
of cysteine (carboxymethylation) or cystein (carboxymethylation)
and methionine (oxidation), Suggested peptides were validared 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
1.1. Locaring 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 mede. In this method, all serum glycoproteins should
be completely digested by trypsin. When the trypric 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
ar N- or C-terminal, or adjacent to two or maore 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 pl 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 205min. 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 mjz 204 ([HexNAc+H]"). 186
([HexNAc+H—H,0]"), 292 ([NeuAc+H]"), 274 ([NeuAc+H-H;0[")
and 366 ([HexHexNAc+H][").

.
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Fig. Z. LC/MS/MS and LC/MS of tryptic digest of human serum. (A] TIC (mjz
1000-2000) obtained by the LC/MS/MS, (B) EIC (m/2 204.05-204.15) obtained by
the data-dependent MS/MS, (C) TIC obrained by the additional LC/MS in which data-

p MS/MS was not d. Peak A, IgC1; B, IgC2: C IgCl/igl4:
D~F. haptoglobin: G and H, ferrin: 1=K i Mass spectra of fractions
A=K are shown in Fig. 7.
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3.2. Assignment of glycopeptide peaks by a database search

Glycopeptides were assigned by manual darabase 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 mfz region sug-
gests that the ions are [ peptide+ZH]?* and [peptide+HexNAC+2H]?*,
respectively. Based on these mjz values the molecular mass of
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Fig. 3. MS/MS spectrum acquired from mjz 12218 (4+) by data-dependent LC/MS/MS of

human serum. Mascot database search using mjz 13402 (2+) of

rypun-digssted
peptide and fragment ions (m/z 370-1300] suggested peptide sequence MVSHHN'™LTTCATUNEQWLLTTAK in haptoglobin (POO738)
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Fig. 4. Integrated MS/MS spectrum of m/r 11155 (3+) and 1183.1 (3+) at 52-53min that show similar fi P

Mascot search using mjz 1284.5 (1+) of

peptide and fragment ions (m/z 370-1280) suggested YKN*NSDISSTR in ig mu chain C region (PO1871).

the peptide was calculated to be 2678.4. For the peptide iden-
tification, a darabase 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 lons in the higher m/z region
(over mjz 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 MVSHHN'® LTTCATLINEQWLLTTAK in human
haptoglobin (PO0738), As shown in Fig. 3, many ions were con-
sistent with b- and y-series peptide fragment ions derived form
MVSHHNLTTGATLINEQWLLTTAK. The molecular mass of the car-
bohydrate moiety was calculated to be 2204.7, which suggests the
carbohydrate composition of HexNAcsHexsNeuAcy,

1.3. Assignment of glycopeptide peaks by a database search with
integrared spectra

Glycopeptides that have the same peptide backbone show
quite similar fragment patterns in the case of Qg-TOF MS. When
glycopeptides showed insufficient pepride 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
(14) of peptide which was deduced by sequential degradarion 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 (PO1871).

By elucidating MS/MS spectra, 19 tryptic glycopeptides (20 N-
glycosylation sites) in 14 glycoproteins were determined (Table 1).
The lons, which were confirmed as glycopeptides by data-
dependent MS/MS, were underlined. Other glycoforms, whose
MS/MS spectra were not acguired, 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 fons, 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 1gG 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 ug and 0.4 pg) of commercially available
human palyclonal 1gC 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 IgG1 (P01857),
1gG2 (PO1859), 1gG3 (PO1860) and [gG4 (PO1861) and light chain C
region of Kappa (P01834) and Lambda (P01842) chain and other
proteins were identified (data not shown). Fig. 5A and A’ show
TIC of LC/MS/MS at mfz 1000-2000 of polycional 1gC and EIC of
data-dependent MS/MS at m/z 204.05-205.15, respectively. It was
found that glycopeptide ions were eluted at 7-12min (fraction
A). 15-17 min (fraction C) and 18-21min (fraction B) based on
the presence of the oligosaccharide-related lons 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 (CAAG7886) andfor EEQFNSTYR from
IgC4 (PO1861), which are attached to core-fucosylated agalacto-
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Table 1 (Continued )
Glycopeptide : , Oligosaccharide Protein (Protein D)

Retention ‘mir d lycopeptide
time (min) ntensity® * - g

Peptide sequence
Deduced oligosaccharide composition®
1414 ; h b |HexNAc|4[Hex|S[Neuac)2

823 M{OVSHHNLTTGATLINEQWLLTTAK
L [HexNAC]4|Hex|S{NeuAc]

140.5, 1411 . : |HexNAC|4[Hex|5|NeuAc2

ATAKE
[HexNAC|8[Hex] 10[NeuAc |3
| HexNAC| 10{Hex]12{ NeuAc)4
| HexNAC |9 Hex11[NeuAc 4] Fuc|1
|HexNACI9| Hex| 11[NeuAcld
| HexNAC B[ Hex | 10| NeuAc 4| Fuc |1
HexNAc B[ Hex| 10{ NeuAc |4
|HexNAC| 10{Hex [ 12[ NeuAc 5| Fuc]1
HexNAC]10{Hex|12[NeuAc]S
-H!:&NJ\:]B{HuH_‘IINMlSIFn:il =
HexNAC|9|Hex]11 [NeuAc]s
HexNAc|4|Hex]5] NeuAc]1
[HexNAc 4 Hex | 5[ NeuAc|2

[HexNAc]5[ Hex J6] Neuac|1
[HexNAc|4] Hex | 5[NeuAc|1

[HexNAC]S| Hex 6] NeuAc|2

HexNAC a[Hex]S[NeuAc]2

.l}ll.ﬂ__’ : IHumIi[Hu]Etf_dawp
Transferrin (PO2787)

12528 ] ¢ e

S THexNAc|5{Hex|B[NeuAc]1
s ; : ; | HexNA [4{ Hex|5{NeuaAc]
104 ! . ¥ [HexMAZ|S[Hex [E[MeuAc
1 ) [HexMAC4[Hex|S[NeuAc:
. 6.9 |HexNAZ|5[Hex 6[NeuAc|

I'Imj . :
IHexNAC]4| Hex]S[NeuAc]2(Fuc]1

il L fih
neia [HexNAC]4[Hex]S[NeuAc)2

1842.0 - [HexNAC|S| Hex 6] MeuAc |3 [ Fuc]1
[HexNAc]5|Hex]6[{NeuAc]3 -

Ceruloplasmin (P00450)
EHE! I

[HexNAC W{Hex]S{NeuAci2{Fuc
963 . 0 [HexNACH{Hex]S[NeuAc2
98.1,98.5 [HexNAc]5{Hex|6{NeuAc 3] Fuc]1
988 ; . |H¢IHJ\CI,S{HEI]§{N¢IIMD

ENLTAPCSDSAVFFE!

[HexNAc 4| Hex)5[NeuAc [2{ Fuc1
[HexNACJ4[ Hex|S[NeuAc]2
IHuml![HulS[Num_ﬂ
ELHHLQEQNVSNAFLDKE =~
[HexNAc]4|Hex]5[NeuAc]2{Fuc]1

[HexNAcl4|Hex]5[Neuac)2 -
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Table 1 (Continued )
Clycopepride £ Oligosaccharide - Protein (Protein ID) <L - Theoretical MW
Retention mfz* Charge Observed Relatrve peak Observed MW Clycopepride -~ P + Peptide .
time (min) MW intensiny® ! R 3 e X
Peptide sequence 3 . Oligosaccharide
Dedisced oligosaccharide composition® e
1066 12946 4 51742 12 31532 [HexNAc|5[Hex |6[NeuAc 3 Fuc ]2
106.8, 1074 1258.0 4 0719 20 30069 [HexMAc |3 Hex]6[NeuAc 3| Fuc [T
w77 12215 4 48818 19 28608 [HexNAC]5|Hex |6 NeuAc]d
m—:mm}
1546 1369.6 I 41057 22 23508 g lmmhnjﬂmrhcn .-, 235033
1543 13209 3e 1959.7 105 22043 [HexNACH[Hex S[NeuAc 2 ok
Alpha-2- wrml
VCQDCPLLAPLNDTR
1369 13269 3 39777 22048 : |Hm1quu|siﬂamp
Alpha-2- nmwummm
VSNQTLSLFFTVLQDVPVR
167.9, 188.8 15053 3- 45122 51 23506 [HexNAc}4[Hex | 5[NeuAc]2{Fuc]1
1883 14567 £ 43670 225 22048 . [HexNAcl|Hex|S{NeuAc]2 33
! - Bera-2-giycoprotein 1 (FUZ749) - Al R
. VYKPSACNNSLYR i
835 12738 3e 38185 15 23508 -Hummmlsmmmmn
836 12252 3¢ 3672.5 69 22048 . [HexNAc]4[Hex |Nmz
852 14926 3+ 44746 03 30069 | HexMAC|5| Hex Slmlt
854 14438 3e 43286 05 28608 lunm::smnlqnm,} ¥
LGNWSAMPSCK -
109.7 11528 3+ 34553 22047 mm:‘l-tmulslh‘mn
 Compiement C3 (PO1024) -
: KT “TVLTPATNHMGHNVTFTIPANR -
1210 12659 kL I794.6 5.4 15404 7 [HexMAC[2[Hex[7 =~ =
12132 1.8 3+ 36325 47.8 13784 |HexNAc[2[Hex |6 - :
1216 RikTA § 3e 34704 102 12163 . e -HuNAc]ﬂlHEIIS
- IMIIMP "
- . i - . Swmm i
1153 12528 3+ 7555 0.7 23508 |HmM.:H|Hn!.5]RmﬂrmFul'l
1158 12041 3+ 36094 103 2047 [HuNMK[HnI.’;[NeuMB
158 13148 s 39404 103 22045 _|H=_al_lu|4[g—|g;5[ﬂma;p'
I alpha-1 chain C region (POISTE)
Ig alpha-2 ¢hain C region (POIST7) 4
LSLHRPALEDLLLOSEANLTCTLTGLR. - = 296358 -
165.2, 165.7 1157.8 A 46272 20 16636 [HexNAC)SHex}4 = {68351
165.8 nmr3 e 4465.0 154 15014 | HexNAC)S[Hex]3 +1501.56
1659 1046.0 4 4180.0 56 12164 HexNAC]2[Hex|S 1216.42
169.2 12203 de 4877.2 4838 19135 HexNAC]4{Hex]5[NewAe]1 1913.68°
1688, 160.4 12569 44 5021.5 13 20599 [Hex|5[NeuAc]1[Fuc]t © 205073
169.9 179.8 4 47153 40 17517 [HeExMAC]| Hex 4| NeuAc|1 1751.62
1700 1169.6 ae 4674.2 5! 17106 [Hum\cﬁma]:mﬂwt L o1haso
169.0 1212 44 5080.8. no m72 [HexNAc]S[Hex|5[NeuAc|1 - 1676
10172 5+ 5081.0° - 21174 > g '
169.9 1230.4 as 4917.6 18 19540 [HexNAC|S{Hex[NeuAclt < = " 1895470
17 12032 de 5168.8 80 22052 [HexNAc |4 Hex |5 NeuAc]2 220477
| LTCTLTGLR® - 2351
1744 12872 34 8586 143 1501.4 |HexNAC|5[Hex|3 1501.56 =~
1767 1424.6 3+ 42709 658 1913.7 [HumH[HﬂISINtuﬁclt £ SV 191368
1764 1492 3+ 44745 205 m73 |He=Nac|5|Hent9lNuu'|l:I'l MET6
Ig alpha-2 chain C region (FO1877)
841 10068 3+ 30172 37 2059.7 * [HexNAC|4{Hex |5 {NeuAc |1 [Fuc]1 - 2059.73
15095 2+ 30172 20596 o =Ly At -
B4l 1074.4 3+ 312203 48 22628 |muné;s|uq|5|ueuk|1tﬁucn
16112 24 32203 22628 : N o :
872 11038 £ 3308.3 13 '_ |nmmnu|samp;mh' : :

-kmmtrdalfm}_ =
INSDISSTR®

420

—T = oy
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SR Sho i woie oo Oligosaccharide - Protein (ProteinID) © - - Theoretical MW
time (min) -u‘x' oMW Intensiod S S L o T
o = el Peptide sequence Oligosaccharide
: : = Y - _ Deduced aligosaccharide composition”
Y] SonEs - 3 3}2} o, 20587 [HexNAcH[Hex]|S{NeuAc]1[Fuc]t - =
60.3 ﬁ - i3 164 22628 [HexNAC]S{Hex]S[NeuAc]1[Fucft <™

* Underlines indicated that these ions were assigned by elucidating data-dependent MS/MS of LC/ES] M5/MS of human serum digest.
® Centroid peak intensity (count per sec) in integrated MS spectra during glycopeptide eluting period.

¢ Dligosaccharide compositions were deduced from molecular weights.
® Number of potential N-glycosylation sites.
* Missed cleavage or unexpected digestion.
! Other jons with same m/z overlapped.
AEMass spectra were shown in Fig. 7A-K

All masses are monoisotopic. Cysteine residue was Potential N

HexNAC, N-acetylhexosamine; NeuAc, N-laq!huunmlnu: acid

or mono/diagalacto-biantennary complex-type glycan. Integrated
mass spectra of fraction A, B and C were shown in Fig. SB-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 mjz 1000-2000 and EIC of data-dependent MS/MS at mjz
204.05-205.15, respectively. Glycopeptides for four potential glyco-
sylation sites were assigned by elucidating MS/MS spectra (spectra
were not shown). Glycopeptides of NLFLN?97HSEN?"' ATAK con-
taining two N-glycosylation sites were eluted in fraction E as
two glycosylated forms (Fig. 6B) and fraction E' as one glyco-
sylated forms (Fig. 6C). The former glycosylated form was more
abundant than the later form. These glycosylation sites could not
be characterized separately by trypsin digestion. Glycopeptides
of VWLHPN241 YSQVDIGLIK and MVSHHN "84 L TTCATLINEQWLLTTAK
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-

sites were 4. M{O). Fuc, fucose; Hex, hexose:

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 (1gG3/1gG4
and two sites of ceruloplasmin), with the exceptions of one of
the glycopeprides from ceruloplasmin, intensity of which was only
noise levels.

3.5, Site-specific glycosylation analysis

To analyze the heterogeneity of glycosylation at each site, we
performed an additional LC/MS in which switching to MS/MS
was not allowed (Fig. 2C). Utilizing the information of retention
time, accurate mjz and charge state of assigned giycopeptides 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 polycional IgC. (A) TIC (m/z 1000-2000) obtained by LC/MS/MS of trypsin-digested IgC. (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 (PO1857). (C) Mass spectrum of peak C.
which would be glycopeptides of EEQYNSTFR of IgC3 (CAAG7886) and/or EEQFNSTYR of IgG4 (PO1861), (D) Mass spectrum of peak B, which was assigned as glycopeptides
of EEQFNSTFR of 1gG2 (PO1859)
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Fig. 6. Peptide map of fally lable human (A) TIC (mjz 1000-2000) obtained by LC/MS/MS of trypsin-digested haptoglobin. (A') EIC (mfz

204.0%-204,15] obtained by data-dependent M5/MS. (B) Mass spectrum of peak E, which was assigned a3 glycopeptides of NLFLN'® HSENT" ATAK attached to rwo N-glycan.
(C) Mass spectrum of peak E', which was assigned as glycopeptides of NLFLNATHSEN" ATAK attached to one N-glycan. (D) Mass spectrum of peak F, which was identified as
VVLHPN# YSQVDIGLIK (E) Mass spectrum of peak D, which was identified as MVSHHN™ L TTCATLINEQWLLTTAK. H, hexose; HN, N-acerylhexosamine: 5, N-acetyineuraminic

acid; F, fucose.

integrated mass spectra during the periods eluring 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), IgG2 (Fig. 7B). 1gG3/1gC4
(Fig. 7C), haptoglobin (Fig. 7D-F), transferrin (Fig. 7C and H) and
ceruloplasmin (Fig. 71-K). Centroid ion intensity (count/sec) of
each glycopeptide at the most intense isotope distribution was
used as relative peak intensity. The mass spectrometric hetero-
geneity of the Fc-glycosylation sites of 1gG1 (Fig. 7A) and 1gG2
(Fig. 7B) was consistent with those of the commercially available
polyclonal 1gG (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. 7C and H) at each site was
consistent with previous reports [29]. Three glycopeptides of the
four expected ones derived from ceruloplasmin could be assigned
on the chromatogram of the serum sample (Fig. 71-K), and their
glycosylation patterns were in agreement with those in our pre-

vious reports [28]. Table 1 summarized LC retention time, m/z and
charge, relative peak intensities of assigned glycopeptidesin 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 @ 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 ar LC/ESI-MS, but this method
provides no information on the glycosylation sites or protein
sources. Another approach involves mass spectrometric analysis of
glycopeptides resulting from proteolytic digestion. The enrichment
of glycopeptides is useful due to their low ionization efficiency, but
loss of glycopeptides cannot be avoidable. In the present study, we
performed LC/MS(/MS) with high resolution separation to obtain



