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We previously showed that the expression of (Galol-
4Gal)-bearing glycoproteins among birds is related to their
phylogeny. However, precise structures of (Galo1-4Gal)-
containing N-glycans were only known for pigeon egg white
glycoproteins and IgG. To compare structural features of
(Gala1-4Gal)-containing N-glycans from other species, we
analyzed N-glycans of gull egg white (GEW)-glycoproteins,
ovomucoid, and ovotransferrin, and gull egg yolk IgG
by HPLC, mass spectrometry (MS), and MS/MS analy-
ses. GEW-glycoproteins included neutral, monosialyl, and
disialyl N-glycans, and some of them contained Galo1-
4Gal sequences. Bi-, tri-, and tetra-antennary oligosac-
charides that lacked bisecting GIcNAc were the major
core structures, and incomplete «-galactosylation and sia-
lylation as well as the presence of dilLLacNAc on the
branches generated microheterogeneity of the N-glycan
structures. Moreover, unlike pigeon egg white glycopro-
teins, the major sialylation in GEW-glycoproteins is «2,3-,
but not o2,6-linked sialic acids (NeuAc). In addition to the
complex-type oligosaccharide, hybrid-type oligosaccharides
that lack bisecting GIcNAc were also abundant in GEW-
glycoproteins. Gull egg yolk IgG also contained Galo1-
4Galp1-4GlcNAcp1- sequences, but unlike pigeon IgG, no
Gala1-4GalB1-4GalB1-4GlcNAcB1- sequence was detected.
Bi- and tri-antennary complex-type oligosaccharides with
bisecting GlcNAc and with core fucosylation as well as high-
mannose-type oligosaccharides were the major structures
in gull IgG. Our data indicated that some N-glycans from
both GEW-glycoproteins and gull IgG contain the Galo1-
4Galp1-4GlcNAcp1- sequence, but the ratio of «-Gal-capped
residues to non-o-Gal-capped residues in the nonreducing
termini of N-glycans is much lower than that in those of
pigeon glycoproteins.
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Introduction

Various carbohydrate structures attached to glycoproteins and/or
glycolipids are often species-specific. While the glycans that are
conserved among species are usually indispensable for the in-
dividual organism, the role of species-specific carbohydrates
is not clearly understood. Several indirect investigations sug-
gest that they may exist for defense against infection of bac-
teria, viruses, and parasites (Gagneux and Varki 1999; Hooper
and Gordon 2001) since the carbohydrate-binding proteins of
pathogens often target certain glycans expressed in animals dur-
ing the first step of invasion. It is assumed that the surface gly-
cans of oligosaccharide structures of some hosts might have
changed their ability to evade infection by pathogens. This as-
sumption is, however, based on limited information. Systematic
investigations of species-specific glycan expression in nature
are required to unravel the mechanisms underlying the genera-
tion, distribution, and biological roles of glycan differentiation
acquired during animal evolution and biodiversity.

We previously investigated that the species-specific expres-
sion of Galal-4Gal on glycoproteins is related to the phy-
logeny of birds (Suzuki, Laskowski, et al. 2004; Suzuki et al.
2006; Suzuki and Lee 2007). Modern birds (Neornithes) are
monophyletic and split into three large taxa, namely Ratitae
(traditionally called Palacognathae, e.g., ostrich, emu), Gal-
loanserae (e.g., chicken, quail, duck), and Neoaves (e.g., pigeon,
swiftlet, gull), at an early stage in modern bird history (100-
65 million years ago, or earlier). Our investigation revealed that
Gala1-4Gal on egg white glycoproteins was absent in Ratitae
and Galloanserae, and present in about two-thirds of Neoaves,
based on the detection by Griffonia simplicifolia 1 (GS-I lectin,
specific for terminal a-Gal/GalNAc) and anti-P; (specific for
Gala1-4GalB1-4GIcNAcB1-) mAb. Since about 95% of avian
species belong to Neoaves, the majority of the modern birds
may express Gala1-4Gal on glycoproteins. In contrast, Gala1-
4Gal is rarely found in mammalian glycoproteins, but occurs on
the glycolipids of many mammals (Gahmberg and Hakomori
1975; Nakamura et al. 1984; Lyerla et al. 1986; Kotani et al.
1994; Yang et al. 1994). Although the physiological functions
of Gala1-4Gal in mammals are unknown (Okuda et al. 2006),
Gala1-4Gal is known as a minimum target of host cells for in-
fections by some pathogenic microbes, such as uropathogenic
Escherichia coli (Stapleton et al. 1998), and enterotoxins, such
as Shiga toxin (Lindberg et al. 1987; Lingwood et al. 1987).
Moreover, the cell surface expression of globotriaosylceramide
(Gb3), which is one of the glycolipids containing Gala1-4Gal,
is reported to protect against HIV infection (Lund et al. 2009;
Ramkumar et al. 2009).

While Galal-4Gal has been detected on avian glycopro-
teins by specific lectins and antibodies (Suzuki, Laskowski,
et al. 2004), only a few documented structures of N-
glycans containing Gala1-4Gal are available. One of the most
exhaustive analyses of N-glycan was conducted on pigeon
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(Columba livia) egg white (PEW) glycoproteins. All four ma-
jor PEW-glycoproteins, namely ovotransferrin, two ovalbumins,
and ovomucoid contain Galal-4Gal (Suzuki et al. 2001), and
all of their constituent N-glycans were found to possess Gala1-
4Galp1-4GlIcNAc branches of tri-, tetra-, and penta-antennary
structures (Takahashi et al. 2001). No sialylation is found on
the branch that contains the Gala1-4Gal sequence. Analysis of
the N-glycan structures of pigeon serum IgG demonstrated that
Gala1-4Gal is not restricted to egg white glycoproteins. In ad-
dition to the presence of Gala1-4Galp1-4GlcNAc branches, we
identified novel N-glycan structures possessing Gala1-4Galp1-
4GalB1-4GIcNAc branches (Suzuki et al. 2003) in pigeon IgG.
Thus, a detailed structural analysis of oligosaccharides will
sometimes provide unexpected discoveries of new structures
and produce more useful information about the biosynthesis of
oligosaccharides.

To further understand the characteristics of species-specific
oligosaccharides, we analyzed N-glycans containing Galal-
4Gal from gull egg white (GEW) glycoproteins and gull egg
yolk (GEY) IgG (also called IgY). According to the classifica-
tion of avian species based on DNA—DNA hybridization, gulls
belong to the order Ciconiiformes (Sibley and Ahlquist 1990;
Sibley and Monroe 1990). In the traditional classification, gulls
belong to the order Charadriiformes (Sibley and Ahlquist 1990;
Chu 1995; Paton et al. 2003). Both Ciconiiformes and Charadri-
iformes belong to Neoaves, as do Columbiformes (which in-
cludes pigeons), but gull and pigeon are phylogenetically distant
from each other. Here we report the N-glycan structures of GEW-
glycoproteins and GEY-IgG from black-tailed gull (Larus cras-
sirostirs), as determined by HPLC, mass spectrometry (MS), and
MS/MS analysis. As expected, some structural features of these
N-glycans from gull, such as the presence of Gala1-4Gal, are
similar to those from pigeon. However, one of the significant
differences is that the sialylations of the GEW-glycoproteins
were found to be mostly a2,3-linkages, while a2,6-linkages of
sialylation were the major in those from pigeon.

Results

Detection of a-galactoside on GEW-glycoproteins by GS-1
lectin and anti- P; mAb

Egg white glycoproteins from pigeon (Columba livia), chicken
(Gallus gallus), and two different species of gulls were sub-
jected to SDS—PAGE, transferred onto a PVDF membrane, and
visualized by staining with Coomassie Brilliant Blue (CBB)
(Figure 1, CBB staining). While two species of gulls (obtained
from Japan (GEW-J) and Croatia (GEW-C)) exhibited almost
identical SDS—PAGE profiles, their profiles did not resemble
those of pigeon or chicken. The size and content of avian egg
white proteins presumably differentiated in a species-specific
manner during the diversification of birds. Indeed, by perform-
ing an SDS-PAGE analysis of 181 species of bird, we pre-
viously found that the patterns of egg white proteins varied
among species (Suzuki, Laskowski, et al. 2004). The stain-
ing patterns of lectins and antibodies raised against GEW-
glycoproteins were also compared with those of pigeon and
chicken egg white glycoproteins. GEW-glycoproteins from both
the two species of gull stained with GS-I lectin (specific for ter-
minal a-Gal/GalNAc) and anti-P; mAb (specific for P antigen,
Gala1-4Galp1-4GIcNAc-) (Figure 1), suggesting that they con-
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Fig. 1. Comparison of egg white glycoproteins from pigeon, chicken, and two
species of gull by lectin blotting and immunoblotting. Egg white glycoproteins
from pigeon (PEW, 2.5 pg/lane), chicken (CEW, 2.5 pg/lane), and two species
of gull (GEW-J and GEW-C, 5 pg/lane each) were heat-denatured with the
sample buffer containing 3% SDS and 5% 2-mercaptoethanol, and separated
by SDS-PAGE (12.5%). After electrophoresis, the proteins were transferred to
PVDF membranes and stained with Coomassie Brilliant Blue R-250 (CBB),
GS-I lectin, anti-P; mAb, Con A or RCA-IL.

tain the Gala1-4Gal sequence on the glycoproteins as found in
PEW. Chicken egg white (CEW)-glycoproteins were not stained
with GS-I/anti-P; mAb because they lacked Gala1-4Gal.

Concanavalin A (Con A)-staining revealed a significant dif-
ference between PEW and GEWs. Whereas the glycoproteins
from both GEWs and CEW were stained clearly with Con A,
PEW-glycoproteins were stained only faintly. Con A can bind to
CEW-glycoproteins since they contain high-mannose-type and
hybrid-type oligosaccharides (Tai et al. 1975; Yamashita et al.
1983). In contrast, pigeon ovalbumins, ovotransferrin, and ovo-
mucoid contain predominantly tri-, tetra-, and penta-antennary
complex-type N-glycans (Suzuki et al. 2001; Takahashi et al.
2001), which are known to be undetectable by Con A. Thus,
oligosaccharides of GEW-glycoproteins possess different fea-
tures from those of PEW-glycoproteins, although both of them
contain Gala1-4Gal termini. Glycoproteins of both GEW-J and
GEW-C, as well as those of PEW and CEW, were stained with
RCA-I (that detects terminal B-Gal, Figure 1), but not with
PNA (that detects Galp1-3GalNAc) and anti-(Gala1-3Gal) mAb
(data not shown). The SDS-PAGE profile and lectin/antibody-
staining pattern of GEW-J and GEW-C as shown in Figure 1
were almost the same as those from another species of gull, the
herring gull (Larus argentatus), which was utilized in previous
experiments (Suzuki, Laskowski, et al. 2004). Thus, clear Con
A staining was consistent among three species of gull.
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Fig. 2. SDS-PAGE analysis of gull egg white (GEW)-glycoproteins and
isolated gull ovotransferrin (GOT) and ovomucoid (GOM). GOT and GOM
were isolated from GEW-J, as described in Material and methods, and
analyzed by SDS-PAGE.

Isolation of GEW-glycoproteins

To analyze oligosaccharide structures of GEW-glycoproteins,
we first isolated two of the major egg white glycoproteins,
namely ovotransferrin and ovomucoid, from GEW-J. Ovotrans-
ferrin is characterized by its metal-binding activity and can eas-
ily be isolated from other major proteins in egg white by a
metal-chelate affinity column (Al-Mashikhi and Nakai 1987).
We utilized Ni**-iminodiacetic acid (IDA)-agarose, which gave
sufficient yields of ovotransferrin. High molecular mass proteins
(>100 kDa) in the Ni?>*-IDA-agarose-bound fraction were re-
moved with a DEAE-Sepharose column, and the purified gull
ovotransferrin (GOT, molecular mass: 80 kDa) was obtained
(Figure 2). Matrix-assisted laser desorption/ionization-time of
flight (MALDI-TOF)-MS analysis revealed that the [M+H]"
value of isolated GOT was 79,679, which is comparable with
that of pigeon ovotransferrin (78,707) (Suzuki et al. 2001).

Ovomucoid is known to be a major serine-protease inhibitor
in egg white and is often detected by its trypsin-inhibitory activ-
ity. To isolate gull ovomucoid (GOM), the Ni**-IDA-agarose-
unbound fraction was further separated with a Butyl-Toyopearl
650 M column, based on hydrophobic interaction chromatog-
raphy, and eluted using a linearly decreasing concentration
of NaCl. The activity of GOM was detected as described in
Material and methods, and the fractions with strong trypsin-
inhibitory activity were collected. The GOM fraction produced
broad bands on an SDS-PAGE gel (Figure 2) and revealed that
45 kDa and 47 kDa are the molecular masses that are close to
that of GOM isolated by trichloroacetic acid-precipitation meth-
ods (Kato et al. 1987; Laskowski et al. 1987) (data not shown).
MALDI-TOF-MS analysis of the isolated GOM indicated two
broad peaks with the [M+H]™ values of 45,278 and 47,212. As
is the case in chicken and pigeon ovomucoids, GOM probably
has a variable number of glycosylation sites, or a wide range of
glycan sizes, which results in a broad range of molecular sizes
upon MALDI-TOF-MS analysis.

Monosaccharide composition analysis of GEW-glycoproteins

The monosaccharide composition of GOM and GOT as well as
of whole GEW-glycoproteins is shown in Table I. Both GOM
and GOT contain GIcNAc (which is detected as GIcN after

N-Glycan structures of gull egg glycoproteins

Table I. Monosaccharide compositions of GEW-glycoproteins

Content®
Monosaccharide GOM GOT GEW
GIcN 381 (6.42) 98.0 (6.53) 245 (5.57)
Man 178 (3) 45.0 (3) 132 (3)
Gal 204 (3.44) 40.1 (2.67) 145 (3.30)
a-Gal® 12.8 (0.216) 3.02 (0.201) 10.7 (0.243)

[% of total Gal] [6.27] [7.53] [7.38]

NeuAcP 66.3 (1.12) 2.30(0.153) 47.0 (1.07)

Amounts of protein were measured by the BCA assay, and the compositions
of monosaccharides were analyzed by HPAEC. GIcN, D-glucosamine; Man,
D-mannose; Gal, D-galactose; NeuAc, N-acetylneuraminic acid; GOM, gull
ovomucoid; GOT, gull ovotransferrin; GEW, gull egg white.

2The results are expressed as nanomoles of sugar/mg of protein. The values in
parentheses are based on setting the number of Man residues as three.
>Terminal a-galactosides and sialic acids were released from glycoproteins
with green coffee bean a-galactosidase and neuraminidase from

A. ureafaciens, respectively, and the released monosaccharides were measured
with HPAEC.

hydrolysis), Man, Gal, and NeuAc, but not Fuc and GalNAc.
Whole GEW-glycoproteins had a similar ratio of monosac-
charides as that of GOM, but they also contained GalNAc
(6.16 nmol/mg of protein), which is presumably derived from O-
glycans from certain glycoproteins, such as ovomucin. Whereas
GOM and GOT had similar ratios of GlcN:Man:Gal, the relative
NeuAc content in GOT was about 7-fold lower than in GOM. a-
Galactosidase released 6-8% of the total Gal from GOM, GOT,
and GEW, providing evidence that GEW-glycoproteins contain
a-galactosides. However, the relative amounts of a-Gal in the
total Gal (GOM, 6.27%; GOT, 7.53%) were significantly lower
than those of PEW-glycoproteins (POM, 18.7%; POT, 37.5%)
(Suzuki et al. 2001).

Fractionation and analysis of PA-derivatized N-glycans
from GEW-glycoproteins

The N-glycans from GOM and GOT, as well as from whole
GEW-glycoproteins, were derivatized with 2-aminopyridine
(PA), fractionated first into neutral, monosialylated, and disia-
lylated fractions with a DEAE column (Figure 3A), and then
further fractionated on an ODS column (Figure 3B). The mo-
lar ratios of GEW N-glycans calculated from the peak areas of
PA-oligosaccharides were neutral 53%, monosialylated 33%,
and disialylated 14%, and those of GOM were almost the same.
The elution profile of GEW and GOM on both DEAE and ODS
columns was very similar, probably because the major sources
of N-glycans in GEW-glycoproteins are ovomucoid and oval-
bumin, which are generally rich in the N-glycans of avian egg
whites. In contrast, N-glycans of GOT were mostly neutral,
and only a trace amount of sialylated N-glycans was detected
(Figure 3A). Furthermore, the neutral N-glycans of GOT re-
vealed an elution profile on an ODS column different from those
of GEW and GOM (Figure 3B). When neutral PA-glycans from
GOT, GOM, and GEW were analyzed on the ODS column,
only small peaks were detected at elution times of around 4—
12 min (Figure 3B), suggesting that high-mannose-type N-
glycans are not major components of GEW N-glycans (Tomiya
et al. 1988). To obtain more precise maps of their respective ma-
jor N-glycans, the PA-derivatized neutral, monosialylated, and
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Fig. 3. Separation of PA-oligosaccharides from GEW, GOM, and GOT by HPLC. (A) Total PA-oligosaccharides from GEW, GOM, and GOT were separated into
neutral, monosialyl, and disialyl oligosaccharides on the DEAE column. (B) Elution profiles of the neutral, monosialyl, and disialyl PA-oligosaccharides on the

ODS column.

disialylated samples were subjected to MALDI-MS profiling
and selective MS/MS analyses after permethylation.

MS and MS/MS analyses of PA-derivatized N-glycans
from GEW, GOM, and GOT

General Aspects. The MALDI-MS profiles of permethylated
neutral PA-N-glycans from GEW, GOM, and GOT are shown
in Figure 4. Relatively large size of neutral N-glycans were
not detected for GOT (Figure 4C), whereas there was additional
heterogeneity in GEW (Figure 4A) and GOM (Figure 4B), due to
the presence of one and two additional Hex-HexNAc units (449
mass units), with variable numbers of additional Hex residues
(204 mass units per Hex residue). Otherwise, the MS profiles
afforded by the three samples were fairly similar. All the major
peaks detected in the spectrum of neutral N-glycans from GEW,
GOM, and GOT were subjected to MALDI MS/MS analysis.
To determine the N-glycan structures, (i) low-energy
collision-induced dissociation (CID) MS/MS on a MALDI
Q/TOF and (ii) high-energy CID MS/MS on a MALDI
TOF/TOF analyses were performed as described previously (Yu
et al. 2006). Representative examples of MALDI MS/MS spec-
tra and the nomenclature of fragment ions are shown in Figure 5.
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As described in previous reports (Yu et al. 2006, 2008), the
predominant fragment ions produced at low-energy CID are
the B and Y ion pairs directed at HexNAc (e.g., the profile in
Figure 5C), and they are most informative in mapping the core
structures and the complement of nonreducing terminal epi-
topes. In contrast, the high-energy CID affords, in addition to
B and Y ions, many other cleavage ions, including the ring
cleavage ions (e.g., >>A and '3X ions in Figure 5A, B, and D)
and other satellite ions resulting from concerted elimination of
substituents around the pyranose ring (e.g., D, E, G, and H ions
in Figure 5A, B, and D), which often provide linkage informa-
tion. Based on both compositions and MS/MS data, the major
structures could be deduced, as annotated in Figure 4A. In full
agreement with the results, described above, of HPLC analysis
on an ODS column, high-mannose-type structures were not de-
tected among the major neutral N-glycans. Instead, the major
neutral N-glycans were identified as hybrid and complex-types.

Importantly, the concerted low and high-energy CID MS/MS
analyses confirmed the presence of a terminal Gala1-4Galf1-
4GIcNAc epitope, as inferred from the antibody staining
(Figure 1). By low-energy CID MS/MS, the expected neutral
loss of the terminal Hex, HexNAc moiety via glycosidic cleav-
age would give rise to specific Y ions, along with a prominent
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permethylated glycans. Symbols used conform to the recommendations of the Consortium for Functional Glycomics, but the orange spheres represent a-Gal.

sodiated B ion for Hex, HexNAc at m/z 690 (Suzuki et al. 2003).
By high-energy CID MS/MS, as shown in Figure 5A, the neutral
loss would preferably occur via cross-ring cleavage to yield an
15X ion, which is further supported by the satellite G and H
ions, and corroborated by the same sodiated B ion at m/z 690,
which is often also accompanied by the sodiated E ion at m/z
619 (Yu et al. 2006). Moreover, we confirmed that all peaks
established as carrying a-Gal disappeared upon a-galactosidase
digestion. This systematic analysis showed that the degree of
a-Gal capping on both neutral and sialylated GEW N-glycans
is not as extensive as that on the PEW N-glycans (Suzuki et al.
2001; Takahashi et al. 2001).

Neutral Oligosaccharides. MALDI-MS profiles indicated a
dominant peak at m/z 2611 (Figure 4), and up to three addi-
tional Hex units were added to this structure to produce sig-
nals at m/z 2815, 3019, and 3223. MALDI MS/MS analysis
revealed that these four peaks are the sodiated molecular ion

signals of complex-type glycans with nonfucosylated, nonbi-
sected, triantennary structures having 0-3 Hex-Hex-HexNAc
termini, based on characteristic fragment ions. For example, the
high-energy CID MS/MS data suggested that the peak at m/z
2815 is the triantennary structure carrying a single Hex-Hex-
HexNAc terminus. This peak comprised a mixture of isomers,
with antennae that can be a-galactosylated without any apparent
site preference (Figure SA). The D ions at the B-Man (m/z 1084
and 880) suggest the presence of two major isomeric forms, as
illustrated in Figure SA (the left and right structures of PA-N-
glycans), with the single LacNAc antenna on the 6-arm being
capped and not capped by a-Gal, respectively. The set of D,
15X, and C"/Y ions of each isomeric form, i.e., m/z 1084,
1726, and 692 of the left structure and m/z 880, 1522, and 896
of the right structure, respectively, define the triantennary struc-
tures unambiguously. The characteristic D ions detected at m/z
1084 and 880 were formed at the 3,6-linked B-Man and were
not accompanied by a fragment ion at a position 321 mass units
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Fig. 5. Representative MALDI MS/MS spectra of permethylated neutral PA-glycans from GEW carrying a Gal-Gal-GlcNAc antenna (A), or a diLacNAc antenna
before (B) and after (C) B-galactosidase digestion. Assignments of the high-energy CID MS/MS fragment ions afforded by analysis on MALDI-TOF/TOF (A, B)
or low-energy CID MS/MS on MALDI Q/TOF (C) are schematically illustrated. In both (A) and (B), alternative isomeric forms that can be inferred from the
presence of a few characteristic fragment ions (D and > A ion pairs formed at the -Man and the X3 ions) are given, along with their common terminal
structures. Ion types for each of the major fragment ions detected are further labeled according to the expanded nomenclature adapted and described in Yu et al.
(2006) and further illustrated in the schematic drawing shown in (D). For the nonreducing terminal Hex-HexNAc epitope, both oxonium-type (m/z 464) and
sodiated B (m/z 486) ions were commonly detected, and the former is marked with an asterisk. For simplicity, the 15X 3 jons were labeled as X ions. In (C), the
multiple glycosidic cleavages afforded by low-energy CID MS/MS (B and Y ions) do not allow for distinguishing the location of the diLacNAc antennae. The left
three partial structures illustrate further losses of glycosyl residues from the B ions formed by glycosidic cleavage at the chitobiose core. OH represents exposed

free hydroxyl groups at cleavage sites.

lower, suggesting the absence of bisecting GIcNAc (Chen et al.
2008). A structure with two LacNAc antennae on the 6-arm is
not likely to be the major isomeric form, since D ions at m/z 1329
or 1533 were not detected. The predominance of such a trianten-
nary structure with two antennae on the 3-arm is also supported
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by the MS/MS analysis of the non-a-Gal capped triantennary
structure at m/z 2611 that shares the common biantennary 3-arm
(data not shown, but see annotation on Figure 4A). The presence
of an >X, ion at the B-Man (m/z 665) and the Y, ion derived
from cleavage between the core chitobiose (m/z 392) without
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Fig. 6. MALDI-MS mapping of the monosialylated (A), disialylated (B), and a2,3-desialylated (C) PA-glycans derived from GEW. All major molecular ion
signals afforded by the permethylated samples are monosodiated and the assigned structures, as deduced from both composition and MS/MS data, are annotated
along with their monoisotopic m/z values. Satellite peaks (marked with an asterisk) at 76 mass units below that of major signals, correspond to non-PA tagged but
reduced and similarly permethylated glycans. Symbols used conform to the recommendations of the Consortium for Functional Glycomics, but with orange spheres

representing o-Gal, as shown in Figure 4.

an additional dHex unit (174 mass units) indicates that the core
structures are nonfucosylated.

In neutral GEW and GOM N-glycans, the tetraantennary
structures with 0—3 additional Hex residues could be detected
at m/z 3060, 3264, 3469 and 3673, but a fully a-Gal-capped
(+4 Hex) structure was apparently absent (Figure 4A and B).
Instead, another LacNAc unit could be added to produce peaks
at m/z 3510 and 3714. MS/MS analyses clearly showed that
these are tetraantennary, and not pentaantennary, structures. The
presence of an extended diLacNAc terminal epitope was firmly
established by the '>X ion at m/z 2625 and the nonsodiated,
oxonium-type B ion at m/z 913, accompanied by the E ion
at m/z 864 (Figure 5B). Further confirmation was obtained by
B-galactosidase digestion, which succeeded in removing only

four, and not five, terminal B-Gal residues from the parent at
m/z 3510, to produce the product at m/z 2693, the structure of
which was then identified by MS/MS analysis (Figure 5C).
The MS/MS data also indicated the presence of a series of
hybrid-type N-glycans with two LacNAc antennae on the 3-arm
and additional Hex residues, likely to be Man, on the 6-arm,
as annotated in Figure 4A (m/z 2162, 2366, and 2570). For
example, the L5X jon at m/z 1972, which arises from the loss
of three Hex residues via a single cleavage, and the A ion
at m/z 737 and the D ion at m/z 839 at the f-Man (Yu et al.
2008), were the characteristic fragment ions of hybrid-type N-
glycans detected from the peak at m/z 2570 (data not shown).
In fact, when we isolated Con A-bound neutral PA-N-glycans
from GEW using Con A affinity chromatography, only those
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Fig. 7. Enzymatic de-N-glycosylation of gull egg yolk (GEY) IgG. The
isolated glycoprotein was heat-denatured with 0.4% SDS and 100 mM
2-mercaptoethanol, and incubated with (4) or without (—) glycoamidease F
(GAF) at 37°C overnight in the presence of 1% NP-40. Each sample (1 pg/
lane) was separated by SDS—PAGE (12.5%), transferred to PVDF membranes,
and stained with Coomassie Brilliant Blue R-250 (CBB, left) or anti-P; mAb
(right).

assigned as hybrid types were detected by MALDI-MS analysis
as major peaks (data not shown). This observation is consistent
with the positive staining with Con A (Figure 1) despite the
absence of high mannose structures. In accordance with the
assignment supported by MS/MS analyses, all peaks established
as carrying hybrid structures remained visibly unaffected upon
a-galactosidase digestion (data not shown).

Sialic Acid Attachment. Having demonstrated that the underly-
ing structures for GOM and GOT N-glycans broadly resemble
those of the total GEW, further MS analyses of the sialylated
structures were performed, mostly on the monosialylated and
disialylated GEW N-glycans (Figure 6). Collectively, the MS
and MS/MS data indicated that Neu5Ac-sialylation was found
only on non-a-Gal-capped LacNAc termini because B ion frag-
ments for NeuAc-Hex-HexNAc at m/z 847 but not for NeuAc-
Hex-Hex-HexNAc at m/z 1051 were detected. The Neu5Ac-
sialylation was evenly distributed among the hybrid, bi-, tri-, and
tetraantennary structures, as annotated in Figure 6. Upon a2,3-
neuraminidase digestion, the majority of the terminal NeuSAc
residues were removed, yielding an MS profile (Figure 6C) very
similar to that of the neutral GEW N-glycans (Figure 4A), ex-
cept for the additional presence of a few peaks corresponding to
incompletely digested and/or a2,3-neuraminidase-resistant sia-
lylated components at m/z 2972, 3176, 3421, and 3626. Further
MALDI-TOF/TOF MS/MS analyses of these peaks yielded the
characteristic D ion at m/z 588, corresponding to the sodiated
fragment ion of Neu5Ac-Gal-OH having further eliminated sub-
stituent at C3 of the Gal and thus indicative of a 2,6-NeuSAc
linkage but not 2,3-Neu5SAc (Yu et al. 2006, 2008). Although
not quantitative, the neuraminidase digestion and MS/MS data
suggest that the GEW N-glycans are mostly a2,3-sialylated, but
that a significant amount of a2,6-sialylation is also common.

Isolation of gull egg yolk IgG
Avian egg yolk is a rich source of IgG, which arises from the
transport of maternal antibodies by the receptor-specific process
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(Patterson et al. 1962). Avian IgG either in serum or egg yolk is
also called IgY because of its distinct structural difference from
mammalian IgG (Leslie and Benedict 1970; Warr et al. 1995).
GEY IgG was isolated, as described in Material and methods,
and analyzed with SDS—PAGE and Western blotting. As shown
in Figure 7, the isolated gull IgG consisted of heavy (H) chains
(67 kDa) and light (L) chains (27 kDa), which were of typical
sizes for these components in avian IgG (Leslie and Benedict
1970; Warr et al. 1995; Suzuki et al. 2003). MALDI-TOF-MS
analysis revealed that the [M+H]™" value of the isolated gull IgG
was 170,345, which is slightly higher than that of chicken IgG
(Suzuki and Lee 2004). The H chain of gull IgG was stained
with anti-P; mAb, suggesting the presence of Galal-4Galf1-
4GIcNAc- sequences (Figure 7). A decrease in molecular size
after glycoamidase F (GAF) digestion was apparent in the H
chains. The de-N-glycosylated gull IgG-H chains were no longer
stained with anti-P; mAb. This indicates that oligosaccharides
with the Gala1-4Galp 1-4GlcNAc- sequence on the H chain were
completely removed by GAF.

MS and MS/MS analysis of N-glycans from gull egg yolk IgG

Without further PA-derivatization and HPLC fractionation, the
GEY IgG N-glycans were directly permethylated for MS and
MS/MS analyses. As expected, the resulting MALDI-MS pro-
file (Figure 8A) is more complicated than those of GEW neutral
and sialylated N-glycans. Nonetheless, using the same MALDI-
MS/MS sequencing technique, all the major peaks could readily
be assigned and annotated accordingly. However, it was appar-
ent that among the less abundant components, delineation of the
MS/MS spectra afforded by isomeric and isobaric parents did
not allow the unambiguous identification of the presence of ter-
minal Gal-Gal-GlcNAc epitope. Thus, an independent total ion
mapping (TIM) analysis based on offline nanoESI-MS? (Aoki
et al. 2007) was performed. In brief, successive automated MS?
scans were acquired using the linear ion trap across the entire
mass range (m/z 500-2000) at steps of 2 mass units, with an over-
lapping precursor ion isolation window. A pseudo-precursor ion
scan can then be reconstructed by plotting the occurrence (signal
intensity) in the MS? spectra of a particular product ion, in this
case m/z 690 for Hex-Hex-HexNAc (Figure 8C). The accurate
m/z values of parent ions that carry this terminal epitope can then
be inferred from the corresponding high resolution, high accu-
racy nanoESI-MS profile acquired independently with the Orbi-
trap either before and/or after the TIM experiments (Figure 8§B),
and false positives can be discriminated by manual inspection
of the actual MS? data for the candidate precursors (data not
shown). Using this method, all peaks assigned as containing the
Gal-Gal-GIcNAc epitope by MALDI-MS/MS, as annotated in
Figure 8A, can be identified and confirmed by TIM (Figure 8C)
at the MS? level. Moreover, we confirmed that the peaks that
were established as carrying a-Gal were removed upon o-
galactosidase digestion (data not shown). In addition, the peak
at m/z 2489 assigned by MALDI-MS/MS as [M+Na]™ of a
biantennary, bisected, core fucosylated structure (Figure 8A)
was shown by TIM to additionally include a relatively minor
structural isomer (m/z 1256.6, [M+2Na]*™, Figure 8C), which
also carries the Gal-Gal-GlcNAc epitope.

Taken together, it can be concluded that, like the GEW N-
glycans, the GEY IgG N-glycans also comprise a population of
complex-type N-glycans that carry the Gala1-4Galp1-4GIcNAc
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Fig. 8. MS and MS/MS analyses of GEY 1gG N-glycans. MALDI-MS (A) and nanoESI-MS (B) profiles of permethylated total GEY IgG N-glycans. All major
molecular ion signals afforded by MALDI-MS analysis of the permethylated samples in (A) are monosodiated, and the assigned structures as deduced from both
composition and MS/MS data are annotated (only the major isomeric forms) along with their monoisotopic m/z values. The molecular ions afforded by
nanoESI-MS in (B) are either mono-, di-, or trisodiated for singly, doubly, and triply charged species, respectively. Unless otherwise annotated, the majorities of
ions are doubly charged. The high resolution and accuracy measurement using the Orbitrap MS allows unambiguous charge and composition assignments, which
can readily be matched with all the major components detected by MALDI-MS. For simplicity, only those peaks assigned as being non-o-Gal-containing
components were annotated, whereas those carrying a-Gal were annotated in the corresponding total ion mapping (TIM) profile (C). The TIM profile in (C) was
generated by plotting the occurrence of a singly charged product ion, m/z 690 (sodiated B ion of Hex-Hex-HexNAc™), during nanoESI-MS? acquisition at steps of
2 mass units across the entire mass range, using the linear ion trap. Labeled peaks correspond to the m/z values of the selected precursor ion step that yielded the
targeted fragment ion signals. Structures were assigned based on further examination of the collected MS? spectra, and by referring to the high resolution Orbitrap
MS profile in (B). A representative MALDI-TOF/TOF MS/MS spectrum of a permethylated GEY IgG N-glycan (m/z 2693) containing core fucosylation, bisecting
GlcNAc and the Gal-Gal-GlcNAc epitope, is shown in (D) along with a schematic illustration of the fragment ion assignments. The symbols and nomenclature
used are as described in the legend to Figure 5. The occurrence of bisecting GIcNAc was identified by the respective D ions (m/z 1125, 1329) formed at the
3,4,6-linked B-Man, which were accompanied by a characteristic fragment ion 321 mass units beneath them (804 and 1008, respectively), as well as the G/H ion
pairs (rm/z 1528/1718 and 1732/1514, respectively), as previously noted (Chen et al. 2008). These sets of fragment ions also indicated the presence of two structural
isomers as illustrated, with the Gal-Gal-GIcNAc epitope located on either the 3- or 6-arm.
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epitope. This a-Gal capping is similarly noncomprehensive,
with many of the LacNAc termini remaining noncapped or
Neu5Ac-sialylated. Either by manual MALDI-MS/MS or auto-
mated ESI-MS? in TIM mode, other terminal epitopes, such as
Neu5Ac-Gal-Gal-GIcNAc (m/z 1051) or Gal-Gal-Gal-GlcNAc
(m/z 894), were not detected. Apart from these similarities,
there are, however, significant differences in structural fea-
tures between the GEW and GEY IgG N-glycans. First, the
sialylated GEY IgG N-glycans were mostly resistant to a2,3-
neuraminidase digestion. Together with the aforementioned di-
agnostic D ion at m/z 588 afforded by high-energy CID MALDI-
MS/MS analysis of these sialylated structures (data not shown),
it can be inferred that the GEY IgG N-glycans are mostly a2,6-
sialylated, although the presence of a small degree of coex-
isting a2,3-sialylation cannot be ruled out. Second, the GEY
IgG N-glycans comprise a significant amount of high mannose
structures, including a Hex;oHexNAc, structure, most likely
corresponding to the Glc;ManygGlcNAc, structure commonly
found in avian IgG (e.g., see (Suzuki et al. 2003; Suzuki and Lee
2004)), whereas no significant amounts of hybrid-type structures
were detected. Third, the GEY IgG complex-type N-glycans are
mainly limited to biantennary and triantennary sizes, and the
majority of these complex-type structures are bisected and core
fucosylated, as readily confirmed by MALDI MS/MS analysis
(Figure 8D).

Discussion

Oligosaccharides are biosynthesized by the concerted actions
of several kinds of processing enzymes and glycosyltrans-
ferases. Depending on the expression levels and activities of
the individual enzymes in cells or tissues, various structures
of oligosaccharides are present despite the common structures
and/or overall topologies of core proteins. The structural anal-
ysis of oligosaccharides can provide more accurate information
of the biosynthetic mechanism that produces the various struc-
tures than lectin/antibody staining. Moreover, comparing the
oligosaccharide structures from different species will provide a
clue to the mechanism that gives rise to species-specific glycans
and further our understanding of their biological roles.

When avian egg white glycoproteins from 181 species were
analyzed by lectin/antibody staining (Suzuki, Laskowski, et al.
2004), we realized that Con A staining differed from species to
species, regardless of the presence of Gala1-4Gal. For example,
among the egg white glycoproteins from 104 species that were
stained with GS-I/anti-P; mAb, 75 species were also stained
with Con A. In addition, GEW-glycoproteins from two species
were positive for both Con A and GS-I/anti-P; mAb staining,
as shown in this work, while PEW-glycoproteins were stained
with GS-I/anti-P; mAb, but not with Con A. Therefore, GEW-
glycoproteins were expected to possess different oligosaccha-
ride structures from those of PEW, although both GEW and
PEW express Galal-4Gal. Con A is known to bind to high-
mannose-type, hybrid-type, and some biantennary complex-
type oligosaccharides (Goldstein and Poretz 1986). Because of
its broad specificity, we could not identify the actual structures
recognized by Con A without the structural analysis of
N-glycans from GEW-glycoproteins.

We detected five differences between the structures of
N-glycans from GEW-glycoproteins and those from PEW-
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glycoproteins. (i) Hybrid-type oligosaccharides were detected
in GEW-glycoproteins, while they were not found in PEW-
glycoproteins. It is most likely that the hybrid-type oligosaccha-
rides on GEW-glycoproteins were recognized by Con A. (ii) Bi-
secting GIcNAc was not detected on GEW-glycoproteins, while
approximately 40% of N-glycans from PEW-glycoproteins con-
tain bisecting GIcNAc (Takahashi et al. 2001). (iii) Not all of
the complex-type N-glycans from GEW-glycoproteins possess
the Galal-4Gal sequence on their branches, and LacNAc or
sialylated LacNAc on nonreducing termini was prominent. In
contrast, all of the major N-glycans from PEW-glycoproteins
possess the Gala1-4Gal sequence on 1-4 branches. (iv) Some
branches from GEW-N-glycans were occupied with diLacNAc
(LacNAc-LacNAc), which was not detected in the major PEW-
N-glycans. (v) a2,3-NeuAc, and not «2,6-NeuAc, was the major
sialylation on GEW-glycoproteins, while a2,6-NeuAc was the
prominent sialylation in PEW-glycoproteins.

Based on these observations, we deduced that there are sev-
eral differences between gull and pigeon glycoproteins, which
are due to the expression and activity of glycosyltransferases
in the oviduct, where biosynthesis and glycosyl modification of
the major egg white glycoproteins of birds are carried out. First,
hybrid-type oligosaccharides are most likely generated by the
limiting action of Golgi a-mannosidase II. Chicken egg white
glycoproteins also contain hybrid-type oligosaccharides, but the
significant difference is the absence of bisecting GlcNAc in
GEW-glycoproteins. Although the insertion of a bisecting Glc-
NAc residue by the action of N-acetylglucosaminyltransferase
(GIcNACT)-III was assumed to contribute to the production of
hybrid-type oligosaccharides by preventing the action of o-
mannosidase II in chicken oviducts (Allen et al. 1984; Shao
and Wold 1989), this may not be the case in gull oviducts. In
contrast, hybrid-type oligosaccharides are not the major com-
ponent of pigeon N-glycans, and about 40% of the N-glycans
are complex-type with a bisecting GlcNAc. a-Mannosidase 11
is presumably sufficient in the pigeon oviduct, and it was not
interfered with the action of GIcNACT-III. Second, activity of
al,4-galactosyltransferase (a1,4-GalT) in the gull oviduct ap-
pears to be lower than that in the pigeon oviduct since the
LacNAc branches were not fully a-galactosylated. Instead, di-
LacNAc was detected in some branches, although the LacNAc
repeat was not prominent. This result indicates that GIcNACcT,
which mediates the production of diLacNAc, is present in the
gull oviduct. Since the nonreducing terminal residues of N-
glycans are richer in LacNAc-branches than in a-galactosylated
or a-sialylated LacNAc-branches, the GIcNACcT for diLacNAc
may have a better chance of accessing the acceptor substrates.
Third, a2,3-sialyltransferase («2,3-SiaT), rather than a2,6-SiaT,
is mainly expressed to produce sialylated oligosaccharides of
GEW. Only a2,6-linked sialic acid had been detected among
the sialylated N-glycans containing Gala1-4Gal, which were
from pigeon egg white glycoproteins and IgG. Therefore, this
is the first time that N-glycans possessing both Gala1-4Gal and
NeuAca2-3Gal at different nonreducing termini are observed.
In GEW-glycoproteins, a2,3-linked sialic acid is found on the
branch that does not contain the Gala1-4Gal sequence. It seems
that the a2,3-sialylation and a4-galactosylation occurred by the
competitive actions of «2,3-SiaT and a4GalT in the gull oviduct.
The N-glycan structures also imply that the sialylation linkages
can differ, regardless of the presence of the Galal-4Gal se-
quence. The tissue distribution of a2,3- or a2,6-sialylation is



reported to differ in a species-specific manner in the case of
mammals (Gagneux et al. 2003), and similar phenomena may
occur among avian species. This subject should be extensively
investigated considering that sialylation is crucial for infection
with influenza and other viruses (Webster et al. 1992; Suzuki
2005).

Gull IgG also contains Gala1-4Gal (Figures 7 and 8). This
fact indicates that the production of (Gala1-4Gal)-containing
glycoproteins is not limited to the gull oviduct, but also at
least occurs in antibody-producing cells. Structural features of
gull IgG were similar to those of pigeon IgG (Suzuki et al.
2003), except that gull IgG lacks the Galal-4Galp1-4GalB1-
4GIcNAc and Galp1-4GalB1-4GlcNAc sequences. The pres-
ence of the Galal-4Galp1-4Galp1-4GlcNAc sequence is also
reported in O-linked glycans of salivary gland mucin glycopro-
teins of Chinese swiftlet (genus Collocalia) (Wieruszeski et al.
1987). Therefore, some avian species have the ability to produce
Galp1-4Gal, but its distribution among avian species remains to
be investigated. Unlike egg white glycoproteins, most sialyla-
tions of N-glycans from gull IgG were a2,6-linkages, as are
those from pigeon and chicken (Suzuki et al. 2003; Suzuki and
Lee 2004).

The presence of monoglucosylated high-mannose-type
oligosaccharides is well conserved among pigeon, chicken and
quail IgG (Ohta et al. 1991; Matsuura et al. 1993; Raju et al.
2000; Suzuki et al. 2003; Suzuki and Lee 2004), and in this study,
we found that monoglucosylated high-mannose-type oligosac-
charides are also present in gull egg yolk IgG. Unlike mam-
malian IgG, avian IgG contains one additional domain in the
constant region of its heavy (H) chains (Parvari et al. 1988; Warr
et al. 1995). Previously, we demonstrated that N-glycosylation
sites on the CH3 domains of pigeon and chicken IgG, which
correspond to the CH2 domains of mammalian IgG, are oc-
cupied only by high-mannose-type oligosaccharides, includ-
ing the monoglucosylated oligosaccharides. This site-specific
N-glycosylation pattern might have resulted from the steric hin-
drance imposed by the unique conformational structures of avian
IgG.

In conclusion, some N-glycans, from both GEW-
glycoproteins and GEY-IgG, contain Galal-4Gal at their
nonreducing termini. However, the remarkable differences of
N-glycans of gull glycoproteins from those of pigeon glycopro-
teins are due to the incomplete or competitive a-galactosylation,
a-sialylation, and diLacNAc-elongation of LacNAc branches,
which consequently generate microheterogeneity with various
isoforms by the substitution on different branches. Although
incomplete a-galactosylation may imply that extensive Gala1-
4Gal is unessential at least for egg glycoproteins, the micro-
heterogeneity may serve to prevent a strong interaction with
some pathogens, and influence the tropism by reducing the
binding between host’s glycans and their specific receptors on
microbes and viruses.

Material and methods

Materials

Eggs of black-tailed gull (Larus crassirostirs) were obtained
from Kabu Island in Hachinohe, Japan, and those of yellow-
legged gull (Larus cachinnans) were from VIS Island in Croa-
tia. GEW were separated from egg yolks, lyophilized, and
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kept at —20°C until used. Alkaline phosphatase-conjugated
goat anti-mouse IgM and iminodiacetic acid (IDA) immobi-
lized agarose were purchased from Sigma (St. Louis, MO).
Glycoamidase F (GAF, also called PNGase F, glycopeptide
N-glycosidase F or N-glycanase) was from Roche Diagnostics
GmbH (Penzberg, Germany). Trypsin and chymotrypsin were
from Worthington Biochem, Co. (Lakewood, NJ). Alkaline-
phosphatase-conjugated concanavalin A (Con A), Ricinus com-
munis agglutinin I (RCA-I), GS-I, and peanut agglutinin (PNA)
were purchased from EY Lab., Inc. (San Mateo, CA). Anti-P;
mAb (mouse IgM) was from Gamma Biologicals, Inc. (Hous-
ton, TX). Anti-(Gala1-3Gal) mAb (M86, mouse IgM) (Galili
et al. 1998) was a generous gift from Dr Galili (Rush Univer-
sity, Chicago, IL). The BCIP/NBT kit for alkaline phosphatase
assays was purchased from Zymed Laboratories Inc. (South San
Francisco, CA). Neuraminidase from Arthrobacter ureafaciens
was a generous gift from Marukin Shoyu Co. BCA™ Protein
Assay reagents and the Eggcellent™ Chicken IgY Purification
Kit were from Pierce (Rockford, IL). Polyvinylidene difluoride
(PVDF) membranes for blotting and ultrafiltration membrane
(YM 10) were from Millipore (Bedford, MA). DEAE-Sepharose
Fast Flow (HiTrap, 1 mL) and Superdex 200 (HiLoad 26/60)
columns were from GE Healthcare UK Ltd. (Buckinghamshire,
UK). A Shim-Pack CLC-ODS column (6.0 x 150 mm) was from
Shimadzu Co. (Kyoto, Japan). Butyl-Toyopearl 650 M and a
TSKgel DEAE-5PW (7.5 x 75 mm) column were from Tosoh
Biosep LLC (Montgomeryville, PA). Carbograph tubes (25 mg)
were from Alltech. A CarboPac PA-20 column (3 x 150 mm)
and the BioLC with an ED50 electrochemical detector for high-
performance anion-exchange chromatography (HPAEC) were
from Dionex Corporation (Sunnyvale, CA).

Buffers and standard procedures

TBS contains 50 mM Tris-HCI (pH 7.4) and 150 mM NaCl.
TBST contains 0.1% Tween 20 in TBS. The procedures used
for SDS-PAGE and lectin/antibody blotting are as published
(Suzuki and Lee 2004). Protein concentrations were measured
using the BCA assay (Smith et al. 1985), with bovine serum
albumin (BSA) as a standard.

Isolation of ovotransferrin and ovomucoid from gull egg white

Lyophilized egg whites (5.5 g) from black-tailed gull were
dissolved in 55 mL of distilled water, homogenized, dia-
lyzed against water (12 kDa molecular cut-off), and then cen-
trifuged to remove insoluble materials. The supernatant was
filtered through a 0.45-pwm membrane. An IDA-agarose column
(1.5 x 12 cm, about 20 mL) was prewashed with 10 column vol-
umes of 0.1 M Na,COs3, water, 0.1 M EDTA (pH 8.0), and then
water. A Ni>*-IDA column was generated by adding 40 mL of
0.1 M NiCl, to the prewashed IDA-agarose column, and washed
with 200 mL of water, and then equilibrated with the binding
buffer (50 mM Tris-HCI (pH 8.0), 0.5 M NaCl). GEW was
diluted with the binding buffer and loaded onto the Ni**-IDA-
column (1 g of total proteins/load). The column was washed
with 150 mL of binding buffer, and the retained proteins were
then eluted with 75 mL of elution buffer (0.1 M imidazole in the
binding buffer). The Ni**-IDA-agarose-bound fraction was di-
alyzed against water and lyophilized. This fraction was further
purified with DEAE-Sepharose using a gradient of 0-0.1 M
NaCl in 10 mM Tris-HCl (pH 8.0), while monitoring the
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absorbance at 280 nm. The major peak was collected and used
as purified ovotransferrin.

The Ni?*-IDA-agarose-unbound fraction was diluted with
4 M NaCl in 10 mM NaOAc (pH 5.0). A Butyl-Toyopearl
650 M column (2.5 x 16 cm, about 75 mL) was equilibrated
with 4 M NaCl in 10 mM NaOAc (pH 5.0), and the Ni**-IDA-
agarose-unbound fraction (1.2 g of proteins/load) was loaded
onto the column. After the column was washed with 200 mL of
4 M NaCl in 10 mM NaOAc (pH 5.0) (flow rate: 0.5 mL/min),
the concentration of NaCl was linearly decreased to reach
0 M within 400 mL of the mobile phase, and the column was
washed with 230 mL of 10 mM NaOAc (pH 5.0). Proteins in
the fractions were monitored with the absorbance at 280 nm. To
detect the trypsin-inhibitory activity of ovomucoid-containing
fractions, 10 pL of each fraction were preincubated with 10 pL
of trypsin (0.1 mg/mL) in TBS with 2 mM CaCl, at 37°C for
10 min, and then 100 pL of 2 mM Na-benzyoyl-D,L-arginine
p-nitroanilide hydrochloride (BAPNA) was added to the re-
action mixture. After incubation at 37°C for 30 min, the ab-
sorbance at 405 nm was measured to detect the product of
trypsin-digestion. The ovomucoid fractions were collected, di-
alyzed against water, and then lyophilized.

Monosaccharide composition analysis

Glycoproteins (100 pg of GOM, 200 pg each of GOT and
GEW) were hydrolyzed with 2 M trifluoroacetic acid at 100°C
for 4 h to release neutral sugars or with 4 M HCI at 100°C
for 6 h to release amino sugars (Fan et al. 1994). The re-
leased monosaccharides were analyzed with HPAEC using a
CarboPac PA-20 (3 x 150 mm) column and isocratic elution
with 10 mM NaOH at a flow rate of 0.4 mL/min. To release ter-
minal a-linked galactose specifically, glycoproteins were incu-
bated at 25°C overnight with green coffee bean a-galactosidase
(50 mU for 10-20 pg of glycoproteins) in the 100 mM citrate-
phosphate buffer (pH 6.0), and the released galactose was mea-
sured with HPAEC under the same conditions as described
above. Sialic acids were released from glycoproteins using neu-
raminidase from A. ureafaciens (10 mU for 10-20 pg glycopro-
teins) by incubating the glycoproteins in 50 mM sodium acetate
(pH 5.0) at 37°C overnight and were analyzed with HPAEC
using a CarboPac PA-20 column and a gradient from 20 mM
sodium acetate in 100 mM NaOH to 300 mM sodium acetate in
100 mM NaOH within 25 min at a flow rate of 0.4 mL/min.

Isolation of gull egg yolk IgG

Lyophilized egg yolk (4 g) from black-tailed gull was dissolved
in 100 mL of distilled water, and centrifuged to remove insolu-
ble materials. Egg yolk IgG was isolated with the Eggcellent™
Chicken IgY Purification Kit and further purified with gel-
filtration using Superdex 200 (HiLoad 26/60, 2.6 x 60 cm) at a
flow rate of 2.5 mL/min, with PBS as the mobile phase. Frac-
tions containing egg yolk IgG were collected and concentrated
with an Amicon Ultra-15 10 K (Millipore).

MALDI-TOF-MS analysis for glycoproteins

MALDI-TOF-MS analysis for glycoproteins isolated from
GEW and egg yolk was performed using Voyager DE-STR
(Applied Biosystems). An aliquot of each sample (0.5 nL) di-
luted with distilled water was mixed with 0.5 pL of 10 mg/mL
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sinapinic acid in 50% acetonitrile and 0.1% trifluoroacetic acid,
and analyzed as described previously (Suzuki and Lee 2004).

Preparation of PA-derivatized oligosaccharides

N-Glycans were prepared as described previously (Suzuki et al.
2003). Briefly, glycoproteins were reduced and alkylated with
dithiothreitol and iodoacetamide, respectively, and digested with
trypsin/chymotrypsin mixtures in 50 mM NH,HCO; (pH 8.0)
at 37°C overnight. After inactivating the enzymes at 100°C for
10 min, oligosaccharides were released with GAF-treatment
in 50 mM NH4HCOs;, pH 8.0, at 37°C, overnight. The mix-
ture was loaded onto Dowex 50 W x2 (H* form, 50-100
mesh, Sigma), and the pass-through fraction was loaded onto
a Carbograph tube (25 mg, Alltech). Oligosaccharides were
eluted with 25% CH;3CN containing 0.05% trifluoroacetic acid.
Lyophilized free oligosaccharide fractions were PA-derivatized
as described previously (Takahashi et al. 1995). The mixture of
PA-oligosaccharides was first separated by HPLC with a TSKgel
DEAE-5PW column (7.5 x 75 mm) as described previously
(Nakagawa et al. 1995), and the separated neutral, monosialy-
lated, and disialylated fractions (monitored by fluorescence, Ex
320 nm, Em 400 nm) were collected separately and lyophilized.
These fractions were individually dissolved in water and sep-
arated on a Shim-Pack CLC-ODS column (6.0 x 150 mm), as
described previously (Tomiya et al. 1988).

Exo-glycosidase digestion

The N-glycans were digested with various exo-glycosidases
under the following conditions: 2 mU of «2,3-specific neu-
raminidase from Macrobdella decora (Recombinant, Cal-
biochem) in 20 pL of 50 mM ammonium acetate buffer (pH
6.0) at 37°C for 24 h; 10 mU of a-galactosidase from green cof-
fee bean (Calbiochem) in 20 pL of 50 mM ammonium acetate
buffer (pH 6.0) at 37°C for 48 h; and 3 mU of $1,4-galactosidase
from Streptococcus pneumoniae (Recombinant, Calbiochem) in
20 pL of 50 mM ammonium acetate buffer (pH 6.0) at 37°C for
24 h.

Permethylation and MS analyses

Permethylation of the released N-glycans, and subsequent
MALDI-MS and MS/MS analyses on either a MALDI Q/TOF
Ultima (Mircomass) or a MALDI TOF/TOF (ABI 4700 Pro-
teomic Analyzer), were performed essentially as described
previously (Yu et al. 2006). For additional nanoESI-MS and
MS/MS analyses on an LTQ-Orbitrap XL hybrid FT mass
spectrometer (Thermo Scientific), the permethylated glycans
in 50% acetonitrile/l mM NaOH were infused directly by static
nanospray for data acquisition using either the linear ion trap or
Orbitrap mass analyzer. Using the total ion mapping (TIM) func-
tionality provided by the XCalibur instrument control software
package (version 2.0.7), automated MS/MS spectra (at 35% col-
lision energy) were obtained across the entire mass range m/z
500-2000 with a parent ion stepping of 2 mass units, in collec-
tion windows that were 2.8 mass units in isolation width (41.4
amu). Two microscans, each 1000 ms, in maximum injection
time with the AGC (auto gain control) on, were averaged for
each collection window. The 0.8 mass unit overlap from step to
step was set to allow minor parent ion signals occurring at the
edge of an individual window to be sampled in a more repre-
sentative fashion. For data analysis, the Qual Browser (Thermo



Fisher Scientific) was used in ion-map mode to filter out the
parent ions containing specific terminal epitope, either by prod-
uct ion or neutral loss sorting, to create pseudo-precursor ion
or neutral loss scan profiles. These low resolution reconstructed
TIM mass profiles were then matched against the high resolu-
tion, high accuracy MS profile obtained with the Orbitrap to
facilitate manual peak assignment. False positives were manu-
ally eliminated by further examination of the respective ion trap
MS? data.
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