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Lectin-based structural glycomics: Glycoproteomics
and glycan profiling
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Structural glycomics (SG) plays a fundamental part of concurrent glycobiology aiming at comprehensive elucidation of
glycan functions (i.e., functional glycomics) in the context of post-genome sciences. The SG project started in April 2003
and will continue for 3 years in the framework of NEDO (New Energy and Industrial Technology Organization) under the
METI (the Ministry of Economy, Trade, and Industry), Japan. The main purpose of the project is the development of high-
throughput and robust machines, which should greatly contribute to the structural analysis of complex glycans. In this
chapter, 2 major research items, i.e., (1) glycoproteomics, which enables comprehensive analysis of glycoproteins, and
(2) “glycan profiling” by means of lectins, are described. For the latter, frontal affinity chromatography has been adopted
as a starting tool for comprehensive analysis of the interaction of 100 lectins and 100 oligosaccharides under the concept

of “hect-by-hect,” which refers to 100 x 100.
Published in 2004.
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Introduction

Glycans are the third group of bio-informative macromolecules,
whose structures and functions are to be elucidated in various
contexts of post-proteome sciences. Apparently, the most im-
portant issue facing glycobiology is how rapidly, efficiently,
sensitively, and accurately complex glycan structures can be
analyzed in a high-throughput manner. In this chapter, I de-
scribe 2 research subjects involved in the SG (Structural Gly-
comics) project, which is proceeding under the control of the
New Energy and Industrial Technology Development Organi-
zation (NEDO). One is “glycoproteomics,” aimed at compre-
hensive analysis of glycoproteins; and the other is “glycan pro-
filing,” for extracting core information about glycan structures
by means of lectin affinity technologies. The essence of these
subjects was previously stated, in which studies the model or-
ganism Caenorhabditis elegans was targeted [1]. Each subject
described in this chapter is intended to develop high-throughput
machines for analysis of the complex carbohydrate structures of
much higher organisms including human beings under the con-
cept of “glycoproteomics,” which should lead eventually to a
complete understanding of the actual world of the glyco-clothed
proteome.
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Glycoproteomics

Glycoproteomics plays an “entry” part in the SG project. Ac-
tually, the subject is divided into 3 sub-themes achieved by dif-
ferent research groups that collaborate with core laboratories
in The Research Center for Glycoscience in Tsukuba (RCG
Tsukuba): (1) proteome strategy group, (2) glycome strategy
group, and (3) glycoform strategy group. The proteome strategy
is being carried out for large-scale analysis at Tokyo Metropoli-
tan University based on the established procedure (described
below), whereas the glycome strategy is being implemented
at the RCG Tsukuba for the development of a total system en-
abling both identification of glycoprotein genes and profiling of
glycans attached to each glycosylation site. For this realization,
automated and versatile machines are being developed in col-
laboration with GL Sciences Inc. (Iruma, Japan). On the other
hand, the glycoform strategy group is developing an automated
glycan liberation machine for glycoform analysis applicable
to both N- and O-glycoproteins in collaboration with Kinki
University and Shimadzu Corporation.

The proteome strategy occupies a fundamental part in that
it collects basic information about mammalian glycoproteins
in a comprehensive manner by using a recently established
procedure for analysis of glycoproteins (Figure 1A) [2]. The
procedure is actually a combination of the recently developed
lectin-affinity technology named “glyco-catch” [3] and an
advanced proteome strategy, “2D-LC/MS/MS” (2-dimensional
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Figure 1. (A) Schema showing glyco-catch procedure for comprehensive identification of glycoproteins. The essence of the strategy
is selective capturing of glycopeptides, which are generated by proteolysis and then subjected to conventional proteomic procedures
to identify core protein genes in genome databases as well as precise determination of N-glycosylation sites by the special use of
peptide-N-glycosidase F (PNGaseF) in the presence of H, 80. (B) Reaction scheme of PNGaseF. Since the enzyme is actually an
amidase rather than a glycosidase, the '®0O atom is introduced into an aspartic acid residue, which makes a useful tag to identify

actual N-glycosylated sites.

liquid chromatography/mass spectrometry/mass spectrometry)
[4]. In this method, various lectins are used to capture gly-
copeptides after proteolytic cleavage of isolated glycoproteins,
and then the captured glycopeptides are analyzed in the context
of focused proteomics. Here, the method must clarify the nature
of the glycan moieties, because their structures are not known
in advance; and thus, conventional proteome strategy cannot be
easily applied. For this solution, a conventional glycotechnolog-
ical method, i.e., the use of peptide N-glycanase F (PNGaseF)
in the presence of H, 80 [5], was adopted to incorporate stable
isotope 80 into each N-glycosylation site (designated isotope-
coded glycosylation-site-specific tagging: IGOT). Thus, high-
throughput, sensitive (by means of LC-MS/MS), accurate (by
means of PNGaseF and '30), and focused (by means of glyco-
catch method) analysis of glycoproteins has become quite
possible (Figure 1A). Kaji er al. applied this strategy for the
first time to a simple model organism, Caenorhabditis elegans
[2]. In the SG project, we focus on targets from much higher or-
ganisms including human beings, whose genome sequences are
known, by using various lectins with various sugar specificities,
e.g., ConA for high-mannose type N-glycans, RCA-I for galac-

tosylated complex type N-glycans, PSA for core-fucosylated
N-glycans, SSA for «2,6-sialylated N-glycans, etc.

An apparent disadvantage of the glyco-catch method, fol-
lowed by IGOT, is its inapplicability to O-glycopeptides, be-
cause no universal glycosidase to liberate all kinds of O-glycans
is available. Even if any, the above IGOT strategy cannot be
applied to identify glycosylation sites, because the stable iso-
tope 130 are not incorporated into the peptide portion like in
N-glycopeptides (Figure 1B). For systematic identification of
mucin-type O-glycoproteins, a novel method using a synthetic
donor analogue of GalNAc to be incorporated into polypeptides
in appropriate cell culture systems was recently reported [6],
though the strategy is not directly applied for natural tissues.
Another possible disadvantage of the glyco-catch method is the
rather biased collection of glycopeptides, even though various
kinds of lectins are used. In this regard, a recently developed
procedure can be an alternative to our glyco-catch method [7].
In this context, Aebersold and his co-workers reported a dis-
tinct procedure for broader collection of glycoproteins by use
of a chemical capture method consisting of (1) periodate oxi-
dation of cis-diol moieties of glycans, which occur mostly at
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non-reducing terminal ends in glycoproteins, and (2) covalent
coupling of the generated aldehyde groups to hydrazide beads.
Their following strategy, i.e., identification of peptides by 2D-
LC/MS/MS after removal of glycans, is almost the same as
in our procedure, though they do not take advantage of the
stable isotope 'O to assure determination of N-glycosylation
sites. Aebersold’s strategy is in principle more comprehensive
than the glyco-catch. On the other hand, the latter procedure
was developed originally to identify glycoprotein receptors for
endogenous lectins, such as galectins [8-10], selectins [11],
and siglecs [12]. From a biological viewpoint, “focused glyco-
proteomics” can be more meaningful over the chemical-catch
method. Moreover, the latter also has practical difficulty in
identifying poorly expressed glycoproteins whose functions
are important. From a global viewpoint, the two procedures
can be compensative to each other, and thus, should better be
used in a more appropriate context depending on each research
objective.

Glycan profiling

Another subject of the SG project described in this chapter is
glycan profiling using lectins. MS is expected to play a domi-
nant role in profiling complex glycan structures in a sensitive
and accurate manner by means of MS". However, an appar-
ent difficulty of MS is discrimination of a number of struc-
tural isomers, such as enantiomers (e.g., D/L-glucose), diastere-
omers (galactose/mannose), anomer («/f), linkage (1-3/1-4),
and position isomers (1-3 branch/1-6 branch). Of course, the
SG project challenges the theme from a fundamental aspect. On
the other, hand, the use of lectins in glycan profiling is of sig-
nificant advantage to discriminate the above isomers, because
these lectins serve as “glycan decipherers” in vivo.

The subject of glycan profiling consists of 2 research projects,
i.e., (1) frontal affinity chromatography (FAC) and (2) lectin ar-
rays. FAC takes a fundamental part of glycan profiling by pro-
viding basic data of lectin-oligosaccharide interaction under the
“hect-by-hect” project, which intends to determine the dissocia-
tion constants (K4’s) between 100 lectins and 100 oligosaccha-
rides. For this purpose, a proto-type automated FAC machine
(FAC-1) has already been developed in collaboration with Shi-
madzu Corporation (Kyoto, Japan). The other project, “lectin
arrays,” aims at coincidental detection of multiple (e.g., > 50)
lectin-oligosaccharide interactions, which cannot be done by
FAC. For this purpose, various principles should be applied;
but the project focuses, as the first choice, on near-field optic
technology in the form of an evanescent wave-excited fluores-
cence detection system [13—15] in collaboration with Nippon
Laser and Electronics Lab. (Nagoya, Japan). In this chapter, the
hext-by-hect project by FAC is described.

FAC

Frontal affinity chromatography (FAC) is a quantitative affin-
ity chromatography originally developed by Kasai and Ishii 30

yeas ago [16]. FAC is a qualified technique enabling precise de-
termination of K ’s of biomolecules based on a simple principle
analogous to enzyme kinetics (Figure 2A) [17]. Its application
to various biomolecules has been reported: i.e., proteases and
substrate analogues [18,19], antigens and antibodies [20], and
lectins and oligosaccharides [21-24]. However, previous pro-
cedures required a considerably long time for each analysis
(usually several hours) and relatively large amounts of ligands
for immobilization and free analytes for elution. For detection
of the eluted analytes, radio-labeling is necessary in some cases.
To overcome these problems, major improvement was recently
achieved independently in 2 laboratories: Hindsgaul and his
coworkers made a small and thin tubular column (e.g., 0. 75 mm
diameter x 150 mm in length), to which cholera toxin was im-
mobilized. As an innovative point, they connected this column
to an electron spray ionization-mass spectrometer for on-line
detection of oligosaccharide derivatives. With this system, des-
ignated FAC/MS, various chemical compounds synthesized by
a series of combinatorial chemistry can be screened for binding
to cholera toxin [25]. Hirabayashi et al. reinforced the sys-
tem in a form more specialized for precise analysis of lectin-
oligosaccharide interaction by using a fluorescence detection
(FD) system [26]. It should be particularly emphasized that their
system enables immediately the use of a considerable number
of (>100) fluorescently labeled standard oligosaccharides, such
as the pyridylaminated (PA) ones originally developed by Hase
et al. [27]. PA is advantageous over other fluorescence label-
ing methods in its chemical stability, sensitivity, and resolution
in multi-dimensional separation systems using HPLC (high-
performance liquid chromatography) [28]. Another advantage
of the FAC/FD is its accuracy: to determine elution volume (V)
of the elution front, a calculation program is available [29]. By
using this reinforced FAC system, comprehensive analysis of
the interaction between 41 galactose-containing oligosaccha-
rides and 13 animal galectins was made [8]. With this system,
functional analysis of galectins was also done [30,31] as well
as comprehensive analysis [32].

Hect-by-hect project

In the SG project, a specific machine for FAC/FD has been de-
veloped in order to improve the above system for greater high-
throughput. For this purpose, further miniaturization of the col-
umn system (the above system: 4 x 10 mm, gourd column type;
the present system: 2 x 10 mm, capsule column type) and incor-
poration of an auto-sampling system were achieved. Since the
proto-type machine is equipped with 2 analysis columns in par-
allel, it can process more than 100 interaction analyses in 10 h
(Figure 2B). Thus, comprehensive lectin-oligosaccharide anal-
ysis has become quite possible from both systematic and com-
parative viewpoints. This recently developed proto-type ma-
chine (FAC-1) is the initial step toward the ultimate machine for
FAC/FD aiming at versatile profiling of various lectins. Thus,
comprehensive analysis, e.g., between 100 lectins and 100 stan-
dard oligosaccharides are being undertaken in the context of the
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Figure 2. (A) Procedure for frontal affinity chromatography. To a column, which is packed with lectin-immobilized resin (e.g., agarose),
an excess amount of diluted saccharide solution is applied continuously. If the lectin has significant affinity to the saccharide, the
elution front is retarded relative to that of saccharine, which has no affinity for the lectin. Elution volumes of the former and latter are
defined as V, and V;, respectively. (B) Outline of a prototype automated FAC machine. The machine consists of an auto-sampler,
dual pumps, oven, column switching system, and fluorescence detector. Capsule-type column size is 2.0 mm ini.d. x 10 mm (column

volume, 31.4 ul).

“hect-by-hect” project. For the first step to carry out the project,
a panel of 49 oligosaccharides was used for brief profiling of
individual lectins (Figure 3). The thus selected core oligosac-
charides represented glycotope structures such as biantennary,
triantennary, tetraantennary, core fucosylated, bisected Glc-
NAc, «2-3/6 sialylated, «Gal, «GalNAc, type 1/2, Le?, LeX,
etc. The project is also supported by various groups, who
provide more complex oligosaccharides and non-commercial
lectins, e.g., milk oligosaccharides (Noguchi Institute; Tokyo,
Japan), glycosaminoglycan oligosaccharides (Seikagaku Cor-
poration; Higashiyamato, Japan), glycopeptides (RCG Tsukuba
and RCG Hokkaido), native lectins (Honen Corporation), and
mutated lectins (Tokyo University). Thus, the hect-by-hect
project should yield invaluable information regarding lectin-
oligosaccharide (glycopeptide) interaction, which is essential

for constructing glycan profiler. However, direct application of
native lectins, in particular animal lectins, might be limited from
various aspects, e.g., stability, availability, specificity. So, in fu-
ture, development of “reinforced lectins” should be necessary
for a more practical purpose.

Databases

Lastly, data obtained on all of the above research subjects,
i.e., glycoproteomics (described in this chapter), MS, and gly-
can profiling (described in this chapter) are summarized in the
forms of “glycoprotein database,” “oligosaccharide database,”
and “lectin database” (Figure 4), respectively, with the aid of
Mitsui Knowledge Industry, Co. Ltd. (Tokyo, Japan). After

completion of the SG project, these databases will be opened to
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Figure 3. A panel of 49 core oligosaccharides used in the “hect-by-hect” project.
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Figure 4. A conceptual image of structural glycome database.
The databases are composed of glycoprotein database,
oligosaccharide database, and lectin database.

the scientific community. Hopefully their availability to many
other scientists will lead to the development of even more pow-
erful approaches to accumulate further experimental data on
glycan structures and to devise other software for the purpose
of elucidating glycan functions.
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