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Lectin-based structural glycomics requires a search for useful lectins and their
biochemical characterization to profile complex features of glycans. In this paper, two
GlcNAc-binding lectins are reported with their detailed oligosaccharide specificity. One
is a classic plant lectin, Griffonia simplicifolia lectin-II (GSL-II), and the other is a novel
fungal lectin, Boletopsis leucomelas lectin (BLL). Their sugar-binding specificity was
analyzed by frontal affinity chromatography using 146 glycans (125 pyridylaminated
and 21 p-nitrophenyl saccharides). As a result, it was found that both GSL-II and BLL
showed significant affinity toward complex-type N-glycans, which are either partially
or completely agalactosylated. However, their branch-specific features differed signifi-
cantly: GSL-II strongly bound to agalacto-type, tri- or tetra-antennary N-glycans with
its primary recognition of a GlcNAc residue transferred by GlcNAc-transferase IV, while
BLL preferred N-glycans with fewer branches. In fact, the presence of a GlcNAc residue
transferred by GleNAc-transferase V abolishes the binding of BLL. Thus, GSL-IT and BLL
forms a pair of complementally probes to profile a series of agalacto-type N-glycans.

Key words: carbohydrate binding specificity, frontal affinity chromatography, GlcNAc,
lectin, N-linked glycans.

Abbreviations: BLL, Boletopsis leucomelas lectin; GSL-II, Griffonia simplicifolia lectin-II; FAC, frontal affinity
chromatography; PA, pyridylaminated; pNP, p-nitrophenyl.

Lectins, with their diverse sugar-binding specificities,
are useful probes for the study of glycoconjugates in
various biological materials. In fact, they have been used
for only qualitative or semi-quantitative purposes.
However, lectins are now being reconsidered as versatile
tools for quantitative purposes, too, in the context of
“lectin-based structural glycomics” (I). For this reali-
zation, a quantitative affinity technique, frontal affinity
chromatography (FAC), was reinforced (2—4). More
recently, an automated machine for high-throughput
lectin-glycan interaction analysis, designated FAC-1,
was developed (1, 5).

To profile complex features of glycans, it is essential to
prepare a range of useful lectins to cover diverse glycan
structures. From a practical viewpoint, however, only few
lectins presently available for agalacto-type N-glycans,
which bear GlcNAc residue(s) at their non-reducing
end(s). In this context, specific detection of non-reducing
end GlcNAc residues in a branch-specific manner should
be extremely valuable, because branching features of
N-linked glycans are of much biological significance,
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such as in development and diseases including cancer
metastasis (6-8). For their biosynthesis, a series of GIcNAc
transferases are involved in mammals. So far, several
plant lectins, which bind to chito-oligosaccharides, have
been reported, but only few of them can recognize agalac-
tosylated N-glycans in a specific manner. This is firstly
because relatively few GlcNAc-binding lectins have been
isolated so far, and secondly because no systematic
analysis using complex glycans has been made from a
quantitative viewpoint. Thus, it is essential to investigate
the fine specificities of GlcNAc-binding lectins as potential
tools for N-glycan profiling.

A leguminous plant lectin, Griffonia (Bandeiraea)
simplicifolia lectin-II (GSL-II), is one of the most popular
GlcNAc-binding lectins. Notably, GSL-II is distinct from
other GlcNAc-binding lectins, represented by wheat
germ agglutinin (WGA) and potato lectin (STL): the former
specifically binds to non-reducing terminal GlcNAc resi-
dues, while the latter two recognize even internal GlcNAc
residues (9, 10). Therefore, GSL-II has been extensively
used to detect non-reducing terminal GlcNAc residues
(11-13). Another GlcNAc-binding lectin from the edible
mushroom Psathyrella venlutina (PVL) is also used for
this purpose (14). To date, however, no quantitative data
using a panel of complex type N-glycans are available for
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them. More recently, a new GlcNAc-binding lectin (BLL)
was isolated from another edible mushroom, Kurokawa
(Boletopstis leucomelas) (15). Preliminary experiments sug-
gested that BLL has significant affinity for agalacto-type
N-glycans, but not for those lacking non-reducing terminal
GlcNAc (16).

In order to develop unique GlcNAc-binding lectins to
profile N-glycans, we attempted systematic analysis of
detailed sugar-binding specificities of two such potential
lectins, GSL-II and BLL by FAC using 146 glycans (125
pyridylaminated and 21 p-nitrophenyl oligosaccharides).
To make comparison of the results easier, a new repre-
sentation format designated "GRYP" code of branched
N-glycan structures is also proposed.

MATERIALS AND METHODS

Oligosaccharides—p-Nitrophenyl (pNP) glycosides of
GalB, GalNAcP, Mana, GlcNAca, Fuco and GalB1-4Glcp
were purchased from SIGMA (St Louis, MO, USA); Gala,
GalNAca, Manp, Galp1-4GlcNAcB, Galpf1-3GalNAc «
(Corel), Galp1-3(GlcNAcB1-6)GalNAca (Core2),
GlcNAcB1-3GalNAca (Core3) and GlecNAcB1-6GalNAca
(Core6) were from Toronto Research Chemicals, Inc.
(North York, Canada); Glca was from Calbiochem
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(San Diego, CA, USA). Other pNP-glycosides [Glcp,
GlcNAcfp and (GleNAcp1-4);_4GlcNAco-pNP]  were
obtained from Seikagaku Co. (Tokyo, Japan).

Pyridylaminated (PA), N-linked glycans used in this
study are listed in Fig. 1. Glycans numbered 002—-014,
103, 105, 107, 108, 307, 313, 314, 323, 405, 410, 418—
420, and 503 were purchased from Takara Bio Inc.
(Kyoto, Japan), while the others were from Seikagaku
Co. Non-labeled glycans, 906 and 907, were obtained
from Seikagaku Co., and were pyridylaminated with
GlycoTag (Takara Bio). Glycolipid-type glycans and
others, which lack non-reducing end GlcNAc, were
prepared as described previously (for detailed structures,
see fig. 2 in Ref. 5).

Lectins—Griffonia  simplicifolia lectin-II (GSL-II)-
agarose was obtained from Vector Laboratories
(Burlingame, CA). Boletopsis leucomelas lectin (BLL)
was purified from the fruit body of the edible mushroom
"Kurokawa" as previously described (15).

Preparation of Lectin Columns—BLL was dissolved in
0.2 M NaHCOj; buffer, pH 8.3, containing 0.5 M NaCl
and coupled to NHS-activated Sepharose (Amersham
Bioscience, Uppsala, Sweden) according to the manufac-
turer’s instructions. Lectin-Sepharose was suspended in
10 mM Tris-HCI buffer, pH 7.4, containing 0.8% NaCl
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Fig. 1. Schematic representation of PA-oligosaccharides Symbols used to represent pyranose rings of monosaccharides are

used in this study. The reducing terminal is pyridylaminated.

shown in the box at the bottom of the figure.
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(TBS) and packed into a miniature column ( 2 mm x 10 mm,
31.4 pl) as previously described (5).

Frontal Affinity Chromatography (FAC)—Frontal affi-
nity chromatography was performed with an automated
system for FAC (FAC-1) as described previously (I, 5).
Briefly, lectin-columns prepared above were slotted into
a stainless holder, and connected to the FAC-1 machine.
The flow rate and the column temperature were kept at
0.125 ml/min and 25°C, respectively. After equilibration
with TBS, an excess volume (0.5-0.8 ml) of pNP- (5 uM)
and PA-glycans (2.5 or 5.0 nM) was successively injected
into the columns by an auto-sampling system. Elution of
pNP- and PA-glycans was monitored by measuring UV
(280 nm) and fluorescence (excitation and emission wave
lengths, 310 and 380 nm, respectively). The elution front
relative to that of an appropriate standard oligosaccharide
(i.e., PA-lactose), i.e., V-V,, was then determined (3).
Dissociation constants (Ky) were obtained from V-V, and
B, according to the basic equation of FAC (2-5).

Concentration-Dependence Analysis—For the determi-
nation of effective ligand content, B;, concentration-
dependence analysis was performed as described
previously (3). Various concentrations ([Alg) of GleNAca-
pNP for GSL-II and GalB1-3GalNAca-pNP for BLL were
successively injected into the columns, and V-V, values
were calculated essentially according to the method
developed by Arata et al. (17). Woolf-Hofstee-type
plots, i.e., (V-Vy) vs. (V-Vy)[Aly, were made, and B; and
K4 values were determined from the intercept and the
slope, respectively, of the fitted curves.

RESULTS AND DISCUSSION

Evaluation of the Lectin Columns Using pNP-
Oligosaccharides—In our preliminary experiments, BLL
showed extremely high affinity for non-reducing terminal
GlcNAc residues in both partially- and completely-
agalactosylated N-glycans (16), while GSL-II showed mod-
erate affinity to these N-glycans. Therefore, BLL-agarose
and GSL-II-agarose were prepared at concentrations of
0.1 mg protein/ml gel and 3 mg protein/ml gel, respectively.
For evaluation of the columns, so-called "concentration-
dependence analysis" was conducted with appropriate
p-nitrophenyl (pNP)-derivatives. For GSL-II, various
concentrations (2.5 to 70 pM) of GlcNAca-pNP were pre-
pared, and were successively injected into the column. The
resulting B, and K, values were 0.86 nmol and 6.9 x 107 M,
respectively (Fig. 2).

On the other hand, none of the GlcNAc-containing pNP
derivertives tested, i.e. GlcNAca-pNP, GlcNAcB-pNP and
(GleNAcB1-4);_4GlecNAca-pNP, showed significant affinity
for BLL, at least under the employed conditions, despite
the fact that the lectin was purified by affinity chromato-
graphy using GlcNAc-agarose (15). BLL was recently
shown to possess sequence homology to another mushroom
lectin, Agaricus bisporus agglutinin (ABA) (15), which is
known to bind Galp1-3GalNAc (T-antigen) with high affi-
nity (18, 19). However, a recent X-ray crystallographic
study revealed that ABA possesses two carbohydrate-
binding sites per subunit: one accommodates Galp1-3Gal-
NAc (T-antigen) and the other, GlcNAc (20). This finding
implies that BLL can also recognize T-antigen as well as
non-reducing terminal GlcNAc through distinct binding
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Fig. 2. Determination of B; values. Concentration-dependence
analysis and subsequent Woolf-Hofstee type plot were performed.
Various concentrations (2.5 to 70 M) of GleNAca-pNP and Galf1-
3GalNAco-pNP were applied to GSL-II (closed circle) and BLL
(open circle) columns, respectively, and Woolf-Hofstee-type plots
were made for the obtained V-V, values. B; and K, values were
obtained from the intercept and the slope, respectively.

sites in a stoichiometric fashion. Thus, we attempted to
determine whether or not BLL could bind to T-antigen.
As a result, Galpl-3GalNAca-pNP was found to have
significant affinity for BLL, and B; and K4 values were
determined to be 0.56 nmol and 1.1 x 10° M, respectively
(Fig. 2). Hence, the following discussion is made on the
assumption that BLL has two equivalent sugar-binding
sites, i.e., for Galf1-3GalNAc and for GlcNAc as ABA (21).

Analysis Using p-Nitrophenyl (pNP) Derivatives—
Among the pNP-glycosides tested, GSL-II showed
the strongest affinity for GlcNAca-pNP, followed
by  chito-oligosaccharides, GlcNAcPB1-4GlcNAcao-pNP,
(GleNAcB1-4):GleNAca-pNP, (GleNAcp1-4)3GlcNAca-pNP
and (GlcNAcp1-4),GlcNAca-pNP (Fig. 3A, left) in the
order of reducing affinity. This result indicates that
polymerization of GlcNAc has rather a detrimental effect
on binding. GSL-II also showed significant affinity for
GlcNAcB-pNP, but its binding was 7.1 times weaker
than for the o-anomer. This observation is consistent
with previous reports (9, 10). Although GSL-II showed
a trace binding to O-linked glycans containing a non-
reducing terminal GlcNAc (i.e., Core2, Core3 and
Core6a-pNP), the V-V, values were close to the error in
the present FAC system (i.e., 2 ul),

As addressed above, BLL possessed no detectable
(e, V-Vy < 2 ul, K, < 23 x 10> MY affinity for
GlcNAco/B-pNP and chito-oligosaccharides (Fig. 3A,
right). Since BLL showed significant affinity for Galf1-
3GalNAca-pNP (Corel, Ky = 1.1 x 107® M), this implies
another binding site clearly distinct from the GlcNAc-
binding site originally assumed for this lectin. In fact,
binding of Galp1-3GalNAca-pNP to BLL was not inhibited
at all, even by the presence of a high-concentration (0.25 M)
of GlcNAc (data not shown). In ABA, the T-antigen binding
site can hardly accommodate GalNAc (20), since its
affinity was 2,000-fold less than that of T-antigen (I18).
Consistently no apparent affinity was detected for
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GalNAco/B-pNP in BLL. Notably, BLL also showed
reduced but significant affinity for Galp1-3(GlcNAcp1-6)
GalNAco-pNP (Core2), while it had no affinity for
GlcNAcp1-3GalNAcau-pNP  (Core3) and  GlcNAcB1-
6GalNAca-pNP (Core6). Therefore, non-reducing-end Gal
is essential for BLL recognition, while modification at
6-OH of the reducing-end GalNAc drastically (i.e., by
approximately 85%) reduced the affinity.

Overall Features of GSL-1I and BLL Binding Specificity
to PA-Oligosaccharides—Both GSL-II and BLL showed

substantial affinity for partially- and completely-
agalactosylated complex-type glycans, while showing no
apparent affinity to high-mannose-type glycans. It is
therefore evident that none of these lectins recognize the
reducing-end chitobiose of N-glycans. Moreover, neither
BLL nor GSL-II showed apparent affinity for glycolipid-
type glycans, which lack non-reducing end GlcNAc (data
not shown; for detailed structures, see fig. 2 in Ref. 5).

A distinguishing feature of GSL-II is its marked affinity
for chito-oligosaccharides. As described above, GSL-II,

J. Biochem.

2702 ‘62 Jequeldes uo A1sieaiun Bued e /Bio'seulnolplioixoql/:dny woiy papeojumoq


http://jb.oxfordjournals.org/

Oligosaccharide Specificities of GlcNAc-Binding Lectins

branch code code
(A)

al-6Fuc
"
Vi
]
]
v
I

289

code Fig. 4. (A) Definition of "GRYP"
code to represent branch posi-
tions and non-reducing end sac-
charides. Each branch is numbered
from I to VI corresponding to
GlcNAc-transferases. Examples of
glycan codes expressed by this sys-
tem. Boxes are arranged along with
the glycan structure drawn as
described in Fig. 1. Non-reducing
end sugar is shown in color: green,
GlcNAc; red, galactose; purple,

(B)

K, x 10-4(M-1)
o = -
o wn =) wn
107 e———
315 —————
47 ] p————
414 ———
317 m———
312 pe——
203 m—

316 m—
413_'_

NeuAc; yellow, a1-6 (core) fucose;
white, mannose (no-elongation).
(B, C) Bar graph representation of
affinity constants (K,) of GSL-II (B)
and BLL (C) toward completely/
partially agalactosylated N-linked
glycans in the order of affinity
strength. Numbers at the bottom
of the bar graphs correspond to
sugar numbers indicated in Fig. 1.
Corresponding GRYP codes are
shown under the graphs.

11 O 00 L0 fr —NMNY —NTIN DO~ MO~

=1=2-F= — 0000 0CO0000O~—000~

—_———rd =+ —_———tNmAann T ST
al-6 Fuc
v
Vi

(bisect) I:: Eq
v H

(C) IZI

K, x 10-4M-")

al-6 Fuc

A

Vi
]
(bisect) Il

" Hr P

but not BLL, showed substantial affinity for 906 and
907 (Fig. 3B). K, values determined for these
PA-oligosaccharides correlated well with those obtained
for corresponding pNP-glycosides (Fig. 3A, left).

While the global features of GSL-II and BLL are similar,
detailed oligosaccharide specificities differ significantly.
Here, to avoid a complicated discussion, we developed a
new representation method for N-glycan structures,
designated the "GRYP" code (Fig. 4A). Essential points
are: (i) branch positions of N-glycans are numbered
from I to VI according to the nomenclature system applied
for mammalian GlcNAc-transferases. (ii) Non-reducing
end sugars are shown in different colors; i.e., GlcNAc

Vol. 140, No. 2, 2006

(green), Gal (red), NeuAc (purple), whereas the presence
of core fucose (a1-6Fuc) is expressed with another box
colored in yellow.

Fine Specificity of GSL-II—Among completely agalacto-
sylated N-glycans (101-205), GSL-II showed significant
affinity for 105-108 and 203-205, while demonstrating
no apparent affinity for 101-104 and 201-202 (Fig. 3B,
left). For galactosylated complex-type N-glycans
(301-420), strong affinity was observed for 312,
314-320, 407-409 and 411-416. In order to clarify a struc-
tural element required for GSL-II recognition, K, values
determined by FAC were arranged in order of strength in a
vertical bar graph together with the GRYP codes (Fig. 4B).
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Evidently, GSL-II strongly bound to tri- and tetra-
antennary glycans, but had no, or if any, only trace affinity
for mono- and bi-antennary ones. Notably, GSL-II showed
remarkable affinity (K, > 8.5 x 10> M™!) for a restricted set
of glycans having non-reducing terminal GlcNAc at
"branch-IV." For example, by comparison between 107
and 316 (Fig. 4B), it is clear that the addition of Gal
(red-colored in branch-IV box) abolished the affinity.
Although an increase in the number of non-reducing term-
inal GlcNAc residues somewhat enhanced the affinity
(105 vs. 107), the essential feature of GSL-II binding is
the presence of the intact GleNAc residue at branch-IV.

There was no substantial effect whether GlcNAc resi-
dues at branches-I, -II, -III and -V were present or not,
whether they were galactosylated or not, and whether
the core chitobiose structure was ol1-6 fucosylated or
not. However, there is a significant loss of affinity, if all
other branches are galactosylated (312 and 409). In the
cases where branch-IV GlcNAc is galactosylated (320,
316 and 413), the presence of branch-V GleNAc compen-
sated to some extent for the loss of affinity to branch-IV
GlcNAc.

Fine Specificity of BLL—Among agalactosylated
N-glycans (101-205), 101-106 and 201-204, were recog-
nized with relatively high affinity, while 107, 108 and 205
were not recognized at all (Fig. 3B, right). Notably, such
preference is almost opposite to the case of GSL-II. Among
galactosylated complex-type N-glycans (301-420), strong
affinity was observed for 304-306, 309-312, 403, 404 and
407-409. Again, this is opposite to the case of GSL-II,
except for 407—409.

As is evident from Fig. 4C, BLL showed the strongest
affinity for bi-antennary, agalactosylated N-glycans (103
and 202). Binding to 103 was specifically inhibited by 100
mM GlcNAc, whereas that of Corel-pNP was not. This
observation strongly support the above mentioned idea
that BLL has dual sugar-binding sites (data not shown).

Mono-antennary, agalactosylated glycans are also good
ligands for BLL, but with significant branch-specificity:
i.e.. branch-II (e.g., GlcNAcp1-2Manal-6Manf in 306) is
1.4 times more preferred than branch-I (GlcNAcB1-
2Mana1-3Manf in 304). Tri-antennary, agalactosylated
glycans (105 and 204) are also good ligands, but the affinity
is almost the same as for mono-antennary glycans (101 and
201). In other words, the GleNAc residue at branch-IV has
a rather detrimental effect for BLL recognition (compare
103 vs. 105), in contrast to the case of GSL-II. This explains
why these lectins show compensating features of agalacto-
type N-glycans. The affinity of BLL was also reduced by the
presence of bisecting GlcNAc (103 vs. 104 and 202 vs. 203).
Importantly to note, none of the glycans having the
branch-V (GlcNAcB1-6Manal-6Manf, Fig. 4C) showed sig-
nificant affinity to BLL. Since the presence of branch-V
causes drastic structural change in the complex-type
N-glycans, BLL recognition may require an intact
conformation of agalacto, bi-antennary N-glycans.

Summary of FAC Analysis—Sugar-binding properties of
GSL-II and BLL are summarized as follows: (i) both GSL-II
and BLL show affinity for completely and partially
agalactosylated, N-linked glycans, while their fine specifi-
cities are markedly different. (ii) The non-modified GlcNAc
residue transferred by GlcNAc transferase-IV (GleNAcB1-
4Mano1-3Manp) is essential for GSL-II-binding. Thus,

S. Nakamura-Tsuruta et al.

agalactosylated, tri- or tetra-antennary N-glycans contain-
ing this branch-IV are the best ligands for GSL-II. (iii) BLL
shows high affinity for mono-, bi- and tri-antennary, aga-
lactosylated glycans, while its affinity is drastically
reduced by the presence of the GlcNAc residue transferred
by GlecNAc transferase-V, and to a lesser extent, by those
transferred by GlcNAc transferases-III and IV.

In order to profile N-glycan structures efficiently, a pri-
mary requisite is to know their frame structures consisting
of five GlcNAc residues, each of which is closely associated
with the biological functions of glycoproteins (8, 22-25). In
this study, we demonstrated that GSL-II and BLL can
bind to agalactosylated glycans in a branch-specific and
complementary manner. These findings as well as a
novel expression format, the GRYP code, should contribute
to the development of highly useful glycan profilers in the
emerging field of glycomics (26).
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Technology Organization) under the METI (The Ministry of
Economy, Trade, and Industry, Japan).
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