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Oligosaccharide chains of glycoproteins and glycolipids at cell
membranes have been revealed to interact not only with carbo-
hydrate-binding proteins but also with complementary oligosac-
charide chains.1-5 Hakomori et al. have reported that the carbo-
hydrate-carbohydrate interaction plays important roles in cellular
recognition, for example, Lex-Lex interaction in compaction in
embryogenesis and Gg3 (gangliotriaosylceramide)-GM3 interac-
tion between lymphoma and melanoma cells.1,2 Recently, the
Gg3-GM3 interaction has been also suggested to initiate signal
transduction through inhibition or activation of transducer mol-
ecules.6 Although the importance of the carbohydrate-carbohy-
drate interaction has been widely accepted in the field of glyco-
biology and biochemistry, the mechanism has not yet been suf-
ficiently clarified owing to the difficulty of quantitative analysis
of the weak interaction. Attempts have been made to estimate
the interaction in water7 and on phospholipid bilayers8 by NMR
spectroscopy, but the interaction between simple oligosaccharide
molecules is too small to elucidate the carbohydrate-carbohydrate
interaction in biological recognition events. It is important to note
that the carbohydrate-carbohydrate interaction in cellular rec-
ognition is expressed only when the glycolipids are arranged as
clustered arrays in microdomain on the surfaces of cell mem-
branes.2

We reported recently that surface pressure-area (π-A) iso-
therms of glycolipids in the Langmuir monolayer were expanded
in the presence of structurally well-defined and complementary
glycoconjugate polystyrenes in water.9 These polymers possess
highly concentrated oligosaccharide chains which are attached
to all repeating units along the hydrophobic polystyrene main
chains.10 The clustered glycolipids in the Langmuir monolayer

as well as the clustered oligosaccharide chains along the polymer
chains could amplify the carbohydrate-carbohydrate interaction
at the air-water interface. However,π-A isotherms are not quan-
titative enough to determine the affinity constant of the interaction.
Recently, surface plasmon resonance (SPR) has been developed
as a real-time analytical and quantitative method to investigate
molecular recognition between various biomolecules.11 In this
contribution, we have applied SPR to investigate the carbohydrate-
carbohydrate interaction using glycosphingolipids in Langmuir
monolayers and glycoconjugate polystyrenes in aqueous solution.

Figure 1 illustrates the structures and abbreviations of sphin-
golipids and glycoconjugate polystyrenes9,10aused in this paper.
PN(Gg3), PN(Lac), and PN(Cel) stand for polymers carrying
N-glycosides of Gg3 trisaccharide (GalNAcâ1-4Galâ1-4Glcâ1-),
lactose, and cellobiose, respectively. The synthesis of these
polymers was described eleswhere.9,10a The number-average
molecular weights (Mn) of PN(Gg3), PN(Lac), and PN(Cel) were
estimated respectively to be 2.9× 104 (Mn/Mn ) 1.5), 2.0× 104

(Mn/Mn ) 1.8), and 3.4× 104 (Mn/Mn ) 3.0) by size exclusion
chromatography (SEC) using pullulan as standards and water as
eluent. KDN(GM3) was obtained from rainbow trout testis.12 The
sphingolipid was spread on pure water (>18 MΩ cm, purified
with a Millipore Purification System) in a Miyata-type moving
wall trough (Nippon Laser & Electronics Lab., Nagoya) and the
Langmuir monolayer was compressed to 30 mN m-1 and
transferred by a vertical dipping method onto a hydrophobized
gold-deposited glass plate (transfer ratio) 1.0). The change in
the incident angle (∆θ) which provides a constant reflectance
(about 0.5) responding to the addition of glycopolymers was
recorded on a surface plasmon resonance apparatus (SPR 670,
Nippon Laser & Electronics Lab., Nagoya) at 25°C.

Figure 2 shows the time courses of the angle changes (∆θ) of
the GM3 monolayer responding to the addition of glycopolymers
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Figure 1. Structures and abbreviations of lipids and glycoconjugate
polystyrenes used in this study.
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and Gg3-carrying styrene monomer at the same oligosaccharide
concentration (1.0µM). PN(Gg3) was adsorbed rapidly onto the
GM3 monolayer to reach a large angle change in a few minutes.
PN(Lac) and PN(Cel) were adsorbed more slowly to reach smaller
angle changes. On the other hand, the corresponding Gg3-carrying
styrene monomer was not adsorbed at all.13 The GM3 monolayer
recognized strongly the Gg3-trisaccharide clusters of glycopoly-
styrenes in water.

In Figure 3 are plotted the angle changes (∆θ) at the
equilibrium binding to the GM3 monolayer against the concentra-
tion per oligosaccharide unit of glycopolymers. All of these
glycopolymers gave typical Langmuir-type binding isotherms and
similar maximum angle changes. It is suggested that these
glycopolymers are adsorbed as monolayers in similar morphol-
ogies, although their affinities are quite different. Apparent affinity
constants per oligosaccharide unit (Ka) and maximum angle
changes (∆θmax) were calculated from the slopes and intercepts
according to eq 1

where [S] stands for the concentration of the oligosaccharide unit
of the glycopolymers. Although the interaction of these polymers
with the monolayer is probably complex mechanistically, the

present data can be fit to the simple Langmuir-type equation with
a single affinity constant. Hence, such a simple treatment is
actually valid to evaluate the apparent affinity in the present
multivalent carbohydrate-carbohydrate interaction as reported for
several polymeric recognition system.14

Table 1 summarizesKa, -∆G () RTln Ka at 25°C), and∆θmax

values in various combinations between glycolipid monolayers
and glycopolymers.Ka values calculated on the basis of the
polymer concentration are represented in parentheses, which
emphasize the amplified polyvalent interaction of the glycopoly-
mer molecules. The following discussion is made on the apparent
Ka values on the basis of the concentration of the oligosaccharide
unit. PN(Gg3) was bound to the GM3 monolayer withKa ) 2.5
× 106 M-1, whereas PN(Lac) and PN(Cel) were bound to the
GM3 monolayer withKa ) 7.7 × 104 M-1 and 4.4× 104 M-1,
respectively. Thus, the affinity of PN(Gg3) to the GM3 monolayer
was about 30 and 60 times those of PN(Lac) and PN(Cel),
respectively. The difference in affinity constants corresponded
to 2.0-2.4 kcal mol-1 of free energy gap at 25°C. The affinity
constant of PN(Gg3) to the lipids was decreased in the order of
GM3 > LacCer> GlcCer≈ (KDN)GM3 . ceramide. The order
of GM3, LacCer, and GlcCer was the same as those of
carbohydrate-carbohydrate interaction estimated qualitatively
with use of liposomes and cells by Hakomori et al.2a It is
interesting to note that PN(Gg3) was bound to the (KDN)GM3
monolayer more weakly than to GM3 by a factor of about 10,
and its binding strength was similar to that of the combination of
PN(Gg3)-GlcCer. This result suggests that the NHAc group of
N-acetylneuraminic acid in GM3 is essential in carbohydrate-
carbohydrate interaction between GM3 and Gg3. PN(Lac) and
PN(Cel) were bound to these glycolipid monolayers less strongly
(Ka ≈ 104 M-1) and less selectively. Therefore, the strong
adsorption of PN(Gg3) to the GM3 monolayer is attributable to
complementary carbohydrate-carbohydarate interaction.

In conclusion, we have achieved for the first time the
quantitative estimation of carbohydrate-carbohydrate interaction
between the GM3 monolayer and Gg3-containing polymer by
SPR. PN(Gg3) was selectively bound to the GM3 monolayer with
Ka ≈ 106 M-1, whereas its monomeric substance was not adsorbed
and PN(Lac) and PN(Cel) had little selectivity to the glycolipid
monolayers. It was revealed that the NHAc group ofN-
acetylneuraminic acid in GM3 plays an important role in
carbohydrate-carbohydrate interaction between GM3 and Gg3.
This methodology will be useful to elucidate the mechanism of
carbohydrate-carbohydrate interaction.
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Figure 2. Typical time courses of the angle change (∆θ) of SPR
responding to the addition of glycoconjugate polystyrenes and a mono-
meric substance (1.0µM) from an aqueous solution to the GM3 monolayer
at 25°C.

Figure 3. Saturation binding curves of glycoconjugate polystyrenes and
a monomeric substance to the GM3 monolayer depending on the
oligosaccharide concentrations at 25°C. The solid curves are theoretical
ones, according to the Langmuir equation using the parameters in Table
1.
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Table 1. Ka, -∆G, and∆θmax in Carbohydrate-Carbohydrate
Interaction between Glycolipid Monolayers and Glycopolystyrenes
at 25°C

monolayer polymer
Ka

104 M-1 a (106 M-1)b
-∆G

kcal mol-1 a
∆θmax

mdeg

GM3 PN(Gg3) 250 (110) 8.7 168
PN(Lac) 7.7 (3.2) 6.7 152
PN(Cel) 4.4 (3.2) 6.3 156

LacCer PN(Gg3) 65 (28) 7.9 139
PN(Lac) 7.7 (3.2) 6.7 26
PN(Cel) 6.1 (4.4) 6.5 15

GlcCer PN(Gg3) 24 (10) 7.3 142
PN(Lac) 4.1 (1.7) 6.3 186
PN(Cel) 3.9 (2.8) 6.3 77

(KDN)GM3 PN(Gg3) 25 (11) 7.4 232
PN(Lac) 5.9 (2.5) 6.5 101
PN(Cel) 2.6 (1.9) 6.0 104

ceramide PN(Gg3) 2.9 (1.2) 6.1 151
PN(Lac) 0.012 (0.005) 2.8 223
PN(Cel) 0.027 (0.019) 3.3 66

a On the basis of the concentration of oligosaccharide unit.b On the
basis of the polymer concentration.
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