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Abstract Formation of membrane microdomain is critical
for cell migration (epiboly) during gastrulation of medaka
fish [Adachi et al. (Biochem. Biophys. Res. Commun.
358:848–853, 2007)]. In this study, we characterized
membrane microdomain from gastrula embryos to under-
stand its roles in epiboly. A cell adhesion molecule (E-
cadherin), its associated protein (β-catenin), transducer
proteins (PLCγ, cSrc), and a cytoskeleton protein (β-actin)
were enriched in the membrane microdomain. LeX-contain-
ing glycolipids and glycoproteins (LeX-gp) were exclusive-
ly enriched in the membrane microdomain. Interestingly,
the isolated membrane microdomain had the ability to bind
to each other in the presence of Ca2+. This membrane
microdomain binding was achieved through the E-cadherin

homophilic and the LeX-glycan-mediated interactions. E-
cadherin and LeX-gp were co-localized on the same
membrane microdomain, suggesting that these two inter-
actions are operative at the same time. Thus, the membrane
microdomain functions as a platform of the E-cadherin- and
LeX-glycan-mediated cell adhesion and signal transduction.

Keywords Membrane microdomain . Lipid raft .

Embryogenesis . Gastrulation . Epiboly . Cell adhesion .

Medaka . LeX . Cadherin . Glycopolymer . E-cadherin

Introduction

Membrane microdomains or lipid rafts are widely ac-
knowledged as a hot spot for signal transduction [1], and
co-localize glycosylphosphatidylinositol-anchored and
membrane spanning receptor proteins with transducer
proteins [2–5]. Membrane microdomains are isolated from
various cells as a detergent-insoluble fraction having low
buoyant density (the low density detergent-insoluble
membrane, or LD-DIM) [6–10]. One of the interesting
features of this domain is its enrichment in glycolipids in
its outer surface [11], although not so often focused on.
Several lines of evidence show that glycolipids in the
membrane microdomain are involved in cell adhesion in
early development [12], metastasis [13, 14], and signal
transduction [7, 15]. Thus, the membrane microdomains
may function in glycolipid-mediated cell adhesion, as well
as in signal transduction. In our previous study, we first
demonstrated the presence of membrane microdomains in
gametic cells [10, 16] and have shown that the membrane
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microdomain of sperm acts as a binding site for sperm-
binding protein of egg coat in an acidic glycolipids-
dependent manner in sea urchin fertilization [17].

Recently we have also demonstrated that membrane
microdomains or LD-DIM, occur in early gastrula embryos
of medaka [18]. The embryonic LD-DIM is a cholesterol-
and sphingomyelin-rich membrane. Cholesterol is a key
lipidic component for the formation of LD-DIM, and its
removal from biomembranes by methyl-β-cyclodextrin
(MBCD) treatment disrupts the formation of LD-DIM
[19]. Interestingly, when LD-DIM of early gastrula embry-
os is disrupted by MBCD treatment, the process of epiboly
during gastrulation is impaired, leading to severe abnor-
mality in normal developmental processes [18]. The 3 mM
MBCD-induced disruption of the LD-DIM proceeds rapidly
within 5 min1. The disruption of LD-DIM and the
subsequent impairment of gastrulation processes are also
observed on the short-term treatment of C2-ceramide [18],
which destroys the liquid-ordered phase of biomembranes
[20]. Thus, the formation of LD-DIM on the embryonic
cells is crucial for normal development of embryos.
Furthermore, the MBCD-treated embryos that usually show
severe abnormality during gastrulation returned to normal
development when cholesterol is added back to the
embryos 15 min after the MBCD treatment [18]. Thus,
the disruption and restoration of the LD-DIM formation are
reversible by the removal and addition of cholesterol, and
eventually lead to abnormal and normal development,
respectively. Notably, the most typical morphological
feature on the LD-DIM disruption is a detachment of cells
from the blastoderm and the enveloping layer, suggesting
that the LD-DIM is involved in cell adhesion processes in
the process of epiboly during gastrulation. These observa-
tions led us to a hypothesis that the membrane micro-
domains function as a platform of cell adhesion of
blastodermal cells in epiboly during gastrulation. In the
present study, to elucidate molecular mechanisms for the
membrane microdomain-mediated cell adhesion, we char-
acterized the LD-DIM in terms of its components and the
homotypic adhesive nature.

Materials and methods

Medaka fish An orange-red variety of medaka (Oryzias
latipes) was purchased from a local fish merchant (Sato
Fish Farm, Yatomi, Japan) and bred in aquariums under a
14-h light/10-h dark cycle, at 27°C. Fertilized eggs were
collected from the abdomens of females, and incubated in
water at 27°C. Developmental stages of embryos were
identified according to the criteria of Iwamatsu [21].

Materials A monoclonal mouse antibody against human
CD15 or Lewis X (LeX) (anti-Lex) was purchased from
Ancell Corp. (Bayport, MN, USA). A polyclonal rabbit anti-
pan-cadherin antibody (anti-Cad) and a monoclonal mouse
anti-β-actin were purchased from abcam (Cambrige, UK). A
polyclonal rabbit anti-β-catenin was from Sigma (St. Louis,
MO, USA). A monoclonal mouse antibody against the N-
terminal extracellular domain (EC1) involved in the cadherin
homophilic binding (anti-EC1) was prepared using a
bacterially expressed recombinant EC1 as an immunogen.2

A polyclonal rabbit anti-cSrc antibody and a monoclonal
mouse anti-phospholipase C-γ (PLCγ) were purchased from
Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA). A
horseradish peroxidase-conjugated goat antibody against
mouse (IgG + IgM) was purchased from Zymed Laborato-
ries (South San Francisco, CA, USA). A horseradish
peroxidase-conjugated goat antibody against rabbit IgG was
purchased from Cell Signaling Technology (Danvers, MA,
USA). α-L-fucoside fucohydrolase (Streptpmyces sp.142,
α1,3/1,4-specific fucosidase) was purchased from Takara
(Kyoto, Japan). Pre-stained molecular weight marker was
purchased from Bio-Rad (Hercules, CA, USA). LNFP-I
(Fucα1→2Galβ1→3GlcNAcβ1→3Galβ1→4Glc), LNFP-II
(Galβ1→3(Fucα1→4) GlcNAcβ1→3Galβ1→4Glc),
LNFP-III (Galβ1→4 (Fucα1→3)GlcNAcβ1→3-
Galβ1→4Glc) were purchased from Calbiochem (San
Diego, CA, USA). LNFP I, LNFP II, and LNFP III were
conjugated with phosphatidylethanolamine dipalmytoyl (PE)
as described previously [22, 23], and designated H-Lac-PE,
Lea-Lac-PE, and LeX-Lac-PE, respectively. Polyglutamic
acid (PGA) conjugated with LacNAc (Galβ1→4GlcNAc)
(LacNAc-PGA), SiaLeX (NeuAcα2→3Galβ1→4
(Fucα1→3)GlcNAcβ1→3Gal) (SiaLeX-PGA), and LeX

(Galβ1→4(Fucα1→3)GlcNAcβ1→3Gal) (LeX-PGA) were
synthesized as described [24, 25].

Preparation of the LD-DIM or membrane microdo-
mains LD-DIM fraction was prepared as described previ-
ously [10, 18]. In brief, embryos at early gastrula (12 h-post
fertilization) of medaka (1.0 g) were homogenized in 5.0 ml
of 10 mM sodium phosphate (pH 7.2), 0.15 M NaCl
[phosphate-buffered saline (PBS)] containing 5 mM ethyl-
ene diamine tetraacetic acid (EDTA), 4 mU of leupeptin,
and 12.6 mU of aprotinin. The homogenate was centrifuged
at 4°C at 200,000×g for 30 min to collect the membrane
fraction as a pellet. The membrane fraction was suspended
in 1.0 ml of 10 mM Tris-HCl (pH 7.5), 0.15 M NaCl, 5 mM
EDTA (TNE) containing protease inhibitor cocktail and l%
Triton X-100, and stood on ice for 20 min. After

1 Adachi, T., unpublished observation

2 Adachi, T., Sato, C., Hashimoto, H., Wakamatsu, Y., and Kitajima,
K., to be published elsewhere.
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homogenized with ten strokes by Dounce homogenizer,
the suspension was centrifuged at 4°C at 1,300×g for
5 min. The resultant supernatant was mixed with an equal
volume of 85% (w/v) sucrose in TNE. The mixture was
layered successively with 6 ml of 30% (w/v) sucrose in
TNE and with 3.5 ml of 5% (w/v) sucrose in TNE, and
centrifuged at 4°C at 200,000×g for 18 h. After centrifu-
gation, 1 ml each of 11 fractions was collected from the top
of the tube. Two peak fractions centered at fractions 3–5
(low density) and 10–11 (high density) were obtained. The
fractions 3–5 contained a light scattering band, which
corresponds to LD-DIM fraction (or membrane micro-
domain), while the fractions 10–11 contained Triton X-100
soluble materials, which is thus detergent–soluble mem-
brane fraction (DSM). For chemical and immunochemical
analyses, LD-DIM and DSM were dialyzed against water or
PBS containing 5 mM EDTA. Unless otherwise stated, the
amount of membrane fractions is expressed as protein
quantity. Protein quantity was determined by the BCA
assay kit (Pierce, Rockford, IL, USA) using bovine serum
albumin (BSA) as a standard.

When the number of embryos was small, LD-DIM was
prepared by the Opti-prep gradient method [26] with slight
modification [18]. Briefly, homogenates of embryos were
centrifuged at 4°C at 200,000×g for 30 min to collect the
membrane fraction. The membrane fraction was suspended
in 0.4 ml of 25 mM Tris-HCl (pH 7.0), 0.15 M NaCl, 5 mM
EDTA containing the protease inhibitors (see above) and l
% Triton X-100, and stood on ice for 20 min. The lysate
was mixed with 0.8 ml of 60% (w/w) Optiprep (Sigma, St.
Louis, MO, USA). The mixture was layered successively
with 2 ml of 30% and with 0.5 ml of 5% Optiprep in the
same buffer, and centrifuged at 4°C at 160,000×g for 4 h.
After centrifugation, 0.5 ml each of eight fractions was
collected from the top of the tube. Fractions 2–3 and 7–
8 were pooled as LD-DIM and DSM fractions.

Enzyme-linked immunosorbent assay (ELISA) and
thin-layer chromatography (TLC)-immunostaining of lipid
fractions LD-DIM (41 μg) and DSM (350 μg) were
lyophilized. To each lyophilized powder, 2 ml of chloro-
form/methanol (C/M; 2:1, v/v) were added and mixed. After
centrifugation at 10,000×g for 15 min, the upper layer was
set aside, and the lower layer was mixed with 2 ml of C/M
(1:1, v/v), followed by centrifugation. The upper layer was
set aside, and the lower layer received 2 ml of C/M/water
(30:60:8, v/v/v), followed by centrifugation. The upper
layer was combined with the two other upper layers
described above and designated as total lipid fraction. The
total lipid fraction was dried and dissolved with C/M/water
(30:60:8, v/v/v). ELISA and TLC-immunostaining of the
total lipid fraction were performed as previously described
[27–29].

Western blotting Sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) and electrotransfer to
polyvinylidene difluoride (PVDF) membrane (Millipore,
Bedford, MA, USA) and immunostained as described [30].
Briefly, the membrane was blocked with 1% BSA in PBS
containing 0.05% Tween-20 (PBST) at room temperature
for 1 h. After washing, the membrane was incubated with
primary antibodies at 37°C for 2 h, or at 4°C for overnight
for IgG antibodies, and at 4°C for overnight for IgM
antibodies. The concentration of the primary antibodies
was: 0.2 μg/ml for anti-Lex; 1 μg/ml for anti-Cad; 8 μg/ml
for anti-β-catenin; 0.4 μg/ml for anti-cSrc; 0.2 μg/ml for
anti-PLCγ; 0.24 μg/ml for anti-β-actin. After washing
twice with PBST, incubation of the membrane with
secondary antibodies at 1:5,000 dilution with PBST
containing 1% BSA were carried out at 37°C for 45 min.
After washing three times in PBST, the membrane was
developed using enhanced chemiluminescence reagent and
HyperfilmTM MP (Amersham, Backinghamshire, UK).
Stained bands were quantitated densitometrically with
ATTO Densitograph (Tokyo, Japan).

ELISA-based binding assay
1. Coating efficiency of the well with LD-DIM: 50 μl of

0–20 μg/ml LD-DIM purified from early gastrula
embryos of 12 h-post fertilization were put into a well
of 96-well-plates and incubated at 37°C for 2 h or at
room temperature for overnight. After washing three
times with PBS, blocking was performed with 100 μl
of PBS containing 1% BSA at room temperature for
2 h. After washing three times with PBS, the well was
incubated with 50 μl of anti-LeX (2.0 μg/ml) at 4°C for
overnight. After washing three times with PBST,
incubation was performed with peroxidase-conjugated
anti-mouse (IgG + IgM) antibody (1:500 dilution) in
containing 1% BSA at 37°C for 45 min. After washing
five times with PBST, the color development was
performed in 100 μl of 0.05% o-phenylenediamine,
0.1 M Tris-HCl (pH 7.5) and 0.006% H2O2. After color
development was stopped with 100 μl of 1 M sulfuric
acid, absorbance at 490 nm was measured.

2. LD-DIM homotypic binding: Binding of biotinylated
LD-DIM to LD-DIM was measured based on ELISA.
To prepare biotinylated LD-DIM, 150 μg of purified
LD-DIM was incubated with 4 μg of sulfo-NHS-biotin
(Pierce) in 3 ml of 50 mM sodium bicarbonate at 4°C
for 2 h. The biotinylated LD-DIM was dialyzed against
1 mM EDTA and PBS, and, if necessary, adjusted to
2 mM CaCl2. Fifty microliters of 0–20 μg/ml (0–
1.0 μg/well) LD-DIM purified from early gastrula
embryos of 12 h-post fertilization were put into a well
of 96-well-plates and incubated at 37°C for 2 h or at
room temperature for overnight. After washing three
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times with PBS, blocking was performed with 100 μl
of 1%BSA/PBS at room temperature for 2 h. After
washing three times with PBS, 50 μl of 20 μg/ml
biotinylated LD-DIM was added and incubated at room
temperature for 2 h or at 4°C for overnight. After
washing with PBS, the well was incubated with 50 μl
of avidin-biotin peroxidase complex solution (Vector
Laboratory, Burlingham, CA, USA) at room tempera-
ture for 30 min. After washing five times with PBS, the
bound biotinylated LD-DIM was quantified by color
development as described above.

3. LD-DIM binding to synthetic glycoconjugates: For
binding of the biotinylated LD-DIM to neoglycopoly-
peptides (LacNAc-PGA, SiaLeX-PGA, and LeX-PGA;
see Fig. 6A), the wells were coated with 50 μl of 0–
8 μg/ml neoglycopolypeptides in PBS, and blocked.
For binding to neoglycolipids (H-Lac-PE, Lea-Lac-PE,
LeX-Lac-PE, and PE; see Fig. 6D), the wells were
coated with 50 μl of 0–20 μg/ml of the neoglycolipids
in ethanol, dried at 37°C, and blocked.

4. Effect of protease treatment: For protease treatment, the
LD-DIM coated on the well was treated with 100 μl of
400 ng/ml of Actinase E (Waken, Japan) in PBS at
room temperature for 12 h. After washing with PBS,
the wells were blocked, followed by the binding assay
as described above.

5. Effect of periodate oxidation: For periodate oxidation
of neoglycopolypeptides or LD-DIM, each neoglyco-
polypeptide or the LD-DIM coated on the well was
treated with 100 μl of 2.5 mM NaIO4 in 40 mM
sodium acetate buffer (pH 5.5) at 4°C for 3 h in the
dark. After washing three times with water, 100 μl of
0.1 M sodium borohydride in 0.1 M sodium borate
buffer (pH 8.0) was added to the wells and incubated at
room temperature for 3 h. After washing with PBS, the
binding assay followed.

6. Effect of fucosidase treatment: For fucosidase treatment
of LD-DIM, the LD-DIM coated on the well was
treated with 100 μl of 5 mU/ml of α-L-fucoside
fucohydrolase (Streptpmyces sp.142, α1,3/1,4-fucosi-
dase) in 10 mM sodium phosphate buffer (pH 6.0) and
incubated at room temperature for 12 h. After washing
with PBS, the binding assay followed.

7. Effect of combined treatments with protease and
periodate oxidation, or fuosidase: The LD-DIM coated
on the well was subjected to Actinase E digestion
followed by periodate oxidation, and to fucosidase
digestion followed by Actinase E digestion. Between
the treatments, the well was washed well with PBS.
The binding assay followed.

8. Effect of the inhibition peptide for the homophilic
binding of E-cadherin: The wells were coated with
50 μl of 10 μg/ml LD-DIM, and incubated with 50 μl

of 0–10 μM of the peptides in PBS. After washing and
blocking with 1%BSA-PBS for 1 h, the biotinylated
LD-DIM (10 μg/ml) was added and incubated in the
presence of 2 mM CaCl2 in 50 μl PBS at room
temperature for 2 h. Other procedures were performed
as descrived above. An inhibition peptide for homo-
philic binding of cadherin, HAD (LLAHADVED), was
designed based on the amino acid sequence of medaka
E-cadherin.3 Two unrelated peptides with cadherin
family, Pep1 (DGSGADTVH) and Pep2 (DDAT-
SEAATGPSG), were also used for the inhibition
experiment. These synthetic peptides were provided
by TANA Laboratories, L. C. (Houston, TX, USA).

Immunoprecipitation experiments before and after LD-DIM
disruption with MBCD treatment Anti-EC1 (10 μg) was
mixed with 40 μl of protein G-Sepharose/PBS (1:1, v/v) at
4°C for 1 h with a rotator. After centrifugation at 200×g for
1 min, the precipitate was washed three times with PBS to
obtain anti-EC1-Sepharose. Membrane fractions were pre-
pared from early gastrula embryos (see above) in the
presence or absence of 10 mM MBCD in PBS for 30 min at
27°C, and mixed with the anti-EC1-Sepharose at 4°C for
overnight with a rotator. After centrifugation at 200×g for
1 min, the precipitate was subjected to SDS-PAGE-Western
blotting using anti-Cad (1:500 dilution) or anti-LeX as
described [30].

Results

LD-DIM of early gastrula embryos contains not only cell
adhesion molecules and transducer proteins but also LeX-
containing glycoproteins and glycolipids We have recently
demonstrated that LD-DIM prepared from medaka early
gastrula embryos is enriched in cholesterol and sphingo-
myelin and contains a high-molecular weight (>350,000)
glycoprotein containing LeX structure, LeX-gp [18]. In the
present study, we examined if the LD-DIM also contained
the LeX-containing glycolipids. The LD-DIM and DSM
fractions were prepared by sucrose density gradient
centrifugation of the Triton X-100-treated membrane
fraction of early gastrula embryos. Eleven 1-ml fractions
were collected from the top of the centrifugation tube, and
two fractions centered at fractions 3–5 (low density, light
scattering) and 10–11 (high density) were collected as LD-
DIM and DSM, respectively. The lipid fractions were then
prepared from the LD-DIM and DSM. The major lipid
compositions for LD-DIM and DSM were reported and

3 Adachi, T., Sato, C., Hashimoto, H., Wakamatsu, Y., and Kitajima,
K., to be published elsewhere.
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neutral glycolipids are more than ten-fold abundant than
aidic glycolipids [18]. The lipid fractions were analyzed for
the presence of LeX structure by ELISA using anti-LeX.
The LeX structure was detected in neutral lipid fractions
from LD-DIM, but not DSM (Fig. 1A). The anti-LeX did
not bind LeX-related structures such as LacNAc (Galβ1–
4GlcNAc), sialyl-LeX (Neu5Acα2–3Galβ1–4(Fucα1–3)
GlcNAc), or Gal-LeX (Galβ1–4Galβ1–4(Fucα1–3)
GlcNAc) (data not shown). The Gal-LeX is an abundant
epitope of major cortical vesicular glycoproteins in medaka
eggs [31]. The mAb.3D11 specifically recognizing Gal-LeX

did not bind LeX-structures (data not shown). Therefore, the
anti-LeX is highly specific to LeX structure. An LeX–
containing glycolipid, LeX-glycolipid, was detected by TLC
immunostaining of the lipid fraction of LD-DIM, while also
detected in that of DSM at a low level, a 19th of that in LD-
DIM (Fig. 1B). These results indicate the LeX–glycolipid is
enriched in LD-DIM.

It has been shown that cell adhesion molecules and
transducer proteins are localized in LD-DIM or rafts [32–
34]. In early development of Xenopus, a cell adhesion

molecule, cadherin, and transducer proteins, cSrc and
PLCγ, play important roles [35, 36], although whether
these proteins occur in medaka embryos has remained
unknown. We thus examined whether these proteins are
present in the LD-DIM isolated from medaka embryos at
early gastrula stage by Western blotting (Fig. 2). E-cadherin
was exclusively detected as three components from 128 to
104 kDa in LD-DIM, but not in DSM, using anti-EC1,
which recognizes the extracellular medaka E-cadherin
repeat domain 14. β-Catenin, which binds to the intracel-
lular domain of various cadherin molecules to regulate their
functions [37], was detected at 93 kDa in LD-DIM,
although very little in DSM. In addition, cSrc, a member
of Src tyrosine kinase family, was detected at 60 kDa in
LD-DIM, but not in DSM, consistent with the fact that cSrc
tends to be recruited to LD-DIM due to its modification by
saturated fatty acids such as palmitic and myristic acids
[32]. An exclusive localization of PLCγ in LD-DIM was

4 Adachi, T., Sato, C., Hashimoto, H., Wakamatsu, Y., and Kitajima,
K., to be published elsewhere.
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Fig. 1 Identification of LeX-containing glycolipids in LD-DIM from
medaka gastrula embryos. A ELISA analysis of neutral lipids prepared
from the LD-DIM (membrane microdomain) and DSM. The wells
were coated with the LD-DIM- or DSM-derived neutral lipid
fractions, blocked with 1% BSA/PBS at room temperature for 2 h,
and incubated with anti-LeX (2 μg/ml), followed by incubating with a
horseradish peroxidase-conjugated goat antibody against mouse (IgG +
IgM) (1:1,000 dilution) as a secondary antibody. Color development
was then performed with 0.05% o-phenylenediamine, 0.1 M Tris-HCl
(pH 7.5) and 0.006% H2O2, and the absorbance at 490 nm was
measured. All the experiments were carried out at least in duplicate and
the deviations are within the symbols. B TLC-immunostaining of the
neutral lipid fractions from the LD-DIM and DSM. After development
of the samples in a solvent C/M/0.25% CaCl2 (55:45:10, v/v/v), the

TLC plate was coated with polyisobutylmethacrylate (Sigma, St. Louis,
MO, USA), blocked with PBS containing 1% BSA and 1%
polyvinylpyrrolidon, and incubated with anti-LeX (2 μg/ml) as a
primary antibody, followed by incubating with a horseradish peroxi-
dase-conjugated goat antibody against mouse (IgG + IgM; 1:500
dilution) as a secondary antibody. Color development was then
performed with diaminobenzidine. LeX-Lac-PE (20 ng) was spotted
as a positive control on the same TLC plate after development of the
samples and subjected to the immunostaining (upper panels). anti-LeX

(+), with primary antibody; anti-LeX (−), without primary antibody.
LeX-glycolipid is detected (arrowhead). The migration positions for
glucosyl ceramide (GlcCer) and lactosyl ceramide (LacCer) are
indicated by the arrows
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also observed at 145 kDa. Furthermore, the LeX-containing
glycoprotein (LeX-gp) was exclusively detected at stacking
gel in LD-DIM, but not in DSM, as described previously
[18]. It should be noted that β-actin was detected at 40 kDa
in both LD-DIM and DSM as reported previously [38, 39].
These results indicate that the cell adhesion molecule
(cadherin), its associated protein (β-catenin), transducer

proteins (cSrc, PLCγ), and LeX-gp, except β-actin, are
enriched in medaka embryonic LD-DIM.

LeX-gp expression increases during gastrulation while the
LD-DIM is constantly formed To understand developmen-
tal changes of the amount of LD-DIM, the LD-DIM
fractions isolated from embryos at 0, 6, 12, 18, 24, and
30 h after fertilization were analyzed for the protein amount
(Table 1). The proportion of the protein amount of LD-DIM
to that of the whole membrane fraction was largely constant
at 17–21% during early development, while the yields of
protein amount in whole membrane fractions were deviated
from samples to samples probably due to experimental
errors. Cholesterol was also quantified, because it is a key
component for LD-DIM formation [18]. The proportion of
the amount of cholesterol in LD-DIM to that in the whole
membrane fraction was also constant at 12–14% (Table 1).
These results indicate that LD-DIM is constantly formed in
developing embryos and that the protein and cholesterol
amounts in LD-DIM remains unchanged at least during
gastrulation [6, 12, and 18 h post-fertilization (hpf)].

LeX-gp is exclusively localized in LD-DIM at early
gastrula embryo (12 hpf) [18]. The developmental change
of LeX-gp was examined by Western blotting of fractions
obtained by the Opti-prep method from whole membrane
fractions (Fig. 3A). The expression of LeX-gp was first
detected at 12 hpf and increased at least until late gastrula
stage (30 hpf). LeX-gp was exclusively detected at the
stacking gel at any stages examined (Fig. 3A), and mostly
at the LD-DIM fraction (lanes 2, 3) rather than at the DSM
fraction (lanes 7, 8). However, at later stages (24–30 hpf),
membrane fractions with higher densities than LD-DIM
(lanes 4–6) increased. Developmental expression of LeX-gp
in embryos was summarized in Fig. 3B. The expression of
LeX-gp increased at gastrulation stages when epiboly was
going on. Considering that the amount of LD-DIM remains
unchanged, these results indicate that the density of LeX-gp
in LD-DIM increases during epiboly. However, whether the
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Fig. 2 Western blotting of the LD-DIM and DSM from early gastrula
embryos. The LD-DIM and DSM (10 μg as proteins/lane) were
subjected to SDS-PAGE (10% PAG) and transferred to PVDF
membrane. Protein components were detected by immunostaining
using antibodies that specifically recognizes those proteins indicated at
the right side of each panel. The number with the arrow indicates the
molecular size (Mr). For E-cadherin, the immunoprecipitate of LD-
DIM or DSM (60 μg each) with anti-EC1, an antibody against the
extracellular domain involved in cadherin–cadherin homophilic
binding, was subjected to Western blotting using anti-Cad. E-cadherin
gave three components that are different in N-linked glycan structures
(data not shown). Primary antibodies used are; anti-Cad (1 μg/ml),
anti-β-catenin (8 μg/ml), anti-cSrc (0.4 μg/m), anti-PLCγ (0.2 μg/
ml), anti-LeX (0.2 μg/ml), and anti-actin (0.24 μg/ml)

Table 1 Protein and cholesterol amounts in LD-DIM during early development

Stage (hpf) Protein Cholesterol

LD-DIM (μg/
embryo)

Whole (μg/
embryo)

LD-DIM/whole
(%)

LD-DIM (μg/
embryo)

Whole (μg/
embryo)

LD-DIM/whole
(%)

0 0.26 1.5 17 n.d. n.d. n.d.
6 0.26 1.2 21 0.041 0.31 14
12 0.093 0.46 21 0.032 0.27 12
18 0.43 2.5 17 0.029 0.21 14
24 0.37 1.9 19 n.d. n.d. n.d.
30 0.21 1.1 20 n.d. n.d. n.d.
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LeX-gp in higher density fractions at later stages is the same
as the LeX-gp in the LD-DIM remains unknown until the
carrier proteins of LeX-glycans are identified. Identification
of LeX-gp and elucidation of the glycosylation profiles on
the LeX-gp are important future subjects.

LD-DIM homotypically binds to LD-DIM in a protein- and
a glycan-dependent manners LeX structure is known to
have the ability to bind each other, which mediates cell–cell
adhesion, i.e., compaction, in mouse embryos at morula
stage [40, 41]. Because LeX-gp and LeX-glycolipid is
highly expressed on the LD-DIM in epiboly process in
medaka embryo, LD-DIM is suggested to be involved in
cell–cell interaction in epiboly. In addition, E-cadherin,
which is also involved in compaction through cadherin–
cadherin homophilic binding [42, 43], is also localized in
LD-DIM. Therefore, it is suggested that the LD-DIM is a
membrane microdomain involved in cell adhesion between
embryonic cells. To demonstrate if LD-DIM exhibits
adhesive nature to each other, the ELISA-based binding
assay was performed using the LD-DIM isolated from early
gastrula embryos (Fig. 4). The coating efficiency of the LD-
DIM was first examined (Fig. 4A). The LD-DIM coated on
the well was increased depending on increasing amounts of
added LD-DIM, and saturated at 0.5–1.0 μg/well. Then,
biotinylated LD-DIM (1 μg/well) was added to the LD-DIM-
coated wells at 0–1 μg/well (Fig. 4B). The biotinylated LD-
DIM bound the LD-DIM on the well in a dose-dependent
manner in the presence of 1 mM Ca2+. On the other hand, no
binding was observed in the absence of Ca2+. These results
show that early gastrula embryonic LD-DIM has the ability
to bind homotypically in the presence of Ca2+. It should be
noted that the LD-DIM homotypic binding shows exponen-
tial, but not saturation curve in the presence of Ca2+. This
may be due to homotypic interaction of the LD-DIM with
polyvalent binding sites, which may leads to unsaturated
aggregation of biotinylated LD-DIM accumulated on the
LD-DIM on the well. In this regard, it was previously
reported that BSA conjugated with several sulfated disac-
charide units involved in sponge cell adhesion forms the
polyvalent multilayer on the monolayer surface of the
sulfated disaccharide-conjugated BSA in the presence of
10 mM Ca2+ [44].

To examine which components of the LD-DIM were
involved in the LD-DIM homotypic binding, LD-DIM-
coated wells were subjected to protease treatment, periodate
oxidation or fucosidase treatment (Fig. 4C,D). The LD-
DIM homotypic binding was decreased when the coated
LD-DIM was treated with Actinase E protease (Fig. 4C).
The binding was 54% of that without protease treatment.
No further decrease was observed even when the dose of
the protease was increased (data not shown). These results
suggest that the LD-DIM homotypic binding was mediated
at least in part by proteins like E-cadherin. On the periodate
oxidation treatment of the coated LD-DIM, the LD-DIM
homotypic binding was decreased to 53% of that without
periodate oxidation (Fig. 4C). In addition, the treatment of
the coated LD-DIM with α1,3/4-linkage specific fucosidase
decreased the LD-DIM homotypic binding by 53%
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Fig. 3 Developmental changes in the amount of LeX-gp in the
membrane fraction from embryos after fertilization until late gastrula
stage. A Embryos were collected at 0 h (just fertilized), 6 h (late
morula), 12 h (early gastrula), 18 h (mid gastrula), 24 h (late gastrula),
and 30 h (2–4 somite stage) after fertilization. The whole membrane
fraction prepared from a hundred embryos of each stage was subjected
to the LD-DIM preparation by the Optiprep method, and eight
fractions separated from the top to bottom of the centrifugation tube
(Fr. 1–8) were analyzed by SDS-PAGE (3.5% PAG for stacking gel;
10% PAG for separating gel) followed by immunoblotting using anti-
LeX as described under “Materials and methods”. Fractions 2–3 and
7–8 are the LD-DIM and DSM, respectively. B The relative amount of
the LeX-gp in embryos of each developmental stage. Intensity of the
immunostaining of the stacking gel region of each lane was densito-
metrically quantified on ATTO Densitograph, and those intensity values
were summed under each stage. The values represent the relative amount
of LeX-gp to that for embryos of 12 h post-fertilization set as 1.0
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(Fig. 4D). These results indicate that glycan chains are
involved in the LD-DIM homotypic binding, and that Fuc-
containing glycans like LeX structure are important. Taken
all together, the protein-mediated and glycan-mediated
interactions are involved in the LD-DIM homotypic
binding. To gain a further insight into the mechanism of
the LD-DIM homotypic binding, the effect of combined
disruption of protein and glycan components of the coated
LD-DIM on the biotinylated LD-DIM binding was exam-
ined. The protease digestion followed by the periodate
oxidation decreased the binding to 37% of that without any
treatments (Fig. 4C). Similarly, the fucosidase treatment
followed by the protease digestion also decreased the
binding to 47% of that without any treatments (Fig. 4D).

Thus, the combined treatments did not result in a complete
loss of the binding, suggesting that unknown interactions,
such as lipid-mediated one, other than the glycan- or
protein-mediated interaction may contribute to the LD-DIM
homotypic interaction in the presence of Ca2+. In addition,
contributions of the protein- and the glycan-mediated
interactions to the LD-DIM homotypic binding were not
additive. Both protein- and glycan-mediated interactions
may mutually affect each other on the same LD-DIM.
However, to understand underlying mechanisms for the
LD-DIM homotypic interaction precisely, many questions
will have to be solved: What are the unknown interactions
like? How is the surface organization of the proteins and
glycans involved in the binding? What are specific
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Fig. 4 LD-DIM-to-LD-DIM interaction of medaka gastrula embryo.
A Coating efficiency of the well with LD-DIM. The well was coated
with LD-DIM at 0–1.0 μg/well, and the coated LD-DIM was
immunochemically quantitated. The experiments were performed in
duplicate and the deviations are shown by the bars. B Binding of
biotinylated LD-DIM to the coated LD-DIM. The well was coated
with LD-DIM at 0–1.0 μg/well. After washing and blocking with 1%
BSA/PBS, the biotinylated LD-DIM (1.0 μg/ml) was incubated in the
presence (filled circle) or absence (unfilled circle) of the 2 mM Ca2+ at
room temperature for 2 h. The bound LD-DIM was quantified as
described under “Materials and methods”. All the experiments were
performed at least in duplicate and the deviations are within 4%. C

Effects of Actinase E digestion followed by periodate oxidation. The
well was coated with the LD-DIM at 1.0 μg/well, and treated with (+)
or without (−) Actinase E. After washing, the well was treated with (+)
or without (−) periodate (NaIO4). After washing, the binding assay
followed. D Effects of fucosidase digestion followed by Actinase
digestion. The well was coated with the LD-DIM at 1.0 μg/well, and
treated with (+) or without (−) α-L-fucosidase. After washing, the well
was treated with (+) or without (−) Actinase E. After washing, the
binding assay followed. All the experiments for C, and D were
performed at least in duplicate and the deviations are shown by the
bars
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functions of the common glycan structures on glycolipids
and glycoproteins?

LD-DIM homotypic binding is mediated by E-cadherin Be-
cause E-cadherin occurs in the embryonic LD-DIM
(Fig. 2), an E-cadherin–E-cadherin homophilic binding is
suggested to mediate the LD-DIM–LD-DIM homotypic
binding. The decapeptide sequence in the extracellular
domain 1 that is involved in the cadherin-cadherin
homophilic binding inhibits the cadherin-mediated binding
[45]. To demonstrate the involvement of cadherin in the
LD-DIM homotypic binding, we performed the inhibition
experiment using an inhibitory peptide for the E-cadherin
homophilic binding (HAD, LLAHADVED), which is
designed from the amino acid sequence of medaka E-
cadherin5. HAD inhibited the LD-DIM homotypic binding
in a dose-dependent manner (Fig. 5). The binding was
inhibited by 60% by 10 μM HAD, while the cadherin-
unrelated peptides, Pep1 and Pep2, had no affect on the
binding at up to 10 μM. These results indicate that E-
cadherin is involved in the LD-DIM homotypic binding.
Considering that 30% inhibition of the binding was already
attained by 1 μM HAD, inhibition by 10 μM HAD appears
to be saturated. This may suggest that some interactions,
such as a glycan-mediated one, other than E-cadherin-
mediated interaction are operated in the LD-DIM homo-
typic binding.

LD-DIM binds to LeX-structures We then asked whether
the LeX-structure are involved in the LD-DIM homotypic
binding. We performed an ELISA-based binding assay
using various solidified synthetic glycoconjugates as a
binding counterpart for the biotinylated LD-DIM. The
biotinylated LD-DIM was shown to bind to a synthetic
glycopolypeptide LeX-PGA (Fig. 6A,B), and this binding
was completely abrogated when LeX-PGA was treated with
periodate oxidation (Fig. 6C). Thus, a glycan part of LeX-
PGA, but not the polypeptide PGA, is involved in the LD-
DIM binding. Binding to LacNAc-PGA was 20% of that to
LeX-PGA (Fig. 6B). Consistent with this result, α1,3/4-
linkage specific fucosidase treatment of LeX-PGA on the
well greatly decreased the LD-DIM binding (data not
shown). No binding to SiaLeX-PGA was detected
(Fig. 6B). Thus, the removal of Fuc residue from or the
addition of Sia residue to LeX-PGA negatively affected the
LD-DIM binding. These results indicate that the trisaccha-
ride structure of LeX is involved in the binding.

We further examined the structural requirement for the
LD-DIM binding using phosphatidylethanolamine-conju-
gated glycans, H-Lac-PE, Lea-Lac-PE, and LeX-Lac-PE, as

a binding counterpart for the biotinylated LD-DIM
(Fig. 6D,E). The biotinylated LD-DIM dose-dependently
bound to LeX-Lac-PE, H-Lac-PE, and Lea-Lac-PE, but not
to PE. The binding to LeX-Lac-PE was twice as high as that
to H-Lac-PE or Lea-Lac-PE. These results suggest that at
least the presence of Fuc residues is important for the
glycan-mediated binding of LD-DIM. Since either H- or
Lea-structure was not detected in LD-DIM (data not
shown), LeX-structure may be responsible for the binding.

E-cadherin and LeX-gp are colocalized in the identical
LD-DIM, but not tightly associated with each other The
LD-DIM homotypic binding is mediated by E-cadherin and
LeX-structures as described above. We then ask whether E-
cadherin and LeX-structures are localized in the identical or
different LD-DIM. To answer this question, immunopre-
cipitation experiments in the presence or absence of MBCD
were performed using anti-EC1, which recognizes the
extracellular domain of medaka E-cadherin involved in
the homophilic binding. We previously showed that the
LD-DIM was disrupted in the presence of MBCD [18].
The LeX-gp and E-cadherin were both detected in the
immunoprecipitate with anti-EC1 in the absence of MBCD
(Fig. 7). On the other hand, LeX-gp was not detected in the
anti-EC1-derived immunoprecipitate from the LD-DIM
fraction prepared in the presence of MBCD, while
E-cadherin was detected. These results indicate that E-
cadherin and LeX-gp are tethered on the identical LD-DIM,
but that they do not form physically stable complex on the
membrane. These results also suggest that E-cadherin- and

5 Adachi, T., Sato, C., Hashimoto, H., Wakamatsu, Y., and Kitajima,
K., to be published elsewhere.
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binding on the LD-DIM-to-LD-DIM interaction. The wells were
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performed in duplicate and the deviations are shown by the bars
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LeX-mediated interactions can be operative at the same
time. Interestingly, E-cadherin contains no LeX-structure on
the molecule.

Discussion

We recently demonstrated that formation of membrane
microdomain or LD-DIM of gastrula embryos is crucial for
cell adhesion in the progress of epiboly during gastrulation
[18]. In the present study, we sought to elucidate how the
membrane microdomain is involved in the cell adhesion
process. We first characterized components of the LD-DIM,
and showed the presence of a cell adhesion molecule (E-
cadherin), its associated protein (β-catenin), transducer
proteins (cSrc, PLCγ) and a cytoskeleton protein (β-actin)
in the membrane microdomains or LD-DIMs of medaka
gastrula embryo, consistent with the known common
properties of membrane microdomains [32–34]. We previ-
ously showed that gastrula embryo LD-DIM is the cholester-

ol- and sphingomyelin-enriched membrane, and that a large
glycoprotein containing LeX-structure (LeX-gp) is unique to
and enriched in the medaka embryonic LD-DIM [18]. In the
present study, we showed that the gastrula embryo LD-DIM
also contains a LeX-glycolipid. Taken all together, we
propose a hypothetical model of membrane microdomains
or LD-DIMs of medaka gastrula embryos (Fig. 8).

E-cadherin is an essential protein involved in cell
adhesion through its homotypic binding in embryogenesis
and development [42, 43, 46]. In medaka embryos,
E-cadherin and β-catenin are exclusively localized in the
membrane microdomain and co-localized with β-actin
(Fig. 2). β-catenin binds to the intracellular domain of
cadherin molecules on one side, and to actin filament
through α-catenin on the other side [37, 47, 48]. Thus, an
adhesion complex consisting of E-cadherin, α- and
β-catenin, and β-actin must form in the membrane micro-
domain of medaka gastrula embryos. Proliferation and
migration of blastodermal cells occurs during epiboly [49].
cSrc and PLCγ are implicated in cell proliferation process
during early development [35, 36]. It is reported that these
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washing and blocking with 1% BSA in PBS, the wells were incubated
with the biotinylated LD-DIM (10 μg/ml) in the presence of the 2 mM
Ca2+ at room temperature for 2 h. The bound LD-DIM was quantitated. C
Effect of periodate oxidation on the LD-DIM binding to LeX-PGA. The

wells coated with LeX-PGA at 1.0 μg/well were treated with (+) or
without (−) periodate oxidation, followed by the binding experiment as
described in B. D Structure for neoglycolipids. H-Lac-PE, R=Fucα1–
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H-Lac-PE (open square), Lea-Lac-PE (open circle), LeX-Lac-PE (closed
circle), or PE (closed diamond) at 0–1.0 μg/well. After washing and
blocking with 1% BSA in PBS, the binding experiment was performed as
described in B. All the experiments for B, C, and E were carried out at
least in duplicate and the deviations are within 4%
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proteins are membrane microdomain-resident components,
consistent with our observation. Co-localization of
E-cadherin with cSrc kinase on membrane microdomains
has not directly demonstrated, but it has been long known
that cadherin and cSrc family kinases are localized in the
cell–cell adherens junctions [50]. A recent report shows that
E-cadherin-mediated cell adhesion activates cSrc signaling
in CHO cells [51]. Although whether cadherin and the cSrc
physically contact with each other is not known, these
proteins may be co-localized in the membrane micro-
domain. cSrc is modified by palmitoylation and myristoy-
lation to be recruited to the membrane microdomain [32].
Co-localization of E-cadherin and PLCγ has not been
reported either. In pheochromocytoma PC12 cell, PLCγ is
recruited to the membrane microdomain when EGF
receptor is activated, although usually a cytosolic protein
[34]. Once EGF binds to its receptor, activation of a Src
kinase by phosphorylation and the subsequent Src-depen-
dent phosphorylation of EGF receptor occur, followed by
the recruit of PLCγ into the membrane microdomain. Thus,
the activation of receptor and the downstream signal
transduction occur on the membrane microdomian. In
gastrulation of African claw frog embryo, PLCγ associates
with an phosphorylated FGF receptor (activated form) [35].

In the present study, we also demonstrated that the
membrane microdomains or LD-DIMs from gastrula
embryos show the homotypic binding in the presence of
Ca2+ (Fig. 4). Ca2+ is essential for this homotypic binding,
because no binding happens in the absence of Ca2+. Two
molecular mechanisms for the homotypic LD-DIM binding
are involved: One is a protein-protein interaction that is
mediated through a homophilic binding of E-cadherin on the

membrane microdomain, and the other is a carbohydrate-
mediated interaction in which the LeX-glycans are involved.

The involvement of E-cadherin in the LD-DIM homo-
typic binding was shown by the inhibition experiment using

Fig. 8 A hypothetical model for the membrane microdomain-mediated
cell–cell interaction during epiboly in medaka gastrula. Membrane
microdomain from gastrula embryos is a cholesterol (Chol)- and
sphingomyelin (SM)-enriched membrane. A cell adhesion molecule
complex (E-cadherin, β-catenin), transducer proteins (PLCγ, cSrc), and
a cytoskeleton protein (β-actin) are enriched. LeX-containing glycolipid
(LeX-gl) and glycoprotein (LeX-gp) are exclusively concentrated. E-
cadherin may form a complex with β-catenin and β-actin at the
cytoplasmic domain. One membrane microdomain binds to the other
one through E-cadherin and LeX-glycans. E-cadherin on one membrane
microdomain binds to E-cadherin on the other through its extracellular
domain. LeX-glycans of LeX-glycolipid and LeX-gp mediate the
membrane microdomain interaction through binding to those LeX-
glycans or a LeX-binding lectin on the counterpart membrane micro-
domain. cSrc and PLCγ may be associate with E-cadherin activation
and some growth factor receptor (e.g., FGF receptor) signaling. The
membrane microdomain is a platform for E-cadherin- and LeX-glycan-
mediated cell adhesion and the subsequent signal transduction
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Fig. 7 Co-localization of E-cadherin with LeX-gp in the LD-DIM as
revealed by the immunoprecipitation experiment. Membrane fraction
prepared from early gastrula embryos were immunoprecipitated with
anti-EC1 recognizing the extracellular domain involved in the E-
cadherin homophilic binding in the presence (+) or absence (−) of
10 mM MBCD. The precipitates were analyzed by Western blotting
(7.5% PAG) using anti-LeX (IB: LeX) or anti-Cad (IB: Cad) as a
primary antibody. The arrowheads and the asterisk indicate E-
cadherin molecules and LeX-gp, respectively. Molecular sizes (Mr)
for marker proteins are shown on the left side of the panel

Glycoconj J (2009) 26:285–299 295



the inhibitory HAD peptide (Fig. 5). Cadherin is a type 1
transmembrane protein that contains five Ig-like extracel-
lular (EC) domains in a rod-like conformation stabilized by
interdomain calcium atoms. Particular decapeptide sequen-
ces in the EC1 domain are known to inhibit the homophilic
binding of cadherin [45]. The HAD peptide for inhibition of
the E-cadherin homophilic binding was designed from the
amino acid sequence of EC1 domain of medaka E-
cadherin6. The LD-DIM homotypic binding was inhibited
by 30% and 60% in the presence of 1 μM and 10 μM
HAD, respectively, showing that the inhibition by the HAD
peptide was saturated. Therefore, the E-cadherin-mediated
binding partially contributes to the LD-DIM homotypic
binding. Consistent with these results, the LD-DIM binding
to the protease-digested LD-DIM on the solid surface was
decreased by 40% of those to the undigested LD-DIM
(Fig. 4). These results indicate that contribution of the E-
cadherin-mediated binding to the LD-DIM homopypic
binding is largely 50%.

Involvement of the LeX-glycans in the LD-DIM homo-
typic binding was shown by the following lines of
evidence. First, the binding of LD-DIM to the fucosidase-
digested LD-DIM on the solid surface was decreased. This
fucosidase specifically acts on the α1→3- and α1→4-
linkages of Fuc. The extent of the decrease of binding on
the fucosidase digestion was 53%, and a partial involve-
ment of α1→3/4Fuc–containing glycan structure is sug-
gested. The presence of LeX-glycans was clearly
demonstrated in the LD-DIM (Figs. 1, 2, and 6). On the
other hand, no Lea-glycan (Galβ1→3(Fucα1→4)
GlcNAcβ1→) containing α1→4-Fuc linkage was detected
in the LD-DIM by the immunochemical detection using
anti-Lea antibody (data not shown). We cannot exclude the
presence of the α1→4-Fuc-containing structures such as
sialyl Lea and Leb in the LD-DIM, because we could not
test their presence due to unavailability of specific anti-
bodies against these structures. Therefore, the LD-DIM
binding is mediated at least through LeX-glycans
(Galβ1→4(Fucα1→3)GlcNAcβ1→), but not Lea-glycans.
Consistent with this observation, the LD-DIM binding to
the periodate-treated LD-DIM on the solid surface was
decreased to 50% of that to the untreated LD-DIM (Fig. 4).
Previously, the presence of Gal-LeX-glycan structure
(Galβ1→4Galβ1→4(Fucα1→3)GlcNAcβ1→) in egg cor-
tical vesicular glycoprotein (hyosophorin) of medaka was
demonstrated [31]. Using monoclonal antibody against Gal-
LeX-glycan, this epitope was shown to present in the LD-
DIM at gastrula stages (data not shown). However, whether
the Gal-LeX-glycan also participates in the LD-DIM
homotypic binding remains to be elucidated. Second, the

LD-DIM had the ability to bind to LeX-containing glycans
such as neoglycopolypeptides and neoglycolipids. The LD-
DIM bound to the PGA containing LeX-structure (LeX-
PGA), but not to LacNAc-PGA or SiaLeX-PGA (Fig. 6)
The binding to LeX-PGA did not occur when LeX-PGAwas
treated with periodate oxidation. These results suggest that
the LD-DIM specifically recognizes the LeX-structure on
the polypeptide. Similarly, the LD-DIM strongly bound to
LeX-Lac-PE, which is a neoglycolipid consisting of PE
conjugated with LeX-Lac oligosaccharide, while far less
binding takes place with Lea-Lac-PE or H-Lac-PE, con-
taining Fucα1→4GlcNAc or Fucα1→2Gal-linkage, re-
spectively. All these results also indicate that the LD-DIM
homotypic binding is mediated through LeX-glycans on the
LD-DIM.

LeX is one of the Lewis blood group antigens and also
known as CD15. In addition, LeX shares the same epitope
structure with SSEA-1, one of the stage specific embryonic
antigens [52]. The LeX was first identified as the antigen
that is only detected in undifferentiated F9 teratocarcinoma
cells, but not in the differentiated cells [53]. Strong
expression of LeX is also transiently observed at 8-cell to
compaction stages in mouse embryogenesis [54, 55]. The
LeX glycan structure is multiply expressed on the highly
branched polylactosaminoglycan chain(s) [56]. Since free
LeX glycans inhibit the cell–cell interaction during com-
paction [40, 57] and the aggregation of teratocarcinoma
[41], LeX-glycans are shown to play important roles in cell–
cell interaction in embryogenesis. Interestingly, the LeX-
glycans are shown to bind to each other [41], and the LeX–
LeX interaction is considered to contribute to those cell–cell
interactions [41]. LeX-glycans are also expressed on the
stem cell of rabbit cornea, and implicate in regulation of
cell growth and optical differentiation [58]. The expression
of the LeX-epitope on the cornea decreases as the optical
differentiation goes on. A role of LeX-glycans in the cornea
stem cell remains unknown. By analogy with the mouse
compaction phenomenon, it is likely that LeX on the LD-
DIM is involved in the cell–cell adhesion in medaka
gastrula embryos through the LeX–LeX interaction. How-
ever, we cannot exclude the possibility that a LeX-binding
C-type lectin is present on the LD-DIM. In mammals,
mMGL2 [59], DC-SIGN [60] and the scavenger receptor
C-type lectin [61] are shown to be a Lex-binding lectin.

How the E-cadherin- and LeX-glycan-mediated interac-
tions are involved in the membrane microdomain-mediated
cell–cell intreractions on the surface of developing embryos
remains unknown. The co-immunoprecipitation experiments
using anti-EC1 antibody (Fig. 7) showed that E-cadherin and
LeX-gp are co-localized on the same membrane micro-
domain, while these two proteins are not strongly associated
with each other unlike the case with E-cadherin and β-
catenin. E-cadherin does not contain LeX-structure on its

6 Adachi, T., Sato, C., Hashimoto, H., Wakamatsu, Y., and Kitajima,
K., to be published elsewhere.
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glycan moieties, and LeX-gp is a major glycoprotein bearing
the LeX-structure. Therefore, the E-cadherin- and LeX-
glycan-mediated interactions can work independently, but
are operative at the same time on the same membrane
microdomain. As described above, contributions of these
two interactions to the homotypic LD-DIM binding are
largely even, when the LD-DIM was prepared from early
gastrula (12 hpf) embryos. However, the expression of LeX-
gp on the LD-DIM starts at early gastrula and greatly
increases until at least 2–4 somite stage (30 hpf; Fig. 3). The
contribution of the LeX-glycan-mediated interaction must
change depending on the developmental stages. Therefore, it
is important to know how the LD-DIM homotypic binding is
regulated by the expression levels of E-cadherin and LeX-gp,
and effects of suppression of gene expression for E-cadherin
and/or fucosyltransferases required for the synthesis of LeX-
structure on the process of epiboly are being examined in our
laboratory.

In our previous study, we have demonstrated that LD-
DIM prepared from sea urchin sperm has the ability to bind
to sperm binding protein (SBP) on the egg vitelline layer.
The sperm LD-DIM is suggested to function as a platform
of sperm binding to SBP on the sperm-egg binding [10, 16,
17]. The binding of the LD-DIM to SBP depends on the
disialyl epitope, Neu5Acα2→8Neu5Acα2→, on the LD-
DIM. Notably, the disialyl epitope is a common epitope
between glycoprotein and glycolipid in the LD-DIM from
sea urchin sperm [62], although which disialyl epitope is
involved in the LD-DIM-SBP binding remains unknown. In
medaka gastrula embryo, LeX-gp and LeX-glycolipid are
exclusively localized in the LD-DIM, and the LeX-epitope
is a common glycan epitope expressed both on glycoprotein
and glycolipid in the LD-DIM. If we consider that the LeX-
epitope on the membrane microdomains is involved in cell
adhesion during the progress of epiboly, it would be
interesting to demonstrate that a common glycan structure
shared by glycoproteins and glycolipids on the LD-DIM
might be functional in a LD-DIM-mediated binding in other
biological processes.
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