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ABSTRACT

The concept of microdomains in plasma membranes was developed over two decades, following observation
of polarity of membrane based on clustering of specific membrane components. Microdomains involved in
carbohydrate-dependent cell adhesion with concurrent signal transduction that affect cellular phenotype are
termed ‘‘glycosynapse’’. Three types of glycosynapse have been distinguished: ‘‘type 1’ having glycosph-
ingolipid associated with signal transducers (small G-proteins, cSrc, Src family kinases) and proteolipids;
“‘type 2”° having O-linked mucin-type glycoprotein associated with Src family kinases; and ‘‘type 3’’ having
N-linked integrin receptor complexed with tetraspanin and ganglioside. Different cell types are characterized
by presence of specific types of glycosynapse or their combinations, whose adhesion induces signal transduc-
tion to either facilitate or inhibit signaling. E.g., signaling through type 3 glycosynapse inhibits cell motility
and differentiation. Glycosynapses are distinct from classically-known microdomains termed *‘caveolae’’,
‘‘caveolar membrane’’, or more recently ‘‘lipid raft’’, which are not involved in carbohydrate-dependent cell
adhesion. Type 1 and type 3 glycosynapses are resistant to cholesterol-binding reagents, whereas structure
and function of ‘‘caveolar membrane’’ or ‘‘lipid raft’’ are disrupted by these reagents. Various data indicate
a functional role of glycosynapses during differentiation, development, and oncogenic transformation.

Key words: clustering, carbohydrate-to-carbohydrate interaction, carbohydrate-binding protein, integrin,
tetraspanin, growth factor receptor.

1 INTRODUCTION AND HISTORICAL
RETROSPECTIVE

The concept of microdomains in plasma membrane
evolved from questions about the original ‘fluid
mosaic’’ model of Singer and Nicolson (1972), in
which membrane proteins are randomly distributed
in the “‘sea’” of homogeneous lipid bilayer. Le., (i)
whether the lipid bilayer is really homogeneous; (ii)
whether distribution of membrane proteins is really
random.

The *‘plate model”’, proposed by M.K. Jain and

E-mail: hakomori@u.washington.edu

H.B. White (Jain and White 1977), which empha-
sized that the ‘‘biomembrane continuum is broken
up into a number of relative rigid plates or patches
which are in relative motion with respect to each
other’” may be the first alternative to the Singer and
Nicolson model, addressing the above questions.
According to this model, the ordered and rigid re-
gions are separated from each other by fluid and
disordered regions. Structural and functional units
play a role in transport and cellular interaction, and
show cooperativity among themselves in order to
maintain overall function of biological membranes.

An Acad Bras Cienc (2004) 76 (3)
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The Jain/White plate model is illustrated in Fig. 1.
This view was remarkably similar to the concept
of microdomains elaborated recently [e.g., by D.A.
Brown (Schroeder et al. 1994, Arreaza et al. 1994,
Brown and London 1997)]. The idea of signal trans-
duction through membrane microdomains was de-
veloped only when growth factor receptor tyrosine
kinase was shown to be inhibited by surrounding
gangliosides (Bremer et al. 1984), and when Src
family kinase activity was found to be associated
with GPI-anchored receptors (Stefanovaetal. 1991)
(see Fig. 2 and its legend).

Development of the microdomain concept, ini-
tiated by observation of (i) apical vs. basolateral
difference in glycosphingolipid (GSL) and glyco-
protein (GP) distribution patterns; (ii) clustering pat-
terns of GSLs and GPs; and (iii) functional organiza-
tion of clustered GSLs or GPs with cytoplasmic sig-
nal transducers, etc., is chronologically illustrated
in Fig. 2 and its legend.

The concept of microdomains mediating cell
adhesion, particularly carbohydrate-dependent ad-
hesion coupled with signaling, was developed only
recently, and was termed ‘‘glycosynapse’’ (see be-
low) (Iwabuchi et al. 1998a, b, Hakomori et al.
1998, Hakomori 2000).

2 GLYCOSYNAPSES: MICRODOMAINS INVOLVED
IN CARBOHYDRATE-DEPENDENT ADHESION
COUPLED WITH SIGNAL TRANSDUCTION

Specific carbohydrate epitopes present in cell sur-
face glycoconjugates, either GSLs or N- or O-link-
ed glycoproteins, are recognized by carbohydrate-
binding proteins or complementary carbohydrates.
In each case, glycosyl epitopes, carried by GSLs or
glycoproteins, are clustered to form microdomains,
in which specific signal transducers, adhesion re-
ceptors, or growth factor receptors are organized.
Through this organization, carbohydrate-dependent
adhesion creates signals that are transmitted to the
nucleus, leading to changes in cellular phenotype
associated with cell adhesion.

Microdomains involved in carbohydrate-de-
pendent adhesion coupled with signal transduction

An Acad Bras Cienc (2004) 76 (3)

were termed ‘‘glycosynapses’” (Hakomori 2002,
Hakomori and Handa 2002), in analogy to ‘‘im-
munological synapses’” involved in immunocyte ad-
hesion with concurrent signaling leading to activa-
tion of T-cells and B-cells (Bromley et al. 2001,
Krummel and Davis 2002). The term ‘‘glycosy-
napse’’ is used to emphasize the point that the terms
“‘caveolae’” or ‘‘lipid raft’’ do not indicate cell ad-
hesion, or signaling induced by cell adhesion. This
conceptual distinction is illustrated in Fig. 3.

During the early 1990s, the concept of a
membrane morphological unit termed ‘‘caveolae’’,
characterized by presence of the scaffold protein
caveolin and involved in signal transduction and
endocytosis/exocytosis, received much attention
(for review see Anderson 1998). Membrane micro-
domains with similar biochemical properties and
cell biological functions, but lacking caveolin (Par-
ton and Simons 1995), were frequently observed,
to which the term ‘‘raft’” or ‘‘lipid raft’” was ap-
plied (for review see Simons and Ikonen 1997).
Neither microdomain ‘‘caveolae’” nor ‘‘raft’” dealt
with the essential function of cell adhesion, partic-
ularly carbohydrate-dependent adhesion. Further-
more, function of glycosynapse 1 and 3 (see below)
is unaffected by or resistant to cholesterol-binding
reagents, in contrast to function and structure of
“‘caveolae’’ and ‘‘raft’’. Contrasting properties of
these microdomains are summarized in Fig. 4.

Three types of glycosynapse are described in
the following subsections.

2.1 GLYCOSYNAPSE 1: GSL MICRODOMAINS CON-
TROLLING GSL-DEPENDENT ADHESION AND
SIGNALING

GSLs have strong ability to interact with each other
(cis interaction) through hydrogen bonds, since GSL
molecules have both hydrogen bond acceptors and
donors. In contrast, glycerophospholipids have no
hydroxyl group (i.e., no hydrogen bond donor), and
therefore no ability to undergo cis interaction
through hydrogen bonds (Fig. 5A). Under scan-
ning EM with freeze-fracture technique, GSL clus-
ters can be clearly seen on cell membranes as well
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Fig. 1 — Membrane ‘‘plate’” model proposed by Jain & White. Panel A: Membrane plate consists of ordered (black) and disordered
(gray) lipid areas, each having characteristic properties specified by their components. Panel B: Realistic organization of lipid bilayer,
showing presence of ‘‘ordered’” (white circles) or ‘‘disordered’” (gray circles) lipids. Note that ‘‘ordered’’ lipids have parallel,
hydrophobic tails, whereas tails of ‘‘disordered’’ lipids are at an angle (Y-shape) because fatty acyl residues are unsaturated (contain
olefinic double bond).
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Fig. 2 — Crucial observations leading to the current concept of microdomains. The concept of microdomains, i.e., presence of
distinctive composition in different areas of plasma membrane, arose from several lines of study. a. Polarity of GSL/sphingomyelin
or glycoprotein distribution in epithelial cell plasma membrane. Forstner et al. observed that brush border membrane in intestinal
epithelial cell had distinctively high content of fucose-containing GSL as compared to basolateral area (Forstner et al. 1968, Forstner and
Wherrett 1973). Simons et al., using dog kidney epithelial cells (MDCK cells), found distinctive distribution pattern of glycoprotein
(Matlin and Simons 1984) and GSL (Hansson et al. 1986) in apical vs. basolateral membrane. b. GSL clustering at surface
membranes of erythrocytes, observed by freeze-fracture (Tillack et al. 1983). Similar GSL clusters were observed at the surface
of GSL-phosphatidylcholine liposomes without cholesterol (Rock et al. 1990, 1991). ¢. Clustered GSLs in membrane were found
to be insoluble in aqueous medium containing 1% Triton X-100 or zwitterionic Empigin-BB. The insolubility of GSLs was due to
their association with cytoskeletal components and extracellular matrix, which were also insoluble in these detergents (Carter and
Hakomori 1981, Okada et al. 1984). d. GSL-dependent adhesion is based on GSL clustering at GSL-enriched microdomain (Kojima
and Hakomori 1991b). e. Signaling from growth factor receptor is affected by surrounding GSLs in microdomain (Bremer et al. 1984,

1986, Yates and Rampersaud 1998). f. Association of GPI anchors with Src family kinases (Stefanova et al. 1991). g, h. As shown.
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Fig. 3— Components of microdomains, and their variation. Glycosynapse (#1) is enriched in clustered

glycoconjugate (GCJ) in glycoconjugate-enriched membrane (GEM) to which GCJ ligands bind. GCJ

may be GSL, O-linked glycoprotein, or N-linked receptor-type glycoprotein, which are associated with

signal transducers (Td), tetraspanins (TSP) (including proteolipid proteins; PLP), and membrane lipids.

Caveolae/raft (#2) contains cholesterol/sphingomyelin-enriched membrane (C/S) and caveolin (cav).

Td are placed in the same way as for glycosynapse. Glycosylphosphatidylinositol (GPI) protein/raft

(#3) is enriched in C/S and GPI anchor linked to defined protein. Td are placed in the same way as for

glycosynapse. R, R’, R”’, various growth factor receptors and integrin receptors.

as GSL-phosphatidylcholine liposomes (Fig. 5B).
GSL microdomains were originally found to be
detergent-insoluble (Okada et al. 1984), and were
separated as buoyant, low-density membrane frac-
tion containing cSrc, Src family kinases, small G-
proteins (RhoA, Ras, Rac), FAK, and occasionally
growth factor receptors (Liu et al. 1996, Mineo et al.
1996, Yamamura et al. 1997, Iwabuchi et al. 1998a,
b). GSL microdomains from mouse B16 melanoma
cells, highly enriched in GM3 ganglioside, cSrc,
RhoA, were separated from ‘‘caveolar membrane’’
or ‘‘raft’’, which are enriched in cholesterol, sphin-
gomyelin, and caveolin. Possible structure of such
GSL microdomain is illustrated in Fig. 5C.

GSLs clusters in glycosynapse 1 are involved
in adhesion between interfacing cells through carbo-
hydrate-to-carbohydrate interaction, initially ob-
served for teratocarcinoma F9 cell autoaggregation
that mimics compaction of preimplantation embryo.
This process is based on Le* self-recognition in the
presence of Ca?* (Eggens et al. 1989). Cell adhe-
sion mediated by GSL clusters, coupled with initi-
ation of signal transduction, is illustrated schemati-
cally in Fig. 5D.

The functional role of Le* GSL in glycosynapse

An Acad Bras Cienc (2004) 76 (3)

1 was compared to that of embryoglycan carrying
multiple Le* determinants in mediating autoaggre-
gation of F9 cells (Kojima et al. 1994). Clustered
Le* carried by GSL or by embryoglycan functioned
equally well, in the presence of Ca®*.

Another example of GSL-dependent adhesion
through glycosynapse 1 is adhesion of mouse B16
melanoma cell (expressing high level of GM3) to
mouse endothelial cells (ECs) (expressing high lac-
tosylceramide (LacCer) or Gg3Cer). Such adhesion
is the initial step in B16 cell metastasis (Kojima et
al. 1992). This hypothesis was confirmed by the
finding that in vivo B16 cell metastasis is inhibited
by GM3-liposomes or Gg3-liposomes, but not by
sialylparagloboside-liposomes (Otsuji et al. 1995).

The concept of GSL-dependent adhesion was
extended to interaction of GM3 with Gg3 (Kojima
and Hakomori 1991a, Matsuura et al. 2000), Gb4
with Gb5 or nLc4 (Yu et al. 1998), H with LeY
(Zhu et al. 1995), and GalCer with sulfatide (Stew-
art and Boggs 1993, Menikh et al. 1997). Some
of the structures involved in GSL-to-GSL trans in-
teraction that induces GSL-dependent adhesion are
shown in Fig. 6.

GSL-dependent adhesion through carbohy-
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to-extracellular matrix (ECM) adhesion. Cell-to-cell adhesion

sites (a, b at top) consist of interfacing microdomains, shown as two contacting oblong shapes. Cell-to-ECM adhesion site (¢) involves a

different microdomain structure shown as a pair of dark oblongs. Examples of adhesion site a, termed ‘‘glycosynapse type 1°’, are based

on GSL-to-GSL interaction (A-i) or GSL-to-binding protein interaction (A-ii), in which GSLs are associated with Td and stabilized by

proteolipid (PL). Glycosynapse 2 (B), another cell-to-cell adhesion site, is based on O-linked mucin-type GPs which are recognized

by chydr-binding proteins. Both O-linked glycans and their recognizing proteins are associated with Td. Adhesion of cell to ECM

(fibronectin, collagen, laminin) is mediated by N-glycosylated adhesion receptor (e.g., integrin receptor, ITR) complexed with TSP and

ganglioside; their possible organization is shown in C. Cell adhesion and motility are greatly inhibited when integrin/TSP/ganglioside

complex is stabilized by glycosylation.

drate-binding proteins, e.g., siglec-4 or MAG
(myelin-associated glycoprotein), which bind pref-
erentially to GD1a, GT1b, or GQ1b (Yang et al.
1996, Schnaar et al. 1998, Vyas et al. 2002).

2.2 GLYCOSYNAPSE 2: ADHESION MEDIATED BY
CARBOHYDRATE-TO-PROTEIN INTERACTION

Mucin-type glycoproteins have tandem repeat of
defined peptide core with many Ser/Thr residues,
through which multiple O-linked glycans are pre-
sented. Various glycosyl structures (sialyl-Le*,

sialyl-Le?, sialyl-Tn) carried by O-linked glycans in
mucin-type glycoproteins are the essential epitopes
for selectins (Varki 1994, Kannagi 1997, McEver
and Cummings 1997), siglecs (Crocker et al. 1994,
Crocker and Varki 2001, Ito et al. 2001), and other
carbohydrate-binding proteins that mediate adhe-
sion of tumor cells, neutrophils, or peripheral blood
mononuclear cells.

We found recently that MUC1 and other
mucin-type glycoproteins (see below), together with
Src family kinases, are expressed in low-density

An Acad Bras Cienc (2004) 76 (3)
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Fig. 5 — GSL clusters as a basis of GSL microdomains and their function. Panel A: Physical-

chemical basis of GSL clusters. Sphingolipids and GSLs have hydroxyl groups and aminoacyl groups

that provide hydrogen bond donors as well as acceptors. In contrast, glycerolipids have no hydroxyl

group and provide only hydrogen bond acceptors. Therefore, intermolecular interaction is much higher
between sphingolipids or GSLs. Scheme modified from Pascher (1976). GSLs and SM form *‘liquid-
ordered (lo) phase’’, whereas glycerolipids form *‘disordered gel phase’’. This phase difference reflects
melting point: GSL > 70°; SM 39-41°; glycerophospholipid < 0° (5). Presence of «-OH fatty acid
increases antigenicity, leading to increased clustering (Kannagi et al. 1983). Comparative chain length

of fatty acid and Sph strongly affects antigenicity of GSL, presumably because of enhanced clustering

(Watanabe et al. 1976, Yoshino et al. 1982).

membrane fraction, prepared in Brij58 or Na,COs,
of T-cell lymphoma cell lines Jurkat and HUT78.
MUCI microdomains are characterized by having
Src family kinases (Yes, Fyn, 1ck56), CD45, and
P-selectin glycoprotein ligand-1 (PSGL-1). Impor-

An Acad Bras Cienc (2004) 76 (3)

tantly, both CD45 and PSGL-1 are mucin-type gly-
coproteins having structural unit similar to MUCI1
(Handa et al. 2001). These preliminary data are
shown in Fig. 7A-E. Coexistence of MUC1, PSGL-
1, and CD45 in the same low-density membrane mi-
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Gb4, glycophorin on human RBCs

GM1 on liposome, without chol.

polysialoganglioside in fish
brain neuronal junction

Ak

Fig. 5 — Panel B: Upper left: GSL clusters and GP clusters at erythrocyte surface membrane (Tillack
et al 1983). Upper right: GM1 clusters on PC-liposome without cholesterol (Rock et al. 1991). These
two photos are from scanning EM with freeze-fracture technique. Lower left: GM3 clusters on T-cells

observed by transmission EM (Sorice etal. 1997). Lowerright: polysialoganglioside clusters on neuronal

cells, particularly at brain neuronal junction (Rahmann et al. 1994).

crodomain of the same T-cell line may not be coin-
cidental, but its functional significance remains to
be studied. The functional notion of MUC1 in T-
cells has been studied recently, revealing that: (i)
activated but not resting human T-cells express and
secrete MUC1 (Agrawal et al. 1998a); (ii) activated
T-cells express MUCT1 at ‘‘leading edge’’ associated
with gangliosides (Correa et al. 2003); (iii) soluble
MUC-1 inhibits T-cell proliferation (Agrawal et al.
1998b, ¢). These observations suggest that MUC1 in
T-cells may define T-cell activation and migration,
and that excessive MUCI1 expression may inhibit
activation. A recent study indicates that MUC1 ex-
pression in Jurkat cells is closely associated with IL2
secretion, since ‘‘’knock-down’’ of MUC1 by RNAi
approach blocked IL2 secretion (Handa K, Andersen
S, Hakomori S, unpubl. data). MUCI may act as
sensor of environmental change to transmit signals
into cells to promote T-cell survival through IL2 pro-

duction. The presence of mucin-type glycoproteins
in glycosynapse 2 requires extensive further study.

Presence of mucin-type glycoproteins in T-
cells was not known until very recently (Agrawal
et al. 1998a, c). We found unexpectedly that three
mucin-type glycoproteins, MUC1, PSGL-1, and
CD45, are all resistant to 1% Brij 48 or 500 mM
Na,CO3, and all present in low-density membrane
fraction, associated with Src kinases (Handa et al.
2001). In contrast, mucin-type glycoproteins are
classically well-known components of mucous
Many common
human cancers are derived from secretory epithelial

membranes and their secretions.

cells (endodermal epithelia) in which mucin-type
glycoproteins are abundant, and carry typical tumor-
associated carbohydrate antigens such as sialyl-Le*,
sialyl-Le?, and sialyl-Tn. Our preliminary studies
indicate that MUC1 and MUC4 expressed in mam-
mary carcinoma cell line MCF7 are present in low-

An Acad Bras Cienc (2004)76 (3)
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Fig. 5 — Panel C: Top: Distinction of GSL microdomain (glycosynapse) from caveolar/raft membrane.
Bottom: Glycoprotein (Gp) clusters (A) are separated from GSL microdomain (GSL patch) (B), which are
often associated with various signal transducers (TDa, TDb) (C). Proteolipids (PL) are often associated with
GSL/TD complex to facilitate association of GSLs with signal transducers and regulate GSL-dependent
signal transduction. Presence of three or four components (GSL, PL or tetraspanin, and multiple TDs) is
essential for assembly of GSL microdomain (D). Growth factor receptors (GFR) are occasionally asso-
ciated with GSL microdomain, depending on cell growth stimulation. Integrin receptors associated with
tetraspanin are often present in GSL microdomain (see Fig. 4C), but are not shown in the present figure.

signal a signal b

Fig. 5—Panel D: Cell adhesion mediated by GSL microdomains through GSL-to-GSL trans interaction,
which activates signal transducers (TDa, TDb) leading to change of cellular phenotype. This mechanism
is also shown in Fig. 4A-i as a part of GSL-dependent cell adhesion.

An Acad Bras Cienc (2004) 76 (3)
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Fig. 6 — Some of the structures involved in GSL-to-GSL trans interaction that mediates GSL-dependent

adhesion. Left panel: strong adhesion induced by Le* self-recognition or H-LeY interaction. Right panel:

strong interaction between GM3 and Gg3, and repulsion between GM3 molecules.

density membrane fraction, associated with cSrc,
CD9, and FAK (Steelant et al. 2002). We expect
great future interest in characterization of glycosy-
napse 2 in various types of human cancer, which is
involved in adhesion of tumor cells to ECs to initiate
metastasis. Thus, microdomains having mucin-type
glycoproteins organized with Src family kinases,
involved in carbohydrate-dependent cell adhesion
and signaling, are collectively termed ‘glycosy-
napse 2°°.

2.3  GLYCOSYNAPSE 3: MICRODOMAINS CONTROL-
LING CARBOHYDRATE-DEPENDENT MODULA-
TION OF CELL ADHESION THROUGH ADHESIVE
PROTEIN RECEPTOR

The best-studied adhesion receptors are integrins,
which are often associated with tetraspanins (TSPs).
Cell adhesion to extracellular matrix (ECM) is me-
diated by various combinations of & and 8 subunits
of integrins (Ruoslahti 1991, Hynes 1992), whose
association with tetraspanins (for review see Hem-
ler 2003) depends on N-glycosylation status of both
integrins and TSPs, as well as surrounding ganglio-
sides (Ono et al. 1999, 2000, 2001).

TSPs CD9 (Miyake et al. 1991) and CD82
(Dong et al. 1995) were identified as inhibitory fac-
tors on tumor cell motility and metastasis. Their ef-
fect depends highly on glycosylation status. In order
to clarify such effect of glycosylation on cell motil-
ity mediated by integrin/TSP/ganglioside complex,
we performed the following series of experiments.

(i) 1dID cells defective in UDP-Gal 4-epimerase
(Kingsley et al. 1986, Krieger et al. 1989 ), which
cannot synthesize GM3 or complete N-glycosyla-
tion unless cultured in insulin-transferrin-selenium
medium (ITS) medium with addition of galactose
(+Gal condition), were transfected with CD9 or
CDS82 gene, giving rise to 1dID/CD9 and 1dID/CD82
cell lines respectively (Fig. 8A,B). We found, un-
expectedly, that motility of these CD9 and CD82
transfectants was greatly enhanced under —Gal con-
dition, i.e., when GM3 is absent and N-glycosylation
is incomplete. In contrast, motility was strongly
inhibited under +Gal condition, whereby endoge-
nous GM3 synthesis occurs and N-glycosylation
of CD82 is completed (Ono et al. 1999) (Fig. 8C).

(ii) Because the ligand of integrin a3 is LN5, a3/
LN5-dependent 1dID cell motility was greatly in-

An Acad Bras Cienc (2004) 76 (3)
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Fig. 7 - MUCI1, CD45, and src family kinases (Yes, Fyn) are all enriched in low-density membrane fraction (glycosynapse 2).
Panel A: MUCI in human T-cell line HUT78 is highly enriched in low-density membrane fraction (Fr. 5). a: MUCI distribution
pattern of fraction separated by sucrose density gradient centrifugation after lysis in 0.5% Brij 58 lysis buffer. b: MUCI distribution
pattern in hypertonic alkaline (500 mM NayCO3) solution. For both panels, equal volume of each fraction (10 ul) was subjected to
SDS-PAGE followed by Western blotting with anti-MUC1 mAb B27-29. pnf, postnuclear fraction. TL, total lysate. Panel B: MUCI1,
CD45, Yes, and Fyn are co-present and enriched in low-density membrane (Fr. 5). Fractions prepared in 0.5% Brij 58 lysis buffer are
compared with fractions prepared in 500 mM NayCOs3. a, left: MUCI in Fr. 5 (lane 1) and soluble Fr. 10-12 (lane 2), Western blotted
with anti-MUC1 mAb; right: same as left, but blotted with anti-CD45 mAb. b, left: Western blotted with anti-Yes mAb; right, blotted

o
a

with anti-Fyn mAb. Lanes 1 and 2 as in . A similar enrichment of PSGL-1 and Lck56 was observed in Fr. 5 prepared in Brij 58 or

NayCO3 (data not shown).

hibited when «3/CD9/GM3 complex was formed
under +Gal condition, but the motility was greatly
enhanced under —Gal condition, whereby complex
appeared to be dissociated (Fig. 9A,B). The en-
hanced motility under —Gal condition was moder-
ately reduced, while the suppressed motility under
+Gal condition was greatly enhanced, when anti-o3
antibodies were added (Fig. 9B-b). These obser-
vations confirm that the motility-inhibitory effect
of «3/CD9/GM3 complex occurs primarily at the
cell surface, and that the effect is based on interac-
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tion of o3 with LNS5.

(iii) The motility-inhibitory effect of CD9 or CD82
is suggested by their capability to form complex
with integrin receptors (Mannion et al. 1996, Ono et
al. 2000, 2001). Motility of three colorectal cancer
lines expressing high CD9 level was reduced greatly
only upon addition of exogenous GM3 (10, 50 um)
(Fig. 10A), possibly through CD9/GM3/integrin re-
ceptor complex, as evidenced by addition of pho-
toactivatable GM3 to HRT18 cells (Fig. 10B).
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Fig. 8 — Effect of glycosylation on cell motility through tetraspanin CD9 or CD82, demonstrated in CHO mutant 1dID cells.
Panel A: CHO mutant 1dID cells (Krieger’s mutant) are defective in UDP-Glc 4-epimerase. Cells are incapable of synthesizing UDP-
Gal unless Gal is added to culture medium. Therefore, N-linked structure cannot be extended completely, or GlcCer is not converted to
GM3. Panel B: GM3 is absent in GEM when 1dID cells are grown under —Gal condition, but is present in GEM when cells are grown
under +Gal condition. Presence of GM3 is more clear when GEM is prepared in 0.5% or 0.25% Triton X-100, but less clear when
prepared in 1% Triton X-100. Panel C: Transwell motility of 1dID/CD9 (left) and 1dID/CDS2 (right). 1dID/CD9 or 1dID/CD82 were
established by transfection of 1d1D cells with CD9 or CD82 gene. Their motility was determined using Transwell membrane, with the
lower surface coated with Matrigel. Cells in Ham’s F-12 (with 0.25% BSA) were allowed to migrate to the lower surface during 24 hr,
and counted. Data are shown for two clones (white and shaded bar respectively) grown in ITS medium —Gal (group 1), +Gal (group

2), +GalNAc (group 3), or +Gal+GalNAc (group 4). Note that cell motility was inhibited only in the presence of Gal.
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Fig. 9 — GM3-induced motility-inhibitory effect of integrin «3/CD9/GM3 complex. Panel A: ¢3, CD9, and GM3 form a complex
under +Gal condition, whereby endogenous GM3 synthesis and complete N-glycosylation occur. 1dID/CD9 cells were grown under
—Gal or +Gal condition, and cell lysate was subjected to co-IP. a: CD9 co-IP’d with anti-a3 from lysate of cells grown in —Gal vs.
+Gal condition. Only lysate from +Gal cells gave co-IP of CD9 with anti-a3. b: «3 co-IP’d with anti-CD9 from Fr. 5 (GEM),
prepared from cells grown under —Gal vs. +Gal condition. Note that «3 band co-IP’d with anti-CD9 was greatly enhanced in +Gal
vs. —Gal condition. Panel B: Laminin-5 (LN5)-dependent motility of 1dID/CD9 cells is inhibited under +Gal condition, whereby
endogenous GM3 synthesis and N-glycosylation of «3 integrin occur. The upper surface of Transwell membrane was coated with
LNS5, and 1dID/CD9 cells in F12 medium were placed in the upper compartment. Cell migrated to lower surface of the membrane
were counted. a. The LN5-dependent motility of the cells was greatly suppressed under +Gal condition (column 2), whereas motility
was very low and unaffected by —Gal vs. +Gal in parental 1dID/moc cells (3 and 4). b. The high motility of 1dID/CD9 cells on
LNS5-coated Transwell membrane under —Gal (1) was slightly reduced in the presence of anti-a3 antibody (5). LN5-dependent motility
was suppressed strongly under +Gal (2) but was enhanced in the presence of anti-a3 Ab (6), i.e., «3/CD9/GM3 complex is present at

the cell surface, and is susceptible to anti-a3 Ab.
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Fig. 10 — Effect of GM3 on CD9-dependent cell motility inhibition: GM3 is a co-factor of CD9. Panel A: Colorectal cancer

cell lines expressing high CD9 level are susceptible to GM3-induced motility inhibition. Three colorectal cancer cell lines (SW480,

SW620, and HRT18) express equally high CD9 levels (a); but low levels of GM3 unless it is added exogenously (b). Haptotactic

motility of these cells is strongly inhibited by incubation with 10 uM (gray column) or 50 uM (black column) GM3 (c-1, ¢-2, ¢-3)

but not with the same concentration of GM1 (c-4). Panel B: Interaction of CD9 and other membrane proteins with photoactivatable

GM3. HRT18 cells were used because they express high level of CD9 and their motility is susceptible to GM3. Cells were treated with

photoactivatable 3H-labeled GM3 (structure shown at left) plus regular GM3, washed, and UV irradiated. Cells were then lysed, and

subjected to IP with normal mouse IgG as control (lane a), anti-integrin A1 (lane b), anti-a6 (lane c), anti-o4 (lane d), anti-o3 (lane e),

or anti-CD9 (lane f). Lane g, total lysate of HRT18 cells (60 ng protein).

3 PERSPECTIVES ON GLYCOSYNAPSES IN
MOLECULAR CELL BIOLOGY
I would like to present a few perspectives based on
the concept of glycosynapse.

PHENOTYPIC VARIABILITY AND GLYCOSYNAPSE

Current molecular cell biology has advanced
greatly along the scenario of its ‘‘central dogma’’:
DNA — RNA — protein. The total number of

genes in genome of Caenorhabditis elegans was

determined as 20,000 in 1998 (The C. elegans Se-
quencing Consortium 1998). Many molecular bi-
ologists expected that the number of genes in the
human genome would be 4-10 times higher than
this, because of the much greater complexity of phe-
notypes in human cells as compared to nematode.
The number of human genes was clarified 3 years
later, surprisingly, as 30,000 (Venter et al. 2001).
How is this minor difference in gene number re-
lated to such a large difference in complexity of
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phenotypes between nematodes and humans? Vari-
ability in splicing of DNA? Variability in mode of
transcription factor effect? Epigenetic effect, i.e.,
change of gene effect without change of DNA se-
quence (acetylation or methylation of DNA, or
chromatin effect in nucleosome)? Recent studies
indicate the presence of hitherto-unknown DNA lo-
cated outside conventional genome; such ‘‘extrater-
ritorial’”> DNA may encode unusual RNA (e.g., ‘‘ri-
boswitch’”) which modulates messenger function or
other functions involved in the ‘‘central dogma’’,
e.g., (Gibbs 2003a, b).

While it is essential to consider these recent
breakthrough developments in addition to classic
genome/proteome concepts in order to understand
the complexity of phenotypes, it is also important
to recognize that post-translational modification of
proteins increases complexity. 60% of proteins are
modified by (i) N- or O-glycosylation; (ii) lipida-
tion (i.e., palmitoylation or myristoylation); (iii) as-
sociation with ganglioside or GSL leading to alter-
ation of function. Processes i, ii, and iii are obvi-
ously not based simply on the “central dogma”, but
are controlled by assembly of secondary gene prod-
ucts. Variability of glycosylation in glycoproteins
and GSLs is shown in Table I.

This variability in molecules suggests creation
of further variability in molecular assembly of mem-
branes, which is the theme of this article, and which
I'have illustrated in three examples of glycosynapse.
To say that only three types exist is certainly an over-
simplification. There are undoubtedly a much larger
number, showing a wide range of flexibility in re-
sponse to cellular environment.

CELL SOCIAL FUNCTION AND GLYCOSYNAPSE

Cell surfaces are enriched in carbohydrates, which
are assumed to be involved in cell “social functions”
(e.g., recognition, adhesion). This line of study is
currently a major theme in cell biology, in contrast
to classic molecular cell biology based on the “cen-
tral dogma”. Cell adhesion is associated with signal
transduction to define cellular phenotype. The con-
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cept of glycosynapse helps explain the molecular
mechanisms by which cells recognize each other
and undergo phenotypic changes such as differ-
entiation, development, oncogenic transformation,
metastasis, apoptosis, etc.

Various disease processes can be elucidated
through study of glycosynapse structure and func-
tion. A few examples are: (i) Oncogenic transfor-
mation and invasion through adhesion of tumor cells
to ECs through glycosynapse 1 or 2. (ii) Enhanced
or inhibited motility/invasiveness through interac-
tion of ECM with integrin/tetraspanin/ganglioside
complex (glycosynapse 3). (iii) Many infectious
agents are targeted to GSLs or GPs in glycosynapses.
Among these, GSL receptors are best elucidated so
far. (iv) Accumulation of neutrophils or eosinophils
at inflammatory lesion is the key event during in-
flammatory processes. Such accumulation is based
on neutrophil or eosinophil binding to ECs mediated
by myeloglycan, which is present in glycosynapse.
(v) Neuronal cell function in brain or central nervous
system is maintained by nerve growth factor (NGF)
receptor or brain-derived growth factor (BDGF) re-
ceptor, whose functions are modulated by surround-
ing gangliosides or GSLs in glycosynapse (Mutoh et
al. 1995, Sakakura et al. 1996, Prinetti et al. 1999).

Elucidation of structure and function of gly-
cosynapses involved in these disease processes is
expected to lead to methods for prevention and cure
of specific diseases.

RESUMO

O conceito de microdominios em membrana plasmatica
foi desenvolvido ha mais de duas décadas, apés a obser-
vacdo da polaridade da membrana baseada no agrupa-
mento de componentes especificos da membrana. Micro-
dominios envolvidos na adeséo celular dependente de car-
boidrato, com transducdo de sinal que afeta o fendtipo
celular sdo denominados “glicosinapses”. Trés tipos de
glicosinapse foram observados: “tipo 1” que possue gli-
coesfingolipidio associado com transdutores de sinal (pro-
teinas G pequenas, cSrc, cinases da familia Src) e proteo-
lipidios; “tipo 2” que possue glycoproteinas O-ligadas tipo

mucina associadas com cinases da familia Scr; e “tipo 3”
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TABLE I

Variability of glycosylation in glycoproteins and GSLs.

Variability of protein glycosylation

Variability in structure

N-linked structure ~ 600

O-linked structure

a-GalNAc linked ~ 100

B-GlcNAc linked (only one kind)

«-Man linked (a few kinds)

a-Fuc linked (Fuc3B8GIcNAc48Gal3aSA)
Variability in glycosylation site: countless

Variability of lipid glycosylation

Glycosphingolipid

Globo-series

Lacto-series
Type 1
Type 2

Ganglio-series

L

~25

23
50

J 0, a, b, and ¢ types 28

Order of expression during

developmental process

Glyceroglycolipid
Seminolipid

Types of association of GSL or

glyceroglycolipid with functional

proteins in membrane

Countless

que possue receptor de integrina, com glycanas N-ligadas,
complexado com tetraspanina e gangliosidio. Tipos celu-
lares diferentes s@o caracterizados pela presenca de tipos
especificos de glicosinapse ou suas combinagdes, cuja
adesdo induz transdugdo de sinal para facilitar ou inibir
a sinalizag@o. Ex., a sinalizacdo através da glicosinapse
tipo 3 inibe mobilidade celular e a diferenciacdo. Gli-
cosinapses sao distintas dos microdominios conhecidos

RTINS

classicamente como ‘“‘caveolas”, “membrana caveolar”,

ou mais recentemente “rafts lipidicos”, os quais ndo estdo

envolvidos na adesdo celular dependente de carboidrato.
Glicosinapses tipo 1 e tipo 3 sdo resistentes a regentes
que se ligam ao colesterol, enquanto a estrututa e funcdo
de “membrana caveolar” ou “rafts lipidicos” sdo sensiveis
a esses reagentes. Varios dados sugerem um papel fun-
cional para as glicosinapses durante a diferenciacdo, o
desenvolvimento e a transformag@o oncogénica.
Palavras-chave: interacdo carboidrato-carboidrato, pro-
tefna que se liga ao carboidrato, integrina, tetraspanina,
receptor de fator de crescimento.
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