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Carbohydrate-to-carbohydrate interaction, through
glycosynapse, as a basis of cell recognition and
membrane organization
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Cell adhesion mediated by carbohydrate-to-carbohydrate interaction (CCIl), or cell adhesion with concurrent signal
transduction, are discussed in three contexts.

1. Types of cell adhesion based on interaction of several combinations of glycosphingolipids (GSLs) at the surface of
interfacing cells (“trans interaction”) are reviewed critically, to exclude the possible involvement of GSL-binding proteins.
Special emphasis is on: (i) autoaggregation of mouse teratocarcinoma F9 cells mediated by Le*-to-Le* interaction, in
which presence of Le*-binding protein is ruled out; (ii) adhesion of GM3-expressing cells to Gg3-expressing cells, in
which involvement of GM3- or Gg3-binding protein is ruled out.

2. Characteristic features and requirements of CCl, as compared with carbohydrate-to-protein interaction (CPI)
and protein-to-protein interaction (PPI), are summarized, including: (i) specificity and requirement of bivalent cation;
(ii) reaction velocity of CCl as compared to PPI; (iii) negative (repulsive) interaction; (iv) synergistic or cooperative effect
of CCI and PPI, particularly GM3-to-Gg3 or GM3-to-LacCer interaction in synergy with integrin-dependent adhesion, or
Le*-to-Le* interaction in cooperation with E-cadherin-dependent adhesion.

3. Microdomains at the cell surface are formed based on clustering of GSLs or glycoproteins organized with signal
transducers. Among such microdomains, those involved in adhesion coupled with signal transduction to alter cellular
phenotype are termed “glycosynapse”. In some glycosynapses, growth factor receptors or integrin receptors are also
involved, and their function is modulated by GSLs only when the receptor is N-glycosylated. This modulation may occur
in part via interaction of GSLs with N-linked glycans of the receptor, termed “cis interaction”.
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growth factor receptor; FN, fibronectin; Gb4, GaINAc33Gala4Gal34Glc31Cer; Gb5, Gal33GalNAc33Galad4Gal34Glc31Cer;
Gg3, GalNAc34GalB4Glc31Cer; GSL, glycosphingolipid; H, Fuca2Gal; Le?, Gal33[Fuca4]GlcNAc33Gal34Glc31Cer; Le*,
Gal34[Fuca3]GlcNAc33Gal34Glc31Cer; LeY, [Fuca2]Gal34[Fuca3]GlcNAc33Gal34Gic31Cer; PPI, protein-to-protein in-
teraction; SPR, surface plasmon resonance; SSEA, stage-specific embryonic antigen; TSP, tetraspanin.

1. Introduction Self-aggregation of various plant polysaccharides based on

Prior to development of the current concept of cell recogni-
tion based on carbohydrate-to-carbohydrate interaction (CCI),
temperature-dependent gelification of agarose was well known.
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CCI was studied over 40 years ago, mainly by D.A. Rees
and colleagues, using changes in optical rotation or '*C-
NMR associated with gelification of various polysaccharides
(e.g. [1,2]. Interaction of chondroitin sulfate and hyaluronic
acid was claimed subsequently [3]. In these early studies
of polysaccharide interaction, the biological significance was
unclear.
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The majority of cellular glycoconjugates (~70-80%) are lo-
cated at the cell surface to form a “glycocalyx”. They were
therefore imagined to be involved in cell recognition, for many
years. Galectins, discovered in the mid-1970s, were suspected
to mediate cell recognition, although the majority of galectins
were found intracellularly. The mechanism for involvement of
galectins in cell recognition was more complex than initially
considered [4-7]; for extensive review, see [8]. During the past
decade, selectins (for review see [9—11] and siglecs [12,13] have
been added to the list of carbohydrate (chydr)-binding proteins
that mediate cell recognition.

Cell recognition based on CCI is unique in that it displays
(1) high variability depending on degree of clustering; (ii) re-
activity more rapid than that of protein-to-protein interaction
(PPI) that typically occurs through integrins, cadherins, or var-
ious types of cell adhesion molecules (CAMs); and (iii) syn-
ergistic effect with PPI. Therefore, CCI is not “alternative” or
“supplemental” to PPI or chydr-to-protein interaction (CPI).
Rather, CCI is the initial step leading to multiple, redundant
mechanisms, including PPI (see Section 2.2 below).

Despite the increasing evidence for cell adhesion based on
CCl, itis difficult to completely rule out possible co-occurrence
of CPI with CCL

Here, I will briefly review (i) our previous studies on cell-
to-cell interaction mediated by trans-CClI; (ii) our current stud-
ies suggesting occurrence of CCI between integrins or growth
factor receptors and surrounding gangliosides, i.e., cis-CClI,
(iii) assembly of glycoconjugates involved in trans-CCI and
in cis-CCI within the same microdomain or between interfac-
ing microdomains, termed “glycosynapse” [14,15]. This term
implies chydr-dependent cell adhesion with concurrent signal
transduction to alter cellular phenotype, in analogy to “immuno-
logical synapse” [16,17].

2. Examples of cell adhesion mediated by trans-CCI

2.1. Two well-studied types of homotypic cell adhesion
through frans-CCI, based on self-recognition of specific
chydr epitopes

Studies on molecular mechanisms of well-known homotypic
animal cell adhesion systems revealed the involvement of self-
recognition of chydr epitopes in two adhesion systems, i.e.,
(1) species-specific aggregation of marine sponge cells, in the
presence of Ca’", in which the glycan part of proteoglycan
plays a major role in self-recognition, and possible involve-
ment of the protein part in cell adhesion was ruled out in recent
studies [18]; (i1) autoaggregation of mouse teratocarcinoma F9
cells, also in the presence of Ca?*, which mimics the “com-
paction” process of preimplantation mouse embryo. Based on
“common sense” considerations, the possible involvement of
chydr-binding proteins through CPI was investigated, but was
ruled out by extensive studies. Steps in these studies, which led
to the concept of trans-CClI, are summarized in Tables 1 and 2.
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Table 1. Species-specific autoaggregation of sponge cells is
due to trans-CCl based on self-recognition of specific oligosac-
charides. Studies conducted primarily in Max M. Burger’s lab

a. Species-specific aggregation of marine sponge cells is
based on Ca2t-dependent proteoglycan-to-proteoglycan
interaction [19—21], in which the glycan part is responsible
for aggregation through CCI [22]. The protein part could
be a glycan carrier but is not functionally involved in
aggregation [23,24].

b. Glycan structures involved in CCI were studied in
Microciona prolifera. Multiples of Galg1,4GIcNAcB1,3Fuc
having 6,4-pyruvation at terminal Gal [25], and
GlIcNAcp1,3Fuc having 3-O-sulfation at terminal GIcNAc
[26], defined respectively by “Block 1” and “Block 2" mAbs,
were identified as aggregation-mediating epitopes.

c. The epitope defined by Block 2 mAb was shown to bind to
itself (self-recognition) by quantitative SPR spectroscopy
using multiple 3-O-sulfated GlcNAcg1,3Fuc linked to BSA
[27].

d. Self-recognition of glycans derived from four genera of
sponge (Microciona, Halichondria, Suberites, Cliona), as a
basis of species-specific cell aggregation, was studied by
molecular force microscopy. Strong (190-310 pN)
adhesive force was observed for glycan self-recognition in
each case [18].

Table 2. Autoaggregation of mouse teratocarcinoma F9 cells,
which mimics compaction of morula-stage mouse embryo, is
due to trans-CCl based on self-recognition of Le* by Le*. Stud-
ies conducted in our lab

a. Both F9 cells and morula-stage mouse embryo highly
express a1-3 fucosyl N-acetyllactosamine (Le*) [28-31].
Trivalent Le* inhibited F9 autoaggregation or embryo
compaction, and also caused “de-compaction” of
once-compacted embryo [32].

b. (i) Major proteins separated from F9 cell extract did not
show Le*-binding ability [33]. (ii) Two fractions (Mr ~30 K,
~18 K) in F9 cell extract did show Le*-binding ability,
which was maintained even after exhaustive "pronase”
digestion [33-35]. (iii) The Le*-binding molecules
extracted from [®H]GIcNH,-labeled F9 cells were identified
as LeX-GSL as well as poly-LacNAc bearing high level of
LeX, previously described as “embryoglycan” [36,37].

c. Liposomes containing Le*-GSL interact specifically with
Le*-GSL-coated plate in the presence of Ca2* [34].

d. Thus, the Le* binding partner is Le* per se, and the
autoaggregation is based on Ca2*-dependent Le*-to-Le*
self-recognition. The phenomenon was shown by
liposome binding, equilibrium dialysis, and aggregation of
Le*-coated microspheres [34]. It was further confirmed by
other investigators, based on atomic force microscopy
[38], SPR spectroscopy [39], and crystallography of Le*
trisaccharide [40].
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Figure 1. Inhibition of compaction, or “de-compaction” of mouse embryo, by trivalent Le* but not by trivalent Le?. Panel A: Compacted
embryos (a) were cultured in Whitten’s medium alone (b) or in Whitten’s medium containing either 1 mM trivalent Le? (c¢), or 1 mM
trivalent Le* (d). Embryos are shown after 8-12 h (c, d) or 24 h (b) of culture. Note that only trivalent Le? “de-compacted” the
once-compacted mouse embryo. Panel B: Dose response (left) and time course response (right) for decompaction by trivalent
Le* conjugate, and by other positional isomer conjugates. Compacted embryos were cultured in the presence of trivalent Le* (e),
trivalent Le? (m), or chitotriose-lysyllysine (a). No effect was seen for monovalent Le* (5 mM) plus lysyllysine (1 mM). Percentage
of decompacted embryos was scored after 10—12 h of culture (left). From Fenderson et al. [32]. Panel C: Structures of trivalent Le?

(left) and trivalent Le* (right).

2.2.  Compaction of mouse embryo, and autoaggregation of
mouse teratocarcinoma F9 cells: Cooperative effect of
Le*-dependent and E-cadherin-dependent adhesion

F9 cell autoaggregation, in the presence of Ca>*, mimics com-
paction of morula-stage mouse embryo, the first of the series
of adhesion events during embryogenesis. Both F9 cell au-
toaggregation and the compaction process were inhibited by
trivalent Le* but not trivalent Le?, in a dose-dependent and
time-dependent manner (Figure 1). In addition, this adhesion
system is controlled by E-cadherin [41], although compaction
proceeded well in an E-cadherin knockout mouse [42]. Autoag-
gregation of teratocarcinoma proceeded normally in an Le*-
defective variant [43]. These findings suggest that embryonal
compaction and teratocarcinoma autoaggregation depend on a
cooperative effect of Le*- and E-cadherin-dependent adhesion
[44]. In general, cell adhesion essential for important functions
consists of multiple steps, initiated by CCI and followed by PPI;
this is termed “redundancy of adhesion systems”.

We studied the molecular mechanism of the adhesion pro-
cess using autoaggregation of Le*-positive F9 cells, in com-
parison with control Le*-negative PYS-2, a differentiated

teratocarcinoma cell line derived from the same parental ter-
atocarcinoma cell line OTT 6030 (from mouse strain 129) as
F9. Autoaggregation of F9 cells in the presence of bivalent
cation (Figure 2A-a) was inhibited by addition of EDTA (Fig-
ure 2A-b) or trivalent Le* (Figure 2A-c), but not by trivalent Le®
(Figure 2A-d). Such autoprecipitation of F9 cell extract was due
to autoaggregation of glycoprotein containing poly-LacNAc
with high level of Le* (Figure 2B), previously described as
“embryoglycan” [36,37]. The autoaggregation property of the
glycan was abolished by treatment with pig liver fucosidase
(Figure 2C).

These results (autoaggregation of Le*-positive F9 cells, its
absence in Le*-negative PYS-2 cells, and inhibition of F9 cell
autoaggregation by Le* but not by Le? oligosaccharide) sug-
gested two possibilities: (i) an Le*-binding protein present in
F9 cells mediates Le*-dependent aggregation (i.e., based on
standard concept of CPI); (ii) Le* interacts with Le* in the
presence of bivalent cation, based on a novel mechanism. Pos-
sibility (i) was explored by extensive studies searching for pro-
tein(s) showing Le*-binding ability. However, major proteins
separated from F9 cell extract showed no Le*-binding abil-
ity, and two Le*-binding fractions with Mr 30 K and 18 K
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Figure 2. Autoaggregation of F9 cells (A) and F9 cell glycan in cell extract (B). Such aggregated peak (a, and part of b) is absent
in the presence of EDTA in B, and in defucosylated F9 cell glycan (C). Panel A: Inhibition of F9 cell autoaggregation by trivalent Le*
but not by trivalent Le2. (a) F9 cells cultured in bivalent cation; (b) culture containing 50 mM EDTA; (c) culture of (a) in 2 mM trivalent
Le*; (d) culture of (a) in 2 mM trivalent Le?. From Eggens et al. [34]. Panel B: Autoaggregation of labeled glycoprotein in F9 cell
extract, as demonstrated by change of gel filtration pattern. F9 cells were metabolically [PH]GIcNH,-labeled, extracted with buffer A
containing 1% octylglucoside and 5 mM EDTA as in Panel B, dialyzed against TBS containing (i) 5 mM CacCls, or (i) 10 mM EDTA,
and subjected to gel filtration on Sephacryl CL-6B (1.5 x 120 cm) with continuous elution in medium (i) (o) or (ii) (e) respectively. 2
ml fractions were collected, and 0.1 ml aliquots of each fraction were determined for radioactivity. Note that the elution curve in the
presence of CaCl, shows autoaggregation peaks a and b (o), which are absent in the elution curve in the presence of EDTA (e).
Panel C: Elution of the same material with medium (i) as above, but treated with 0.1 U bovine liver a-fucosidase (37°C, 24 h), which

destroys Le* structure. Panels B and C from Kojima et al. [35].
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Figure 3. Proteins or glycoproteins in F9 cell extract, having
Le*-binding activity. F9 cell membranes were extracted with
10 mM CHAPSO, clarified by ultracentrifugation followed by
dialysis to remove detergent, and subjected to gel filtration on
Sephacryl S200 (1 x 100 cm). Fractions (6 ml) were separated,
and aliquots were assayed for protein content (left ordinate;
solid circle). Other aliquots were tested for Le* binding activ-
ity in terms of inhibition of antibody binding to Le*-coated plate
(right ordinate; open circle). Note that major protein peaks sep-
arated had no Le*-binding activity. Two bands, with Mr 30 K and
18 K, showed binding to Le*; these had very low or undetectable
protein content. From Rosenman et al. [33].

had no measurable protein level (Figure 3), suggesting that
the Le*-binding molecule may not be protein. In order to con-
firm this point, F9 cell glycoproteins and GSLs, including the
30 K and 18 K components, were metabolically labeled with
[*H]GIcNH,, extracted by CHAPSO, dialyzed, subjected to
gel filtration (see Figure 3 legend), lyophilized and extracted
with isopropanol/hexane for GSLs, extensively digested with
pronase, and separated by gel filtration. Le*-binding activity and
protein content of each fraction were compared. Le*-binding

activity was highly resistant to extensive pronase digestion, and
the Le*-binding substance had properties similar to those of em-
bryoglycan. The ratio of embryoglycan to Le*-GSL in F9 cells
was ~4:1. These results supported possibility (ii) as above. Le*-
to-Le* interaction in vitro was confirmed initially by binding
of Le*-GSL liposomes to Le*-coated plates [34], and later by a
number of other studies [38—40,45].

2.3.
2.3.1

GSL-dependent adhesion

Cell adhesion possibly mediated
by GSLs: Early studies

We [46] and others [47,48] discovered a cell surface protein
(later termed “fibronectin”; FN) that may mediate cell adhesion.
However, its cell surface receptor was not identified at that time.
Since gangliosides inhibit FN-dependent cell adhesion [49],
they were once considered as FN receptors. The real receptor
was later identified as protein (integrin) [50,51]. Complexity
arose from the fact that integrin interacts with gangliosides, and
such interaction is required for integrin function as FN receptor
[52,53].

An alternative possibility was suggested that GSL-binding
protein (rather than integrin) may be widely present, and me-
diate cell adhesion. We performed experiments to test this hy-
pothesis and found that certain cells adhere to plates coated
with a defined GSL. Our attempts to demonstrate specific GSL-
binding protein in such cases were unsuccessful. However, we
found that a cell expressing a specific GSL (“GSL 1”) adhered
well to plates coated with a second GSL (“GSL 2”), but not
with other GSLs (“GSL 3”). Interaction of GSL 1 with GSL
2, but not with GSL 3, was confirmed based on GSL-liposome
binding to GSL-coated plate. Melanoma B16 cells adhered to
mouse lymphoma L5178V, based on GM3-to-Gg3 interaction.
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Table 3. Adhesion of GM3-expressing cells to Gg3-expressing
cells or to Gg3-coated plate

a. Mouse melanoma B16 cells (expressing high level of GM3)
adhere strongly to mouse lymphoma L5178V (expressing
Gg8; particularly clone AA12) but not to L5178 AV27
(variant not expressing Gg3) [54] (Figure 4A).

b. Adhesion of B16 to L5178V cells was blocked by
pretreatment of B16 with anti-GM3 mAb DH2 or
pretreatment of L5178V with anti-Gg3 mAb 2D4 [54]. Also,
B16 did not bind to L5178 AV27. Thus, B16 adhesion to
L5178V is based solely on GM3-to-Gg3 interaction
(Figure 4B).

c. Adhesion of not only B16 but also other GM3-expressing
cells to Gg3SAM was observed, and the degree of
adhesion was in the same order as degree of GM3
expression, i.e., B16 > HEL299 > BHK > WA4 > 3T3.
The binding was abolished by sialidase, by treatment of
cells with mAb DH2, or by treatment of plates with mAb
2D4 [55] (Figure 4C).

d. GMB3-to-Gg3 interaction was determined quantitatively by
SPR spectroscopy using Langmuir monolayer of GM3 and
multiple Gg3 trisaccharide bound to polystyrene [56].

Experimental data are summarized in Table 3, and examples
are shown in Figure 4A and B.

2.3.2  Search for GSL-binding proteins that mediate
GSL-dependent adhesion

We studied the possible existence of GSL-binding proteins by
the use of specific GSLs (LacCer, Gb4, Gb3, nLc4, GM3, Gg3)
covalently linked to amino glass bead columns through oxidized
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double bond of Sph [57]. [3S]Met metabolically-labeled cellu-
lar proteins were extracted with ethydium bromide or dialyzable
detergents (CHAPS, octylglucoside), and their possible inter-
action with each type of GSL was examined by their binding to
respective GSL-glass bead columns. Non-adsorbed or adsorbed
(eluted with potassium iodide) *>S-labeled proteins were ana-
lyzed by SDS-PAGE followed by autoradiography. Although
this approach to search for specific GSL-binding proteins was
ultimately unsuccessful, we observed that: (i) there were sev-
eral proteins that bound non-specifically to multiple GSLs [58];
(i1) no proteins bound specifically to any particular GSL, in-
cluding Gg3 [58]; Lingwood CA, Hakomori S, unpubl. data).
GSL-glass bead columns were used for purification of specific
anti-GSL antibodies [57]. However, GSLs covalently bound to
amino glass beads are probably not ideal for detection of GSL-
binding proteins, since the covalent linking procedure oxidizes
double bond of Sph and the original GSL structure is thereby
greatly modified.

2.3.3 Gb4-dependent autoaggregation of human
teratocarcinoma 2102 or TERA-2 cells

A model of human or primate embryonic compaction process
is autoaggregation of human teratocarcinoma 2102 or TERA-
2 cells [59-61]. Le* is expressed minimally on these cells.
Instead, they express extended globo-series structures such
as SSEA-3 (identified as a mixture of Gb5Cer and a1l — 2
fucosyl-Gb5 (globo-H)) [62] and SSEA-4 (identified as sialyl-
Gb5) [63]. SSEA-3 and SSEA-4 are maximally expressed at
morula stage of primate embryo [61]. These structures may
mediate the compaction process of primate (presumably in-
cluding human) embryo. Our studies indicate that autoaggre-
gation of 2102 cells is mediated by Gb4-to-Gb5 as well as
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Figure 4. Cell adhesion based on GM3-to-Gg3 interaction. Panel A: Aggregation of mouse melanoma B16 cells with mouse
lymphoma L5178V (high level of Gg3 expression) (A-a), and absence of such aggregation with variant L5178 AV27 (not expressing
Gg3) (A-b), when co-cultured with melanoma B16 cells (spindle shape) for 24 h. Panel B: Time course change in adhesion of
[*H]GIcNH,-labeled L5178V and L5178 AV27 to B16 cells grown as monolayer. Number of cells was calculated based on metabolic
labeling activity. From Kojima and Hakomori [54]. Panel C: Adhesion of [*H]thymidine-labeled cell lines with different degrees of GM3
expression to Gg3-coated plate. Number of cells was calculated based on metabolic labeling activity. Different amounts of Gg3 (g
per plate, abscissa) were added on 24-well plates and dried. Cells were incubated 15 min at 37°C. From Kojima and Hakomori [55].
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Gb4-to-nLc4 interaction. CCI based on interaction of these two
pairs of structures (both including common core Gb4), assumed
to be characteristic of the human/ primate compaction process,
is termed “Gb4-dependent adhesion”. Such adhesion induces
signaling leading to activation of transcription factors CREB
and AP1 [64]. In this adhesion system, the possibility of CPI
through Gb4 or Gb5 binding protein remains to be studied (see
Section 2.2).

2.3.4  Adhesion of LeY-expressing cells to H-expressing cells

Mouse blastocyst expresses high level of LeY at the surface
layer, whereas inner cell mass expresses Le*. The process of
implantation of blastocyst to endometrium of mouse uterus
was inhibited by anti-Le¥ mAb AHG6, indicating that LeY at
the blastocyst surface is recognized by a counterpart structure
at endometrium. Since H (Fucal — 2Gal) is expressed in en-
dometrium, and LeY-to-H interaction was shown in liposome-
binding assay, a possibility was suggested that the implantation
process is initiated by CCI between Le¥ and H epitopes [65].
It is important to note that both H type 1 and H type 2 interact
strongly with LeY, but LeY-to-LeY interaction is repulsive (see
Section 5.3).

3. Binding affinity and specificity of CCI,
comparable to CPI or PPI

In general, CCI is regarded as weak in vitro, when tested in
comparison to CPI or PPI. However, the strength of CCI varies
extensively depending on the degree of clustering. As shown in
recent quantitative analytical studies of CCI using SPR spec-
troscopy, atomic force microscopy (AFM), and micellar inter-
action in Langmuir monolayers, CCI binding affinity in some
cases is as high as that observed for CPI or PPI, depending on
degree of clustering. Under SPR spectroscopy, GM3 monolayer
prepared from Langmuir interface interacted strongly with Gg3
oligosaccharide conjugate linked to polystyrene (Ka 1.1 x 108
M~1), but to a much lesser degree with lactose conjugate linked
to the same carrier (Ka 7.7 x 10* M~") [56]. In another SPR
study, Le* trisaccharides with arms linked to SAM of alka-
nethiolate on gold film strongly bound to Le* trisaccharides
with arms linked to gold nanosphere (Kd 5.4 x 10’ M~") [39].
SPR spectroscopy was also applied to study self-recognition
of sulfated disaccharide units of proteoglycan causing species-
specific aggregation of a type of sponge cell [26]. The armed dis-
accharide, 3-O-sulfated GIcNAcB1 — 3Fuca, linked to BSA,
showed strong self-interaction on SPR (Ka estimated as ~10°
M~1) [27]. The range of binding affinity of CCI as determined
by SPR in these experiments was similar to that of CCI or
PPI.

AFM was developed to determine the exact force of molec-
ular interaction [66], and has been used for measurement of
ligand-receptor interaction [67,68]. This approach was recently
applied to determine adhesion force between Le* trisaccharide
carried by mercaptoundecanol linked to gold film surfaces. The
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force of a single Le*-to-Le* interaction was recorded as 20 £ 4
piconewton (pN), whereas no interaction force was found for
Le*-to-lactose or lactose-to-lactose [38]. Since 200-300 pN is
considered sufficient to ensure cell-cell adhesion, 10-15 pairs of
Le* clusters are enough to cause clear cell adhesion. Finally, in-
teraction of GSL Langmuir monolayer with GSL oligosaccha-
ride conjugate or with GSL micellar solution was determined in
terms of quantitative changes in A value (pressure-area (7-A)
isotherm) [69,70].

4. Cis-CCI: Implications for interaction of membrane
receptors with other membrane glycoconjugate
components

A few lines of recent study suggest that CCI may be involved
in interaction of membrane receptors with other membrane
components. Receptors so far studied are those involved in
cell adhesion (integrins) and in cell growth (EGF receptor;
EGFR).

4.1 Fibronectin (FN)-dependent adhesion may be controlled
by interaction of N-linked glycan of integrin o581 with
ganglioside

a5B1 of keratinocytes is inhibited by gangliosides GD3 and
GT1b. Since these gangliosides bind to N-glycosylated 581,
but not to de-N-glycosylated 561, the inhibition is presum-
ably due to CCI between o581 and ganglioside at the same cell
surface membrane (cis-CCI) [71]. However, direct evidence for
interaction between N-linked glycans of integrin and ganglio-
sides has not been presented.

4.2 Laminin-5 (LN5)-dependent motility of 1dID/CD9 cells
is controlled by «3/CD9/GM3 ganglioside complex

1d1D, a mutant of CHO cells deficient in UDP:Gal 4-epimerase
is incapable of synthesizing complete N-linked glycan or GM3
ganglioside unless cells are grown in medium with added
Gal (+Gal condition). Using 1dID cells transfected with TSP
CD9 (1dID/CD9), we found that LN5-dependent cell motility
is greatly enhanced under—Gal condition whereby endoge-
nous GM3 synthesis and N-glycosylation are blocked, and
that the motility is inhibited when GM3 synthesis occurs and
N-glycosylation of 3 is completed. Thus, GM3 may medi-
ate cis-CCI between N-glycan of «3 and CD9, to form stable
GM3/CD9/a3 complex [72].

4.3 EGEF receptor requires N-glycosylation for its function,
and its activation is inhibited by GM3

N-glycosylation is required for EGFR function [73,74], and a
specific N-linked glycan in EGFR suppresses ligand-dependent
oligomerization [75]. Down-regulation of EGFR function by
GM3 [76] may require interaction of GM3 with N-linked gly-
can structure at domain IV of EGFR. Pretreatment of A431
cells with 1-deoxymannojirimycin, which blocks synthesis



Carbohydrate-to-carbohydrate interaction, through glycosynapse

A integrin
TSP 2 3

!

g Npolod

wiviflus
ST g

ﬂi ‘P'-

8.8
Figure 5. Hypothetical model of cis-CClI controlling interaction
of integrin receptor with TSP, and interaction of growth factor
receptors (GFR) with surrounding gangliosides. Panel A: Inte-
grin subunits « and g are associated with TSP. Such interaction
is mediated by N-linked glycans and surrounding gangliosides
(Gg). Panel B: GFR and their interaction with surrounding gan-
gliosides through N-linked glycans. From Hakomori and Handa
[15].

of complex-type and causes accumulation of high-mannose
type glycan, reduces binding of EGFR to GM3 and de-
gree of GM3-dependent inhibition of EGFR tyrosine ki-
nase activity (Hikita T, Handa K, Hakomori S, unpubl.
data).

The findings described in a—d above suggest that N-glycans
of integrins or EGFR mediate interaction of the receptor
with ganglioside or associated TSP, and that such interac-
tion modulates receptor function. A model of cis-CCI in
maintenance of integrin and EGFR function is illustrated in
Figure 5.

Galp4GlcNAcpIGalp4GlepCer
3

Le*/ Le¥/ H it

interaction

Fuce

------------------- i Gz.'nI[MG IcNAcp3Galp4GlcpCer
.... 3

Gb4 (globoside)
interaction

GaINAcp3GaladGalp4Glep1Cer

131

5. Common, characteristic features and
requirements of CCI

5.1 Specificity, and requirement of bivalent cation
5.1.1 Specificity

CCI depends highly on structural specificity of the pair of chy-
drs. Typical examples based on our preliminary studies of GSL-
to-GSL interaction are shown in Figure 6. Some pairs are highly
specific (e.g., Le*-to-Le*) [34], whereas others are less spe-
cific (e.g., Gb4-to-Gb5 or -nLcy [64]; GM3-to-Gg3 or -LacCer
[55D).

5.1.2  Clustering proper orientation, and effect of carrier

In all cases, CCI requires clustering of the chydr epitopes in-
volved. The clustering is maintained by binding of chydr epi-
tope to ceramide, which may also promote proper assembly and
orientation of chydr epitope. GM3 liposome bound strongly to
Gg3Cer coated on plastic surface, whereas sialyllactose (the
same as GM3 chydr) carried by polyacrylamide bound only
weakly to Gg3Cer-coated surface (Ito A, Hakomori S, unpubl.
data). Le*Cer bound strongly to Le*Cer liposome, whereas Le*
carried by diacylglycerol bound only weakly to Le*Cer [77].

Oligosaccharides without carrier do not show CCI by them-
selves, rather, they inhibit CCI. For example, Le* oligosaccha-
ride (LFP-III) does not exhibit self-interaction, determined by
change of "H-NMR pattern, in the presence of Ca’>* [78], al-
though it does inhibit Le*-to-Le* interaction or Le*-dependent
cell adhesion [34].

Gb4
NO .xeer] GalNAcf3GaladGal4Glepi Cer

. ;’W’ Galp3GalNAcp3GaledGalp4Glepl Cer

GalP4GIeNAC3Gal4GIcpCer Fuce  Fuca SLEY ' Gb5
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Figure 6. Structures of various carbohydrate epitopes showing strong (S), medium (M), weak (W), no, or repulsive (R) interactions

with one another.
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Figure 7. CCl-based adhesion (GMS3 interaction with Gg3 or
LacCer) of BL6 cells is faster than PPI-based adhesion (a4, «3
integrin interaction with FN or LN). BL6 cells show rapid adhe-
sion to plates coated with Gg3 (V) or LacCer (v). This adhesion
process (CCl based on GM3-to-Gg3 or GM3-to-LacCer interac-
tion) starts at 10—20 min and is completed at 30 min. In contrast,
adhesion to FN (m) and LN (O) (PPI) of the same cells which
have a4 and «3 integrins starts at 30 min and is completed at
60 min. From Kojima et al. [79].

5.1.3  Bivalent cation requirement

Bivalent cation, particularly Ca>*, displays promoting (cat-
alytic) effect in most cases of CCI [34,54,55,79,80], but a few
cases do not require bivalent cation [64,81].

5.2 Reaction velocity of CCI as compared to PPI: Basis of
redundancy of adhesion systems

This phenomenon reflects time course change of cell adhesion
based on CCI as compared to PPI, as typically observed for ad-
hesion of GM3-expressing B16/BL6 melanoma cells to Gg3-
or LacCer-coated vs. FN- or LN-coated plate. The former adhe-
sion (CCI between GM3 and Gg3 or LacCer) became obvious
at 10-20 min and was completed at 30 min, whereas the latter
(PPI between integrin o3 or «5 and FN or LN) started at 30—
40 min and finished at 60 min (Figure 7) [79]. Reaction velocity
reflects degree of cell adhesion under dynamic flow conditions.
1.e., slower adhesion process is not manifested under dynamic
flow, even though binding affinity is high under static condition
(Figure 8).

Another example of redundant systems is co-existence of
Le*-dependent and E-cadherin-dependent adhesion in F9 ter-
atocarcinoma cells or mouse preimplantation embryo (see
Section 2.2 above).

5.3 Negative (repulsive) interaction

An interesting characteristic of CCI is repulsive interaction,
as clearly shown in the case of GM3-to-GM3 and LeY-to-Le?.
A typical example of GM3-to-GM3 repulsive interaction, in
comparison with positive GM3-to-Gg3 interaction and non-
interaction of GM3-to-nLc4 etc., is shown in Figure 9. Since
repulsive interaction is assumed to be equally important as pos-
itive interaction in biological systems, particularly during de-
velopmental processes, extensive further studies along this line

Hakomori
A B
3 3r ConA
LacCer 2 Erythrina

—

&gnLc‘,
10 20 30 40 5.0 10 20 3.0 40 5.0
wall shear stress (dynes/ cm2) wall shear stress (dynes/cm?)

Figure 8. BL6 cell adhesion based on CClI, vs. CPI or PPI,
under dynamic flow condition. A defined area of glass wall
in laminar-flow chamber was coated with various quantities
of GSLs (Gg3, LacCer, nLcy, GM3), lectins (ConA, Erythrina
lectin), or adhesive proteins (FN, LN). Number of BL6 cells ad-
hered per mm? (ordinate) was determined and shown as a func-
tion of increasing wall shear stress (1.0-5.0 dynes/cm?) (ab-
scissa) during 3 min. Panel A. Adhesion was stronger to Gg3-
and LacCer-coated plate than to nLcs- or GM3-coated plate.
Panel B. Adhesion to Gg3-coated plate (CCl) was stronger than
that to ConA- or Erythrina lectin-coated plate (CPl), particularly
at higher shear stress (1.5-5.0 dynes/cm?). Adhesion to FN-
or LN-coated plate (PPI) was minimal even at low shear stress
(<1.0 dynes/ cm?). From Kojima et al. [79].
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Figure 9. Negative interaction (repulsion), positive interaction,
and absence of interaction, shown by GM3-liposomes added on
plates coated with various GSLs. Line 3: Negative (repulsive)
interaction between GM3 and GMS3, indicated by significantly
lower binding of labeled GM3-liposome to GM3-coated plate
as compared to binding of GM3-liposome to non-coated plate.
Line 1: Positive interaction of GM3 with Gg3. Line 2: Absence of
interaction of GM3 with non-coated plate, or with plate coated
with nLcy, sialyl-nLc,, or GM1. From Kojima and Hakomori [54].

are important. We are not aware of any documented cases of
repulsive interaction in CPI or PPI.

5.4 Synergistic effects of CCI with PPI

Another important characteristic of CCI is its cooperative or
synergistic effect with other, co-existing adhesion systems.
A cooperative effect was shown between Le*-based CCI and
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Figure 10. Example of synergistic effect of GSL and adhesive
protein LN: Strong enhancing effect of GSL and LN co-coating
on BL6 cell adhesion. Panel A: Time course change of BL6 ad-
hesion to 96-well plates coated in four ways: with Gg3 alone (a),
with LN alone (o), with Gg3 plus LN (e), or with no coating (a).
Panel B: Same adhesion conditions as in A, but using LacCer
instead of Gg3. Note that adhesion was more rapid, and number
of adhered cells was greater, for wells in which LN was co-coated
with Gg3 or with LacCer (o), compared to wells coated with LN
alone (o) or LacCer alone (a). Similar results were obtained us-
ing FN instead of LN (not shown). From Kojima and Hakomori
[83].
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E-cadherin-based PPI [82]. GM3-dependent adhesion of BL6
cells to Gg3- or LacCer-coated plates was synergistic with
integrin-dependent adhesion of the same cells to FN- or LN-
coated plates [83]. Some of these data are shown in Figure 10.

6. Organization of glycoconjugates involved in trans- and
cis-CCI at cell surface microdomains: Glycosynapses
controlling chydr-dependent or chydr-modulated cell
adhesion with concurrent signal transduction

Three types of cell adhesion processes are known: (i) Based on
homotypic interaction between protein receptors (e.g., Ig-like
CAM, cadherins) or heterotypic interaction between adhesion
receptors (e.g., integrin to ECM; integrin to ICAM). Both these
processes are essentially PPI [41,50,51,84]. (ii) Mediated by
chydr-binding receptors (lectins): galectins [5], selectins [9],
and siglecs [12,85]. (iii) Based on trans- or cis-CCI as a new
mechanism of cell recognition/ adhesion, discussed above.
Cell adhesion based on frans-CClI is not a process additional
or supplemental to processes mediated by CPI or PPI, but rather
provides unique, characteristic features such as high variability

glycosynapse 2

signaling

Figure 11. Three types of glycosynapse, microdomains controlling chydr-dependent or chydr-modulated cell adhesion and concur-
rent signal transduction. Cell-to-cell adhesion sites (a and b at top left) consist of interfacing microdomains, shown as two contacting
oblong shapes. Cell-to-ECM adhesion site (c) involves a different microdomain structure shown as a pair of dark oblongs. Examples
of adhesion site a, termed “glycosynapse 1”, are based on GSL-to-GSL interaction or GSL-to-binding protein (“prot”) interaction,
in which GSLs are associated with signal transducer (TD) and stabilized by proteolipid protein (PL). “Glycosynapse 2”, another
cell-to-cell adhesion site, is based on O-linked mucin-type glycoproteins which are recognized by chydr-binding proteins. Both
O-linked glycans and their recognizing proteins are associated with TD. Adhesion of cell to ECM (FN, collagen, LN) is mediated
by N-glycosylated adhesion receptor (e.g., integrin receptor, ITR) complexed with TSP and ganglioside (“glycosynapse 3”). Cell
adhesion and motility are greatly inhibited when glycosynapse 3 complex is stabilized by glycosylation.
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in binding affinity, high specificity, high reaction velocity, and
occurrence of negative (repulsive) interaction, as summarized
in Section 5. Importantly, a cooperative effect of CCI with PPI
is clearly observable.

Processes mediated by cis-CCI are at an early stage of study,
and our knowledge is therefore highly limited. Interaction of
N-linked glycans of integrin receptors with surrounding gan-
gliosides, and similar interaction of growth factor receptors with
gangliosides in the same microdomain, are of particular interest.
Microdomains containing GSL as major component, display-
ing interaction of gangliosides with growth factor receptors,
and modulating and regulating cell growth through inhibition
or activation of signal transduction, are termed “glycosynapse
17 [14,15]. Our recent findings indicate that glycosynapse 1
regulates cell growth and contact inhibition. Such regulatory
function is lost in transformed cells, through change of com-
ponents, their organization, and interaction in glycosynapse 1
[86].

Microdomains containing mucin-type O-glycans and Src
family kinases were found in T-cell lines [87], and are in-
volved in activation of T-cell function through IL2 production
(Handa K, Andersen S, Hakomori S, unpubl. data). Similar mi-
crodomains containing mucin-type glycoproteins, termed ~gly-
cosynapse 2” [14,15], must be widely distributed in tumors, but
their functions have not been well characterized.

Complexes consisting of N-glycosylated integrins, TSPs
CD9/CD82, and GM3, termed “glycosynapse 3 [14,15], were
found originally in an 1dID cell model system. They were sub-
sequently found in human colorectal and bladder cancers, and
may be widely present in various types of cells. Glycosynapse
3 inhibits tumor cell motility and invasiveness, and may play
an important role in metastasis. Both CD9 and CD82 were dis-
covered originally as motility-inhibitory factors of tumor cells,
whose function was not manifested unless integrins were fully
N-glycosylated and surrounding GM3 was present. Glycosy-
napse 3 is probably formed through cis-CCI.

Types of glycosynapses and their functional roles are shown
schematically in Figure 11. Function of glycosynapse 1 is me-
diated mainly by frans-CCI, whereas that of glycosynapse 3 is
mediated by cis-CCL.
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