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Abstract

Glycosphingolipid-cholesterol formed as microdomains
in cell membranes have been proposed to function as rafts for
the attachment of specific proteins including
glycosylphosphatidylinositol-anchored proteins, glycoproteins
and proteoglycans. The microdomains are postulated to be in-
volved in transmembrane signaling. Here, the functional roles
of glycoconjugates in the physical properties of these
microdomains, aswell asin signal transduction are discussed.
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A. Introduction

Recent studies suggest that glycosphingolipids (GSLs)
exist in clusters and form microdomains containing cholesterol
in cell membrane. The GSL- and cholesterol-rich microdomains
arereferred to aslipid rafts or caveolae membrane (1-5). Lipid
rafts are implicated in signal transduction, because signaling
molecules such as the src-family kinases and trimeric G pro-
teins, are associated with them via lipid modification. Low-den-
Sity, detergent-insol uble membrane fractions can beisolated from
cells by density gradient centrifugation, which are rich in
sphingolipids (GSLs, sphingomyelin), cholesterol,
glycosylphosphatidylinositol (GPI)-anchored proteins, and a
variety of signaling molecules. These observationsindicate the
possible presence of lipid rafts in cells. These membrane frac-
tions are referred to as detergent-resistant membranes (DRM)
(6), which appear to be present in all mammals, sea urchin (7,
8), Drosophila melanogaster, (9) Caenorhabditis elegans, (10)
Saccharomyces cerevisiae, (11) Dictyostelium (12) and proto-
zoan parasites such as Trypanosoma brucei, (13) Tetrahymena
mimbres (14). The presence of lipid rafts in vivo is supported
by several lines of evidence, including the results of a single-
particle tracking study, a fluorescence resonance energy trans-
fer study, a photonic force microscopic study and a chemical
crosslinking study (1).

The basic forces driving the formation of rafts are thought
to be lipid interactions, which are weak and transient (6).
Sphingolipids are relatively rich in saturated fatty acyl chains,
which alow tight packing and confer the characteristic of a
high melting temperature. On the other hand, phospholipids are
relatively rich in cis-unsaturated fatty acyl chains (kinked struc-
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ture), which prevents tight packing and confers the characteris-
tic of alow melting temperature. Sphingolipids and choles-
terol are thought to exist as phase-separated domains from phos-
pholipids in the membrane. The lipid composition renders the
rafts and their constituent proteins resistant to solubilization with
non-ionic detergents such as Triton X-100.

A number of studies have examined the influence of cho-
lesterol on the physical properties and signaling of lipid rafts.
Cholesterol depletion by treatment with cyclodextrin resultsin
disruption of lipid rafts and perturbation of raft-mediated sig-
naling.

B. Glycoconjugate Functionsin Physical Propertiesof Lipid
Rafts

In mammalian cells, there are two major classes of
sphingolipids: GSLs and sphingomyelin (SM), both of which
are synthesized from the hydrophobic molecule ceramide. GSLs
and SM have different polar head groups, carbohydrate-chain
and phosphaocholine, respectively.

Deprivation of sphingolipids leads to increased solubil-
ity of GPI-anchored proteinswith Triton X-100 using CHO tem-
perature-sensitive mutant defective in serine palmitoyltransferase
activity for sphingolipid synthesis (15). DRM are reduced by
treatment of cells with fumonisin, which inhibits ceramide syn-
thase and blocks both GSL and SM biosynthesis (16-18). These
observations suggest that sphingolipids are important for the
formation of lipid rafts.

PDMP is an inhibitor of ceramide glycosyltransferase
(GlcCer synthase), which blocks afirst step of most GSL bio-
synthesis, but not SM biosynthesis (19). Single-particle track-
ing of a GPl-anchored protein and GSLs in intact cell mem-
brane showed transient confinement in patches, which are
thought to represent lipid raftsin vivo. The size of the confining
domain for the GPI-anchored protein is reduced by treatment
with PDMP (20). GSL depletion by PDMP causes elimination
of src from the lipid raft fraction on a density gradient (21).

DRM are not detected in the presence of octylglucoside.
Thisis attributed to the resemblance of the detergent to GSLs.
Incubation of cellswith lyso-GSL reduces GSL clustering (22).
Furthermore, exogenously administered gangliosides abolished
clustering of the GPI-anchored proteinin lipid raftsand increased
their detergent solubility (23). These observations suggest that
GSLs are aso important for the formation of lipid rafts.

GSL self-association through hydrogen bonds between
the GSL headgroups is thought to contribute to the formation of
lipid rafts (5). (i) GSLs have much higher melting temperature
than SM (6). (ii) GlcCer synthase-deficient tumor cell mutant
does not express GSL s, and up-regulated expression of SM com-
pensates for the lack of GSLs. However, the yield of DRM pro-
tein is 2-fold higher in the parental than the mutant line (24).
(iii) Furthermore, enzymatic removal of the carbohydrate moi-
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A : Trans-interaction

B : Cis-interaction
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Fig.1 Two modes of inter action with lipid raft. (A) Trans-interaction : GSL ligation induces coalescence of lipid rafts (28).

(B) Cis-interaction : Receptor ligation induces translocation to lipid rafts or stabilization of raft-association. For example, (i) aggregation of
IgE-FceRI by antigen induces coalescence of FceRI with lipid rafts (36), (ii) antibody-mediated crosslinking GPl-anchored protein increases
the amount of GPI-anchored protein in the lipid raft fraction on adensity gradient (79), (iii) NGF treatment increases association of Trk with

ganglioside GM1 (41).

ety from cell-surface GSLs induces an alteration of GPI-an-
chored protein distribution on a density gradient (25). These
observations suggest that the carbohydrate-chain of GSLs can
affect the physical properties of lipid rafts.

C. Glycoconjugate Functions in Signal Transduction via
Lipid Rafts
There are two modes of interaction of molecules with
lipid rafts (Fig.1) ; (A) interaction of exogenous molecules such
asdiffusible factor, extracellular matrix, or membrane molecule
of the other cell (trans-interaction), e.g. association of anti-GSL
antibody with carbohydrate-chain of GSLs (B) interaction of
membrane-associated molecule within the same cell membrane,
such as GPI-anchored protein, immunoreceptor and growth fac-
tor receptor. (Cis-interaction).
C-1. GSL signaling (26-28)
Association of antibody and toxin with cell-surface GSL s
has been shown to induce activation of src-family kinasesin
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lipid rafts, suggesting the presence of transmembrane signaling
through interaction of GSL carbohydrates with their ligandsin
vivo. One possible ligand is GSL on adjacent cell surface.
Hakomori et al. has demonstrated cell adhesion and signal trans-
duction through carbohydrate-carbohydrate interaction in B16
melanoma (29). The cell adhesion and signal transduction are
inhibited by preincubation with anti-GSL antibody, or lyso GSL
(30). Carbohydrate-carbohydrate interaction is also shown us-
ing GSL monolayers by surface plasmon resonance (31).

L ectins have been reported as natural ligands for GSLs,
such as selectin, galectin, sialoadhesin and myelin-associated
glycoprotein (28, 29). Affinity of sialoadhesin on the cell sur-
face for GSL polymer is higher than that for GSL monomer
(32). In GSL/phospholipid mixed monolayers, affinity of lectin
for phase-separated GSL is higher than that for homogeneouly
mixed GSL (33). These observations suggest that cell-cell con-
tact via lectin-GSL interaction may induce signal transduction
in lipid rafts. However, the physiological significance remains
to be explored.

C-2. GPI-Anchored Protein Signaling

GPI-anchored proteins have been implicated in trans-
membrane signaling via lipid rafts. GPI-anchored protein sig-
naling and GSL signaling share many properties (27, 28). (i)
Anti-GPl-anchored protein antibody, as well as anti-GSL anti-
body, co-precipitate src-family kinases. (ii) Antibody-mediated
crosslinking of GPI-anchored proteins aswell as GSLsinduces
activation of src-family kinases; (iii) both induce transient ty-
rosine phosphorylation of common downstream molecules; (iv)
both induce Ca* flux. Thus, GPl-anchored protein and GSLs
transduce signal's using the same pathway. Enzymatic removal
of the carbohydrate moiety from cell-surface GSLsimpairs ac-
tivation of the src-family kinase by antibody-mediated
crosslinking of GPI-anchored protein (25). This observation
suggests that GSLs are involved in GPI-anchored protein sig-
naling.

The association of GPI-anchored proteinswith lipid rafts
is developmentally regulated during oligodendrocyte matura-
tion (34). In oligodendrocyte progenitor cellswhich do not syn-
thesize gal actocerebroside (GalCer), amajor GSL in myelin,
the GPI-anchored neuronal cell adhesion molecule, F3, is not
present in lipid rafts and is not associated with the src-family
kinase Fyn. In contrast, F3 from maturing oligodendrocytes
and from myelinis present in lipid rafts and is associated with
Fyn.

C-3. Immunoreceptor Signaling

Lipid raftsareinvolved in signaling by immunoreceptors,
such as the T-cell antigen receptor (TCR) and IgE receptor
(FceRl) (35, 36). Efficient T-cell activation requires one signal
from a TCR and a second signal from the costimulatory mol-
ecule. The costimulation leads to the recruitment of lipid rafts
to the site of cell-cell contact between the T cell and antigen-
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presenting cell. The concentration of src-family kinases, LAT
and downstream molecules, and exclusion of tyrosine phos-
phatase CD45 allow strong and sustained tyrosine phosphoryla-
tion of several substrates (37). Aggregation of IgE-FceRI by
antigen also induces coalescence of FceRI with lipid rafts, acti-
vation of the src-family kinases and histamine release from mast
cells (36).

One of the RBL-2H3 variants, that was initially selected
for deficiency in FceRI-mediated histamine release, was found
to lack expression of the ganglioside. Antigen stimulation did
not induce PI turnover, activation of phospholipaseA2, C and
D, C&* flux and histamine release in the variant, even though it
expresses FceRI (38). Interestingly, deficiency of ganglioside
expression and antigen-stimulated signaling isrestored by trans-
fection of active Rho family Cdc42.

C-4. Growth Factor Receptor Signaling

GSL s have been shown to be modulators of growth fac-
tor receptor signaling (29). However, the underlying molecular
mechanism remainsto be explored. Recent papers show amodu-
lation mechanism in lipid rafts. In rat pheochromocytoma PC12
cells, NGF triggers neuronal differentiation, but EGF elicits a
proliferation, although downstream molecules of signal trans-
duction are virtually identical. NGF induces sustained ERK
activation, whereas EGF induces transient activation. Duration
of ERK activation is critical for neuronal differentiation. How-
ever, the mechanism of different time response remains to be
clarified (39). A recent paper shows that Trk of PC 12 cellsis
present in lipid raft fraction. Furthermore, removal of choles-
terol by cyclodextrin inhibits NGF-induced , but not EGF-in-
duced, ERK activation (40). Therefore, NGF-induced sustained
activation might be due to the presence of Trk in lipid rafts.
Consistent with thisidea, exogenous ganglioside GM1 increases
NGF-induced autophosphorylation of Trk, but not EGF-recep-
tor autophosphorylation in PC12 cells (41). GSL depletion by
PDMP inhibits NGF-induced autophosphorylation of Trk and
neurite outgrowth, but not EGF-mediated signaling, in PC12
cells (42). Transfection of the ganglioside GD3 synthase cDNA
induced dimerization and activation of Trk and MAP kinase
without NGF treatment in PC12 cells (43). Furthermore,
unglycosylated Trk can hardly respond to NGF, which does not
associate with lipid rafts (44). Glycosylation may affect inter-
action of membrane proteins with lipid rafts.

Exogenous ganglioside GM3 inhibits EGF-induced
autophosphorylation of the EGF receptor and proliferation of
A431 epidermoid carcinoma cells (45). Depletion of ganglio-
side GM3 by sididase genetransfection or treatment with PDMP
appeared to increase EGF receptor autophosphorylation and
proliferation of A431 cells (46, 47). A recent paper showed that
EGF receptor of A431 cellsis present in lipid raft fraction (48).
Thus, EGF receptor is also regulated in lipid rafts. The precise
cis-regulation mechanism of membrane proteinswith GSLs re-
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mains obscure. One of the mechanismsis direct-interaction of
membrane proteins with GSL s on plasma membrane (49-51).
C-5. Proteoglycan Signaling

Type 1A secretory phospholipase A2 (SPLA2-11A) is
associated with glypican, a GPI-anchored heparan sulfate
proteoglycan, on the cell surface caveolae, and transferred to
subcellular compartments. Then, sSPLA2-11A isthought to cata-
lyzes release of arachidonic acid in the perinuclear compart-
ment of rat 3Y 1 fibroblasts (52).

Phosphacan, a neural tissue-specific chondroitin sulfate
proteoglycan, is ahigh-affinity ligand of TAG-1, a GPl-anchored
neuronal cell adhesion molecule.

Thebinding isdecreased by treatment of phosphacan with
chondroitinase (53). Phosphacan induces activation of src-fam-
ily kinase and protein tyrosine phosphorylation in lipid rafts of
rat cerebellar primary cultures (25).

C-6. Involvement of Lectin

Galectin-1 is an endogenous lectin with known T cell
immunoregulatory activity. Galectin-1 induces partial TCR sig-
naling via lipid rafts (54). Thisis probably due to clustering
lipid rafts, because cyd odextrin—mediated raft disruption inhibits
the signaling. Furthermore, galectin-1 antagonizes antigen-in-
duced signal transduction and TCR/costimulator dependent lipid
raft clustering at the TCR contact site. Galectin-1 associates
with ganglioside GM1 (55) or glycoproteinin lipid rafts. How-
ever, galectin-1 counter ligands remain to be elucidated.

Several papers report lectin-like molecul es associated
with lipid rafts: VIP36 (56, 57), annexin |1,V VI (58-62), ZG16p
(18). However, the functiona role of these lectinsin raft-medi-
ated signaling remains to be explored.

D. Heterogeneity in Lipid Rafts

Compositional, distributional and functional heterogene-
ity isknown to exist among lipid rafts. Detergent-insoluble mem-
brane is separaed into two distinct subfractions visible as dis-
crete light-scattering bands by density gradient centrifugation.
There was a clear differencein their GSL compositions. Both
bands are enriched in SM, cholesterol, GPI-anchored proteins.
However, GalCer, annexin Il and VI are only enriched in the
higher-density fraction of porcine lung membranes (63). GSLs
are enriched in the higher-density fraction of mouse cerebellum
(64). In melanoma, two membrane subfractions were separated
from the low-density, detergent-insoluble fractions by immuno-
precipitation. The GM3-rich fraction, separated using the anti-
GM 3 antibody, contained sphingomyelin, cholesterol and c-src,
but not caveolin. In contrast, the caveolin-containing fraction,
separated using the anti-caveolin antibody, contained GlcCer, a
large quantity of cholesterol and Ras (65).

In dorsal root ganglionic neurons also, two subfractions
were separated by immunoisolation. The GPI-anchored prion
protein, located primarily in the cell body, wasrelatively soluble
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in detergent. Thy-1, abundantly expressed in neurites, was highly
resistant to detergent solubilization (66). Distribution of SM
and ganglioside recognized by A2B5 antibody is differentin a
multipolar oligodendrocyte progenitor cell. Although SM is
present around the surface of the cell body, distribution of the
ganglioside spreads from cell body to processes (67). Thus, func-
tionally different proteins are organized in rafts of different lipid
compositions.

E. Perspective

A number of studies have examined the role of lipidsin
physical properties and signaling of rafts. In contrast, therole of
glycoconjugates remains to be explored. However, it can prob-
ably be revealed by gene targeting (68). In GalCer synthase-
deficient mice, proteolipid protein, araft protein of myelin, does
not associate with lipid rafts (69) and functional breakdown of
the lipid bilayer of the myelin membraneis observed (70, 71).
Perturbation of lipid rafts in acid sphingomyelinase-deficient
mice reduces tyrosine phosphorylation and consequently mito-
genic signaling and increases susceptibility to apoptosis after
TCR stimulation. The mice accumulate SM and GSLs (72).
Furthermore, GlcCer synthase-deficient mice are embryonic-
lethal (73). GD2 synthase-deficient mice exhibit male sterility
(74), age-relaed axonal degeneration (75) and attenuation of
interleukin 2 signaling in spleen cells (76). GD2 synthase/ GD3
synthase double knockout mice exhibit |ethal audiogenic sei-
zures (77). GPl-anchor biosynthesis deficient mice are embry-
onic-lethal and keratinocyte-specific GPI-deficient mice exhibit
abnormal skin development (78).These phenotypes are possi-
bly due to dysfunction of lipid rafts.
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