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GPl-microdomains: a role in signalling
Via Immunoreceptors
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Pavla Angelisova and Hannes Stockinger

everal leukocyte surface proteins
are anchored in the membrane
via the glycolipid glycosylphos-
phatidylinositol (GPI)! (Fig. 1). A
striking feature of these structurally diverse

proteins (see Box 1) is that their ligation on
the cell surface by suitable antibodies results
in signal transduction that is characterized
by: (1) transient elevation of cytoplasmic
[Ca2*]; (2) tyrosine phosphorylation of cellu-
lar substrates; (3) initiation of effector func-
tions such as oxidative burst or degranul-
and (4)
triggering of T-cell proliferation and func-

ation in granulocytes; even
tional differentiation into effector cells*?.
Such signalling capacity is surprising con-
sidering that these molecules have no trans-

membrane and intracellular moieties and
thus no direct contact with the cell interior.
Similarly, crosslinking of some glycolipids

by antibodies also elicits signal transduction and cellular responses*?.

GPIl-complexes and membrane microdomains

Another characteristic feature of the GPI-anchored proteins is that,
following membrane solubilization by most types of mild detergents

0167-5699/99/% — see front matter © 1999 Elsevier Science Ltd. All rights reserved.
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Glycosylphosphatidylinositol (GPI)-
anchored proteins and
glycosphingolipids are assembled on
the leukocyte surface within
membrane microdomains, which
also accommodate a set of
cytoplasmic signalling molecules
(Src family kinases, G-proteins,
linker proteins). Recent results
suggest that these membrane
specializations mediate not only
signal transduction via GPI-
proteins and glycolipids but also
play important roles in initiation of

signalling via immunoreceptors.

at low temperature, they are found in large
detergent-insoluble complexes enriched in
GPI-anchored proteins, glycosphingolipids,
cholesterol, Src family protein tyrosine-
kinases (PTKs) and G-proteins but devoid of
most transmembrane proteins®0. These ‘GPI-
complexes’ [also called glycosphingolipid-
cholesterol rafts, detergent-insoluble glyco-
(DIGs)!  or
glycosphingolipid-enriched membrane do-

lipid-enriched  domains
mains (GEMs)"?] are of low buoyant density
under the conditions of density gradient
ultracentrifugation. The detergent-resistant
GPI-complexes seem to correspond to mem-
brane microdomains of distinct composition,
different from the rest of the membrane. The
GPI-microdomains can be viewed, with some

simplification, as small semi-liquid islands
floating in the more liquid phospholipid-rich
bulk of the leukocyte membrane (Fig. 2).

Structures similar to leukocyte GPI-microdomains seem to exist

in many, perhaps most, cell types and have been thoroughly studied

especially in polarized epithelial and endothelial cells (reviewed in
Ref. 11). In these cells, the GPI-microdomains (rafts, DIGs) can fuse
to form much larger membrane sheets and comprise a considerable

part of the apical surface of these cells although being largely absent
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from the basolateral surface. In many cell types (but not leukocytes),
the GPI-microdomains appear to be closely linked to (but distinct
from) so called caveoli, flask-shaped membrane invaginations prob-
ably involved in a specific sort of endocytosis as well as receptor sig-
nalling!314. The relationship between caveoli and GPI-microdomains
(membrane rafts) has been controversial. At present a consensus
exists that these are different entities sharing some (high cholesterol
content, resistance to detergent solubilization, low buoyant density)
but differing in other features (presence versus absence of the chol-
esterol-binding protein caveolin, overall protein composition, mor-
phological characteristics). GPI-domains and caveoli can fuse under

certain experimental conditions!*1°.

Actual or artefact?

The very existence of the GPI-microdomains has often been ques-
tioned because they could be detergent artefacts: either simply clus-
ters of the membrane components exhibiting low temperature affin-
ity toward detergent molecules or, alternatively, remnants of the
originally homogeneous membrane from which the detergent has
etched-out most of the membrane components (phosphoglycero-
lipids, most transmembrane proteins) and the poorly soluble re-
mains aggregated together. Several lines of evidence seem to rule out
the possibility that the detergent-resistant GPI-complexes are deter-
gent solubilization artefacts'®2’. However, the question of how pre-
cisely the size and composition of the native membrane micro-
domains correspond to that of the detergent-insoluble complexes
requires further study (see below).

The integrity of the GPI-microdomains seems to be maintained in
part due to intrinsic affinity of two of their major lipidic components
— cholesterol and glycosphingolipids. These structures are probably
formed biosynthetically as a specific species of secretory vesicles
leaving the Golgi apparatus and fusing with plasma membrane!!.
An important factor might be the length and saturated nature of the
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Fig. 1. Schematic representation of a glycosylphosphatidylinositol (GPI)-
anchored protein. The C-terminal amino acid of the polypeptide chain is co-
valently bound to the glycolipid via an amide bond to ethanolamine residue.
Structural variants of the glycan part exist in different cells and species. The
sites cleaved by phospholipase C (PLC) and phospholipase D (PLD) are shown.

fatty acid residues present in the glycosphingolipids and GPI-
anchors that result in tighter packing and thus lower mobility (fluid-
ity) of these areas of the membrane!®!”. The microdomains thus
appear to be areas of ‘ordered liquid phase’ in the membrane”. The
cytoplasmic protein components of these microdomains (Src family
PTKs, trimeric G-proteins) are also associated with the specific lipid
environment of these microdomains via saturated fatty acids, myris-
tic acid and palmitic acid, covalently bound at the N-termini of these
proteins!??22, The GPI-anchored proteins might effectively be just a
special sort of glycolipid with an affinity for this membrane sub-
compartment (because of their overall physicochemical similarity to
glycosphingolipids).

GPI-microdomains obviously contain such prominent signalling
molecules as Src family protein tyrosine kinases (PTK) and G-
proteins. This seems to explain the striking signalling capacity of GPI-
anchored proteins and glycolipids. Crosslinking of these molecules

Box |. Some GPIl-anchored leukocyte surface proteins

Name

CD14 [lipopolysaccharide (LPS) receptor]
CD16b [Fcy receptor type 3 (FcyRIII)]
CD90 (Thy-1)

CD58 (LFA-3)

CD48

CD55 (decay accelerating factor)

CD59

CD?73 (5" nucleotidase)

CD157 (ADP-ribosyl cyclase)

RT-6 (arginine ADP-ribosyl transferase)
CD87 [urokinase-type plasminogen activator receptor (uUPA-R)]
Ly-6 family proteins

CD24 [heat stable antigen (HSA)]

CD52

Function

Receptor for the bacterial cell wall component LPS
IgG receptor

Probably adhesion molecule
Adhesion molecule

Adhesion molecule
Complement-protecting protein
Complement-protecting protein
Ectoenzyme

Ectoenzyme

Ectoenzyme

Protease receptor

Function unclear

Function unclear (proteoglycan)
Function unclear (proteoglycan)
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Fig. 2. Hypothetical structure of a T-cell surface glycosylphosphatidylinositol (GPI) microdomain.
These areas of the membrane are distinguished by high content of GLP, cholesterol, GPI-anchored
proteins (e.g. CD59, CD55, CD48), Src family kinases (Lck, Fyn), some other signalling proteins (e.g.
LAT) and phosphatidylinositol 4,5-bisphosphate [PtdIns(4,5)P,]. Only exceptional TM proteins are
present in these microdomains. Abbreviations: GLP, glycosphingolipids; PtdIns(4,5)P, phos-
phatidylinositol 4,5-bisphosphate; TM, transmembrane.

within the external part of the GPI-microdomains by multivalent anti-
bodies (and possibly also by natural ligands) can cause simultaneous
redistribution (approximation) of the Src family PTKSs at their cyto-  signalling?
plasmic side, initiating autophosphorylation and activation of the

PTKs, followed by phosphorylation of their protein substrates and

Redistribution induced
by antibody crosslinking

Resting state

Antibody

TM protein TM protein

Fig. 3. Signalling induced by crosslinking of a glycosylphosphatidylinositol (GPI)-anchored protein
(here CD59) present in the GPI-microdomains. After antibody-induced redistribution (aggregation)
of a GPI-anchored protein residing in a GPI-microdomain, a similar redistribution of the Src family
protein tyrosine kinases (PTKs) can be elicited (possibly due to interactions of long acyl chains at-
tached both to the GPI-proteins and Src family PTKs). Aggregated PTKs can start phosphorylating
(double-arrows) and thus activating each other and thereby triggering signalling cascades. An
alternative possibility is that antibodies aggregate several microdomains and thereby induce PTK
redistribution and activation. For abbreviations and key to symbols, see Fig. 2.
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thus triggering of signalling cascades (Fig.
3). It is important to note that the (predomi-
nantly saturated) fatty acid residues present
in GPI-anchors and glycosphingolipids are
long enough to penetrate into the opposing
cytoplasmic leaflet of the membrane and
directly interact with aliphatic chains of
the cytoplasmic signalling molecules. This
might be the mechanistic factor responsible
for co-redistribution of extracellular (GPI-
proteins, glycolipids) and cytoplasmic mol-
ecules (Src family kinases).

Signalling via GPI-anchored proteins has
mostly been achieved in an artificial way —
by antibody crosslinking®. Examples of GPI-
anchored receptors that signal upon interac-
tion with their natural ligands include CD87
[urokinase-type plasminogen activator re-
ceptor (uPA-R)]®, CD16b (neutrophil IgG
receptor)* and CD14 [lipopolysaccharide
(LPS) receptor]®.

A role for the GPl-microdomains in immunoreceptor

There is evidence from recent studies that GPI-microdomains might
play not only a role in signalling via GPI-proteins but a much more

general and profound role in signalling via
some ‘conventional’ receptors. Signalling via
immunoreceptors [T-cell receptors (TCRs),
B-cell receptors (BCRs) and FcRs] is known
to be initiated by activation of Src family
PTKSs, which leads to phosphorylation of im-
munoreceptor tyrosine-based activation mo-
tifs (ITAMs) in the receptor-associated sub-
units (CD3 chains, { chain family, CD79
chains, FceR B chain). This results in associ-
ation of Syk family PTKs to the phosphoryl-
ated ITAMs and further phosphorylation
and activation of downstream members of
signalling cascades such as phospholipase
Cy (PLCr), phosphoinositide 3-kinase (PI-3-
K) and proteins regulating the activity of the
small G protein Ras.

There is a basic unexplained point in the
above scheme — how are the Src family ki-
nases initially recruited to the immunore-
ceptor after its interaction with the ligand? It
is thought that in the resting state the im-
munoreceptors are associated with Src fam-
ily PTKs with low stoichiometry: after
crosslinking by their ligands the scarce Src
PTKs are sufficient for initial self-phos-
phorylation-based activation and ITAM
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Fig. 4. Possible role of glycosylphosphatidylinositol (GPI) microdomains in initiation of immunoreceptor (e.g. T-cell receptor) signalling. In the resting
state the immunoreceptor complexes are physically separated from the GPI-microdomains. After the immunoreceptor ligation (e.g. upon contact of a T cell
with an antigen-presenting cell), the aggregated receptor comes into contact with the protein tyrosine kinase (PTK)-rich GPI-microdomains. The PTKs
(possibly after a redistribution-induced activation) phosphorylate the immunoreceptor tyrosine-based activation motif (ITAM) sequences in the im-
munoreceptor complexes (1). Phosphorylated ITAMs bind and activate Syk family PTKs (ZAP-70) (2), which phosphorylate further substrates including
some components of the GPI-microdomains such as the linker protein LAT (3), which binds SH2-containing signalling molecules. One of them is
phospholipase Cy (PLCy) (4), which becomes subsequently phosphorylation-activated and cleaves PtdIns(4,5)P, (5). For abbreviations and key to

symbols, see Fig. 2.

phosphorylation, which then attracts further Src family PTKs and
Syk family PTKs, mediated via SH2 domains in these kinases. How-
ever, recent experimental data suggest an alternative scenario —
namely, that immediately after ligation the aggregated immunore-
ceptors become associated with the GPI-microdomains, and thus be-
come approximated to Src family PTKs that can phosphorylate the
ITAMs (Fig. 4). This concept was directly indicated by the results of
several recent studies. Field et al.® observed that, after interaction
with the antigen, high affinity FceRI saturated with specific IgE
became rapidly physically associated with detergent-resistant, low-
density membrane domains. Another fluorescence microscopic
study demonstrated rapid SH2-dependent translocation of FceRI
and signalling molecules (Syk, PLCy1) to discrete plasma membrane
microdomains upon FceRI-triggered activation of mast cells”. Sev-
eral studies indicate the existence of similar mechanisms in T cells as
well. T cells defective in the synthesis of GPI anchors or in expres-
sion of specific GPI-anchored proteins exhibit abnormalities in TCR
signalling??. Furthermore, biosynthetic incorporation of polyun-
saturated fatty acids in T cells causes displacement of Src family
kinases from the GPI-microdomains, which is paralleled by marked
inhibition of TCR signalling®. Similarly, dispersion of the micro-
domains by cholesterol-extracting agents impairs early steps of
T-cell activation®. T-cell activation leads to a striking traffic of
TCR and several signal-transducing molecules into the GPI-
microdomains®32,

The hypothesis for the role of the microdomains in initiation of
TCR signalling has gained further support from the identification in
them of two other crucial molecules. One of them is phosphatidyl-
inositol 4,5-bisphosphate [PtdIns(4,5)P,], a substrate of PLCy (Ref.

31). The other is a 38 kDa linker protein of activated T cells (LAT),
one of the earliest and major tyrosine-phosphorylated proteins fol-
lowing TCR-triggering®*34. LAT phosphorylated by activated ZAP-
70 binds PLCy (and probably also other signalling molecules) and
thus adjusts it for phosphorylation and activation by the tyrosine
kinases present in the microdomains now associated with the TCR
complex (Fig. 4). Activated and microdomain-associated PLCry can
now effectively cleave its substrate, PtdIns(4,5)P,, colocalized in the
microdomain. The microdomains were implicated in a recent elegant
study as mediators of T-cell costimulation by CD28 engagement™®.

Therefore, we would like to propose that the GPI-microdomains
can serve two roles: (1) provide a mechanism by which the GPI-
anchored receptors and specific transmembrane proteins consti-
tutively associated with them (such as integrins, as discussed below)
transduce signals; and (2) serve as membrane-specialized structures
that accumulate Src family kinases and other signalling molecules
that can be employed by immunoreceptors and possibly other trans-
membrane receptors following ligation and aggregation with these
‘packages’ of signalling molecules (Fig. 4). The major extracellular
components of the GPI-microdomains (glycolipids, GPI-anchored
proteins) might be involved in the interactions with the immuno-
receptors and thus explain the effects on TCR signalling observed in
cells deficient in the GPI-anchored proteins®?. Crosslinking of im-
munoreceptors with antibodies or natural ligands is reported re-
peatedly to be accompanied by their transition to a detergent-insol-
uble state; this was traditionally interpreted as association with
cytoskeleton®¥”. However, these results could be due, at least par-
tially, to association of the aggregated immunoreceptors with the
detergent-resistant GPI-microdomains3.

AUGUST
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Problems to be solved

Studies on signalling via GPI-anchored proteins have, so far, been an
interesting but somewhat esoteric field, as it has not been clear
whether the antibody-induced effects mimic the effects of putative
natural ligands (and even whether these ligands exist). The recent
indications of much more general roles of the GPI-microdomains
bring this area into a sharp focus of a broader interest. Several issues
still remain to be solved.

Technical considerations

The standard biochemical approach is to solubilize membranes in
solutions of mild detergents at low temperature and analyze the re-
sulting complexes. This obviously brings about a danger of certain
artefacts — mild detergents at low temperature can either induce as-
sociations that do not exist at physiological conditions or can remove
certain components (e.g. some transmembrane proteins). It is re-
assuring that fragments of plasma membrane similar in composition
to the detergent-resistant GPI-microdomains can be obtained by a
purely mechanical, detergent-free method¥. Furthermore, a fluor-
escent-labelled GPI-anchored protein, CD59, can be incorporated
into cell membranes and, under physiological conditions, be local-
ized in microscopically observable ‘dots’, correlating with acquiring
signalling capacity?’. Perhaps most convincing are the results of the
recent biophysical and biochemical studies on whole cells!®'7, which
clearly support the existence of the GPI-microdomains in vivo. Thus,
it is reasonable to assume that the GPI-microdomains do exist under
physiological conditions?’; what is less clear is their size, possible
heterogeneity and dynamic behaviour in the membrane. In this
respect, the technique of ‘single particle tracking’ appears to be
uniquely informative; the results indicate that GPI-anchored proteins
and glycolipids are, under physiological conditions, repeatedly and
transiently (for 7-9 seconds) confined to membrane regions of in-
creased viscosity (limited diffusion) averaging 300 nm in diameter?!,
which might correspond to the GPI-microdomains. Another so far
incompletely answered question is identification of all cytoplasmic
proteins associated with these membrane structures; it is quite poss-
ible that additional novel and important components are yet to be
discovered.

GPIl-microdomain-associated transmembrane proteins

Another poorly understood point is the role of transmembrane pro-
teins constitutively associated with the GPI-microdomains. In gen-
eral, most transmembrane proteins appear to be excluded from these
structures with the notable exceptions of a fraction of LAT (Refs 33,
34), CD4 and CD8 in T cells®, integrins in myeloid cells®, CD44 in
various cell types®**, CD26 in lymphocytes*, influenza virus
haemagglutinin in epithelial cells*, and CD36 in platelets*. Usually
only minor amounts of these proteins reside in the GPI-micro-
domains. The comparative difference between the molecules found
within and outside the microdomains is not yet known, but might be
attributable to differences in palmitoylation. Modification by this
saturated fatty acid is likely to result in association with the
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microdomains owing to hydrophobic interactions with the ordered
saturated fatty acids of the glycosphingolipids. Integrins can be
held in the microdomains owing to their lectin-like interactions with
carbohydrate moieties of the GPI-anchored proteins¥#. In some
cases, the transmembrane proteins could play an important struc-
tural role in maintaining proper organization of these membrane
specializations (possible linkers between the extracellular and intra-
cellular protein components) or in interactions of the microdomains
with other receptors. In this respect the apparently constitutive pres-
ence of a fraction of CD4 and CD8 in the microdomains is of potential
interest. It is tempting to suggest that interactions of these co-
receptors with major histocompatibility complex (MHC) molecules
and TCR complex are important in adjoining the microdomains to
the ligated TCR.

State of Src family kinases

The functional state of the Src family kinases present in the micro-
domains and the relationship of the domains to the protein tyrosine
phosphatase CD45 remains a controversy. Some results indicate that
the microdomain-associated PTKs are in an activated state® whilst
others suggest that the microdomains harbour hyperphosphoryl-
ated, enzymatically inactive Src family kinases that are physically
separated from the activating phosphatase activity of CD45 (Ref. 49).
It will be important to determine how the activity of Src kinases is
regulated in the microdomains and how these islets communicate
with CD45.

Concluding remarks

The microdomain hypothesis plausibly explains several so far seem-
ingly unrelated phenomena — signalling capacity of GPI-anchored
proteins and glycolipids, striking similarities in the outcome of sig-
nalling via GPI-proteins (such as Thy-1) and immunoreceptors, and
apparent deficiency of resting immunoreceptors in associated PTKs.
GPI-microdomains comprise a remarkable collection of signalling
molecules crucial for initiation of TCR signalling [Src family kinases,
Ras, PI-3-K, LAT, PtdIns(4,5)P,]; similar, but as yet less well charac-
terized microdomains appear to play a role in initiation of signalling
through high-affinity FceR and possibly also through other im-
munoreceptors. The existence of GPI-microdomains might be an
example of a more general and so far relatively poorly understood
phenomenon — supramolecular organization of plasma membrane
into several distinct types of microdomains® in which relevant sets
of molecules might be accumulated for optimal functional cooper-
ation. For example, existence of microdomains containing TCR and
several transmembrane proteins and distinct from the GPI-micro-
domains has been indicated by a study based on membrane solubil-
ization in mild detergent solutions®. It will be interesting to see
which other membrane phenomena (signalling through other recep-
tors, endocytosis, exocytosis, vesiculation, interaction with viruses,
intercellular adhesion) are influenced by the existence of various
types of membrane microdomains. One such potentially important
extension of the principle might be the recently suggested involvement




of the microdomains in the phenomenon of immunological co-
stimulation and formation of immunological synapses®. Finally, it
would be desirable to unify the nomenclature of these interesting
membrane specializations. Although we have been using the term
‘GPI-microdomains’ throughout this article, we suggest that for the
sake of brevity and for aesthetic and associative reasons the term
‘GEMs’ is used in future instead of numerous alternative current
names.
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