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Abstract

Membrane microdomains enriched in glycosphingolipids, cholesterol, glycosylphosphatidylinositol-anchored proteins and Src-family ki-
nases (lipid rafts, GEMs) appear to play many important roles, especially in immunoreceptor signaling. Most transmembrane proteins are
excluded from these specialized areas of membranes, notable exceptions being several palmitoylated proteins such as the T cell coreceptor
CD4 and CD8, and several recently described transmembrane adaptor proteins, LAT, non-T cell activation linker (NTAL)/linker for activation
of B cells (LAB), phosphoprotein associated with GEMs (PAG)/Csk-binding protein (Cbp) and LIME. All these molecules possess a very short
N-terminal extracellular peptide (4—17 amino acids), transmembrane segment followed by a palmitoylation motif (CxxC) and cytoplasmic
domain containing up to 10 tyrosine residues potentially phosphorylated by the Src- or Syk-family kinases. Tyrosine-phosphorylated trans-
membrane adaptors bind (directly via SH2 domains or indirectly) other signaling molecules such as several cytoplasmic adaptors and enzymes.
LAT is indispensable for TCR signaling (and participates also at signal transduction initiated by some other receptors), NTAL/LAB appears
to play a LAT-like role in signaling initiated by BCR and some Fc-receptors; PAG/Cbp cooperates with Csk, the cytoplasmic tyrosine kinase
negatively regulating Src-family kinases. Additional transmembrane adaptors exist (TRIM, SIT, LAX) that are however not palmitoylated and
therefore excluded from the lipid rafts; structurally and functionally, the zeta-chain family proteins tightly associated with immunoreceptors
and activating NK-receptors may be also considered as transmembrane adaptors.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction detergents, as they float to the position of the gradient cor-
responding to their low buoyant density (due to high lipid
Plasma membrane is now considered to be a fluid content). It should be noted that these detergent-resistant
mosaic of several types of dynamic microdomains dis- |ipid raftssGEMs are probably heterogeneous and several
tinguished by their lipid and protein composition. The types of these complexes exist, differing in their lipid and
best known type of such microdomains are so called protein compositiorf5,6]. Very little is known about other
membrane rafts of GEMs (glycosphingolipid-enriched putative types of membrane microdomains that do not have
microdomains). These are small areas of the membranethe advantageous property of detergent insolubility.
enriched in (glyco)sphingolipids, cholesterol and several The (glyco)lipids enriched in rafts possess mostly long,
specific types of extracellular transmembrane and cyto- saturated fatty acid residues, in contrast to the non-raft mem-
plasmic proteins (for reviews s¢@—4]). Membrane rafts  prane composed mainly of lipids containing fatty acids with
are, due to their specific lipid composition, exceptionally multiple double bondg7]. The alkyl chains of the raft
resistant to solubilization at low temperature by some com- |ipids, together with suitable admixture of cholesterol, appar-
mon mild detergents (Triton X-100, NP-40, Brij-series, ently form a more regularly arranged “liquid ordered phase”,
CHAPS), but soluble in alkyl-glycosidic detergents. There- which may under physiological conditions at least tran-
fore, rafts’fGEMs can be easily isolated by density gradient sijently separate from the bulk membrgB§ Most of typi-
ultracentrifugation of membranes solubilized in suitable ca| transmembrane proteins are excluded from the rafts, an
exception being a small subset of those possessing palmitic
* Tel.: +42-2-41729908; faxi42-2-44472282. acid residue(s) attached covalently to cytoplasmic cysteine
E-mail addresshorejsi@biomed.cas.cz (V. HgJ). residue(s) close to the membrane-spanning domain. Other
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proteins targeted to membrane rafts do not possess any transen tyrosine residues following TCR ligatiqd8]. Cloning
membrane domains and are anchored in the membrane onlyof the gene revealed that the protein product is a type Il
by means of covalently attached saturated fatty acids or other(leaderless) transmembrane protein of 262 aa (long form) or
aliphatic moieties. Among these are glycoproteins anchored233 aa (short form) in humans, 242 aa in mouse, and 241 aa
in the exocytoplasmic leaflet of the raft membrane via glyco- in rat [49,50] The short human isoform arising by alter-
sylphosphatidylinositol (GPI9] and several types of cyto- native splicing lacks residues 114-142 of the long form.
plasmic proteins associated with the cytoplasmic membraneBiological importance of this phenomenon is unclear. As a
leaflet via double acylation (myristoylation and palmitoyla- prototypic transmembrane adaptor protein, LAT possesses
tion) or farnesylation and palmitoylation. The lipid-modified a short extracellular stretch of only 4 aa, a 24 aa transmem-
cytoplasmic proteins associated with lipid rafts are often brane domain, and a cytoplasmic tail of 213—-234 aa contain-
important signaling molecules such as Src-family kinases ing nine conserved tyrosine residues. The cytoplasmic tail

[10-12] small and heterotrimeric G-proteirj&83—15] or of LAT also possesses a conserved juxtamembrane CxxC
adaptor molecules, such as Raffit6], bringing other sig- palmitoylation motif. Inhibition of palmitoylation prevents
naling proteins to the raft environment. LAT association with rafts and inhibits its signaling func-
A number of transmembrane proteins, such as immunore-tions[51-53] demonstrating the importance of localization
ceptors[17-23] or certain cytokine receptoif24—-26] be- to the unigque environment of lipid rafts for its proper

come raft-associated following aggregation induced by inter- function. In agreement with this concept, a raft-targeted
action with their ligands. Some of the receptors are probably LAT/SLP-76 chimera restored signaling in LAT-deficient
“peripherally” associated with membrane rafts even in the cells [54]. A soluble form of LAT lacking the transmem-
resting, non-ligated staf@7—29] Chemokine receptors and brane region was tyrosine-phosphorylated, recruited cy-
probably also some other G-protein-coupled receptors aretosolic signaling molecules and inhibited T cell activation,
constitutively associated with the raft microdomdi8g,31]. obviously due to sequestering signaling molecules from the
The recent interest in leukocyte membrane rafts is due torafts[55]. Interestingly, a significant fraction of LAT can be
their more and more generally accepted essential roles indisplaced from rafts by feeding T cells with polyunsaturated
signaling initiated through immunoreceptors such as TCR fatty acids (PUFA), obviously due to modification of mem-
[17,18] BCR[19,20] and several Fc-receptofd1—23] but brane lipid composition and suppression of raft formation
probably also several other receptf#d—26] According to [56]; this has marked functional consequences (see below).
the simplest, currently popular model, these receptors are in  Following ligation of the TCR, LAT becomes rapidly
their resting state devoid of any associated protein tyrosine phosphorylated by ZAP-70/Syk and associates with sev-
kinases. Upon cross-linking by their natural or surrogate eral key signaling moleculelgl9]. Some of them bind di-
ligands (antibodies) their aggregates merge with membranerectly to LAT via SH2 domains (Grb2, Gads, Grap, RIC
rafts and ITAM motifs present in cytoplasmic tails of their PI3-K, Cbl-b, 3BP2 and Shb), while others (SLP-76, Sos,
signaling chains (CD3, CD7%-family proteins) become  Itk, Vav, Nck, SLAP-130, SKAP55) are associated indirectly
exposed to the Src kinases present in the rafts. Several othevia other adaptor molecules (i.e. Grb2, Gads, or GFap).
components of the earliest phases of immunoreceptor sig-It is likely that all these molecules do not associate simul-
naling such as transmembrane adaptors (see below) and th&aneously with a single LAT molecule but rather several or
phospholipid phosphatidylinositol bisphosph§gg] reside even multiple LAT-containing complexes exist. Formation
also constitutively in membrane rafts. of the multicomponent “signalosomes” assembled around
As stated above, most of the few transmembrane pro-the tyrosine-phosphorylated LAT is essential for propaga-
teins present constitutively in rafts are palmitoylated. Among tion of the TCR-triggered signals. Therefore, mutant T cells
these are e.g. TCR coreceptors CD4 and (B3-36] lacking LAT (i.e. the deficient Jurkat variants, J.CaM2 and
pre-TCR[37], adhesion receptor CD488] or proteolipid ANJ3) fail to mobilize C&t and are unable to upregulate
MAL [39], as well as a small group of transmembrane adap- downstream markers of activation, such as IL-2 or CD69,
tor proteins LAT, PAG/Cbp, NTAL/LAB and probably a upon TCR stimulatiori52,58]
number of other$40Q]. LAT —/~ mice possess a normal population of B cells and
These transmembrane adaptor proteins are the subjecboth NK cells and platelets appear to function normally,
of the present review. Immunologically relevant cytoplas- but essentially lack mature peripheral T cells, because their
mic and transmembrane adaptors, including those associatethymocytes fail to develop beyond the double-negative (DN)
with rafts, were recently reviewed in several other articles stage[59].
[41-47] Two recent studies described LAT knock-in mice in which
the tyrosine residue (Y136) responsible for interaction with
PLCyl was mutated to phenylalanif@0,61] These mice
2. Linker for activation of T cells (LAT) had small thymi, similar to the LAT/~ mice, but showed
only a partial block in thymocyte development, obviously
LAT was first described a decade ago as a phospho-due to compromised pre-TCR signaling. Curiously, dur-
protein of 36-38kDa (pp. 36—-38) rapidly phosphorylated ing aging of these animals, a Th2-type CDgopulation
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expanded which led to an abnormal enlargement of the pe-

ripheral lymphoid organs and an infiltration of T cells into

45

LAT also plays important roles in activation of mast
cells via FeRI [44,69,70] LAT is strongly tyrosine-

tissues. As expected, these T cells are unable to activatephosphorylated after the receptor aggregation. Although

PLCyl-calcium-dependent pathways.

Displacement of LAT from lipid rafts by PUFA treatment
of T cells [56] appears to be the molecular mechanism by
which PUFAs inhibit T cell signaling: although other sig-
naling molecules (namely Lck) are also partially displaced
from the rafts under these conditions, retaining LAT alone
in lipid rafts effectively restores PL{l/calcium signaling
in PUFA-treated T cells.

LAT was reported to associate with surface CD4 and
CD8 coreceptorfs2]; this association is based on the same
coreceptor cysteine motif that mediates Lck binding. LAT
competed with Lck for binding to individual coreceptor

LAT-deficient mice contain normal numbers of mast cells,
LAT-deficient mice are resistant to IgE-mediated passive
systemic anaphylaxis. LAT-deficient bone marrow-derived
mast cells (BMMC) showed dramatic reduction in tyro-
sine phosphorylation of SLP-76, PiC, and PLG2 and
calcium mobilization. LAT-deficient BMMCs also exhibit
defects in activation of MAPK, degranulation, and cytokine
production after FeRI cross-linking[70].

LAT is also involved in activation of platelets via
integrin-associated protein (CD4[M1], FcyRlla [72], col-
lagen receptor GPVI and glycoprotein Ib (GPIb; receptor
for von Willebrand factor]73,74], however, the absence of

molecules but in contrast to Lck it preferentially associates LAT in the knock-out mice causes only partial defects in

with CD8 rather than CD4 in thymocytes. The authors

the platelet function§74]; possibly another protein, such

suggested that LAT association with surface coreceptors isas NTAL (see below), may partially substitute for LAT in

crucial for induction of its tyrosine phosphorylation and
recruitment of downstream signaling mediators following

co-engagement of the TCR with surface coreceptors. How-

ever, an alternative and possibly more likely alternative
is that LAT functions mainly due to its mere presence in
lipid rafts, irrespective of its direct association with the
coreceptors.

In addition to its best explored roles in T cell activation,
LAT is also tyrosine-phosphorylated upon stimulation of
NK cells through FgRIIl and following direct contact with
NK-sensitive target cells. This NK stimulation induces the
association of LAT with several phosphotyrosine-containing
proteins including PL&1. Overexpression of LAT in NK

these animals.

3. Non-T céll activation linker (NTAL), linker for
activation of B cells (LAB)

NTAL/LAB (to be called NTAL thereafter)[75,76] is
structurally similar to LAT. It is the product of a previ-
ously cloned human gene of unclear functiéBSCR5The
polypeptide is 243 aa long and consists of a short (6 aa) extra-
cellular peptide, a single transmembrane segment followed
immediately by the CxxC palmitoylation motif and cytoplas-
mic domain containing 10 tyrosine motifs. Mouse NTAL is

cells enhances antibody-dependent cell-mediated cytotox-40 aa shorter. Importantly, the genes encoding mouse LAT

icity and “natural cytotoxicity”[63]. Similarly, NK cell
activation via CD2 cross-linking is accompanied by strong
tyrosine phosphorylation of LAT, resulting in increased
association with PI3-K and Pl [64]. Interestingly, in
human NK cells, LAT is constitutively associated with 2B4

and NTAL share a strikingly similar exon—intron organiza-
tion and thus are probably derived from a common ancestor.
NTAL is expressed in an essentially complementary man-
ner to LAT: it is found in B, NK and myeloid cells but not

in resting T cells. Therefore, NTAL may be, as indicated by

(CD244) and becomes tyrosine-phosphorylated and assoits names, a (partial) analog of LAT in B cells and myeloid

ciated again with Grb2 and PhCfollowing cross-linking

of this receptor (it is not quite clear whether the LAT asso-
ciation with 2B4 is direct or rather mediated through lipid
rafts). Therefore, CD244 may mediate NK cell triggering
via a LAT-dependent signaling pathw§gs—67]

Surprisingly, LAT expression in pre-B cells has been re-
cently describe{b8]. LAT becomes tyrosine-phosphorylated
upon cross-linking of the pre-B cell receptor. Transgenic
mice which expressed LAT protein in B-lineage cells

cells. NTAL becomes tyrosine-phosphorylated by the Syk
kinase (and also ubiquitinylated) following cross-linking of
BCR, FeRI and Fe¢RI, respectively, and then associates
with other signaling molecules such as Grb2, Sos1, Gabl and
c-Cbl, but, in contrast to LAT, not with PL-¢ Thus, NTAL

may be involved in activation of the Ras—Raf-MAPK sig-
naling pathway but its importance in the P{-GPKC-C&*
pathway is less clear. Reduction of expression in B cells us-
ing RNA-interference leads to weaker BCR signal[i@@]

showed an increased proportion of pro- and large pre-B and expression of NTAL in LAT-negative T cells only par-
cells in the bone marrow and a remarkable reduction in the tially rescues some aspects of the signaling process initiated

numbers of mature B cells in peripheral lymphoid tissues.

through TCR, such as Erk activation and CD69 expression

The authors suggested that LAT may play a crucial role in [75,76] Furthermore, reconstitution of LAY~ mice with

the negative regulation of B cell development at the transi-

NTAL (LAB) rescued partially thymic development but not

tion from pre-B to mature B cell stages, and that signal(s) full functionality of T cells.

via the pre-BCR may extinguish LAT expression, thus al-
lowing pre-B cell differentiation towards the mature B cell
stage.

It will be interesting to see whether NTAL plays a role also
in signaling through other receptors and what is the relative
importance of NTAL versus LAT in the cells expressing
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both these molecules (NK cells, mast cells, platelets). ThesePAG dephosphorylation is probably CDES]. It should be
guestions will be probably best approached by examining noted that Src-family kinases phosphorylate PAG, leading
NTAL knock-out mice (presently under analysis). to Csk recruitment, which in turn inhibits them; thus, the
PAG—-Csk-Src-kinase—CD45 system is an interesting case of
a negative feedback regulation. The activation of Csk follow-
4. Phosphoprotein associated with GEMs (PAG), ing binding to PAG is not only due to the “topological” ef-
Csk-binding protein (Cbp) fect (approximation to the membrane-associated substrates)
but probably also due to an allosteric enhancement in the
PAG/Cbp (hereafter referred to as PAG) is a 432 amino complex[84]. This regulatory system is further fine-tuned
acid (aa) protein in humans and 429aa in mouse, eachby an interaction with PKA (regulated via cAMP) which
containing a short extracellular domain (16—18 aa), a trans-increases the activity of Csk within the PAG—-Csk complex
membrane domain (20 aa) followed by the CxxC palmitoy- and thus contributes to inhibition of TCR signalif&p].
lation motif, and a large cytoplasmic domain of 387—-396aa  PAG acts as a negative regulator of immunoreceptor sig-
[77,78] However, PAG migrates as a 75-80 kDa molecule naling also in mast cells. However, in contrastd®T cells,
in SDS PAGE, obviously because of its low isoelectric point aggregation of the IgE receptor, 4R, is accompanied by
and therefore atypically low SDS binding. PAG mRNA is rapid phosphorylation of PAG and increased Csk recruit-
detectable in most tissues, the expression being strongesment, which obviously serves to suppress activity of Lyn
in peripheral blood lymphocytes, placenta, heart, and lung. kinase and thereby mitigate the intensity of signaling. Sim-
Interestingly, a recent study has demonstrated that whileilarly as in T cells, overexpression of PAG inhibits recep-
polyunsaturated fatty acid (PUFA) treatment of cells results tor signaling also in mast cel[86]. Cross-linking of BCR
in displacement of LAT and Lck from T cell rafts, PAG is in B cells also induces an increase in PAG phosphorylation
unaffected[56]. This suggests that some structural feature [87]; this is in marked contrast to the3T cells and prob-
other than palmitoylation is important for targeting and ably reflects the fact that Src kinases in B cells are more
maintaining PAG in the rafts. involved in negative regulation of the antigen receptor sig-
The cytoplasmic domain of PAG contains 10 tyrosine naling (phosphorylation of ITIM motifs in negative regula-
residues, nine of which are potential substrates for Src ki- tors such as CD22). Disturbances of the PAG-Csk system
nases [YxxV/I/L]. Indeed, Fyn or Lck but not Syk or ZAP70 appear to contribute substantially to leukaemic-like trans-
can phosphorylate PAG/7,78] and Fyn was identified as  formation of cattle lymphocytes by the protozoal parasite
the major PAG kinase in T cells in vii@9]. Additionally, Theileria [88]. The parasite is apparently able to suppress
PAG contains multiple serine and threonine residues, which expression of PAG, resulting in increased kinase activity of
are potential sites for phosphorylation, as well as two pro- Hck involved in proliferation and leukaemic-like phenotype
line rich regions. PAG can in vitro bind a number of sig- of the infected cells. Killing of the intracellular parasite by
naling molecules via their SH2 domains, such as Syk, Lyn, an affective chemotherapy results in rapid reexpression of
Fyn, Shc, Grb2, SLP-76, ZAP70, PI3-K, Lck, Vav, GAP, tyrosine-phosphorylated PAG, membrane (raft) recruitment
and Csk. However, only two of these proteins, Fyn and Csk, of Csk and suppression of Hck activity which is probably
are consistently found associated with PAG in vivo. Muta- at least partially responsible for the loss of the transformed
tional analysis of individual tyrosine residues demonstrated phenotype.
that Csk binds (via its SH2 domain) to Y317 in human PAG is able to interact via its C-terminal VTRL motif with
PAG (but Y299 probably also contributes to this interac- a PDZ domain of the cytoplasmic adaptor protein EBP50
tion). In contrast, the interaction with Fyn appears to be [81,89] EBP50 in turn interacts with ezrin-radixin-moesin
tyrosine-independeifif 7,78] This corresponds to the previ- (ERM) proteins, thus providing a link between lipid rafts and
ous finding that Csk mutants lacking the SH2 domain fail to the actin cytoskeleton. As shown in one of the studies, upon
translocate to the plasma membrane and also fail to regulateT cell activation this association is lost allowing the rafts
T cell receptor signalinggo]. to migrate to the immune synapse. Overexpression of PAG
The identification of PAG as a membrane adaptor for Csk reduces raft mobility and inhibits immune synapse formation
provided a plausible mechanism by which this ubiquitous cy- [81]. This may be another mechanism by which PAG can
tosolic kinase, the negative regulator of Src-family kinases, regulate T cell activation.
can be effectively targeted to its membrane-associated sub-
strates. In restingBT cells, PAG is the most prominently
phosphorylated molecule; immediately upon TCR-triggered 5. Other transmembrane adaptors
activation, PAG becomes dephosphorylated and the asso-
ciation with Csk is dramatically reducdd7,81,82] This There are several other transmembrane adaptor proteins,
obviously helps to get rid of the Csk-mediated inhibition i.e. molecules consisting of a very short extracellular pep-
of Lck and Fyn during the initial phase of T cell activa- tide, single transmembrane helix and intracellular domain
tion. The results of an elegant recent study indicate that thecontaining multiple tyrosine-based motifs. Formally, the
phosphatase responsible in vivo for this activation-linked zeta-chain of the TCR complex is such a protein, as well as
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the other zeta-chain family proteing,(DAP-12, DAP-10)

closely associated with TCR, some Fc-receptors and with
some activating NK cell and myeloid cell receptors. Three
other transmembrane adaptors associated with membrane

receptors either weakly or not at all are TRIO0], SIT
[91] and LAX [92]. These proteins are not associated with

membrane rafts, do not possess the palmitoylation motif
and all of them appear to be involved in some aspects of

regulation of immunoreceptor signaling.

Systematic searching of available sequence databases in-
dicates potential existence of several other transmembrane

a7

complexes in rat basophilic leukemia cells. Proc Natl Acad Sci USA
1993;90:3611-5.

[12] Stefanova I, Horejsi V, Ansotegui IJ, Knapp W, Stockinger H. GPI-

anchored cell-surface molecules complexed to protein tyrosine ki-
nases. Science 1991;254:1016-9.

[13] Prior IA, Harding A, Yan J, Sluimer J, Parton RG, Hancock JF.

GTP-dependent segregation of H-ras from lipid rafts is required for
biological activity. Nat Cell Biol 2001;3:368-75.

[14] Parolini |, Sargiacomo M, Lisanti MP, Peschle C. Signal transduc-

tion and glycophosphatidylinositol-linked proteins (lyn, Ick, CD4,
CD45, G proteins, and CD55) selectively localize in Triton- insol-
uble plasma membrane domains of human leukemic cell lines and
normal granulocytes. Blood 1996;87:3783-94.

adaptor molecules, some of them possessing a palmi-[15] Oh P, Schnitzer JE. Segregation of heterotrimeric G proteins in cell

toylation motif and therefore probably associated with

membrane rafts (unpublished data from our laboratory).

surface microdomains. Gq binds caveolin to concentrate in caveolae,
whereas Gi and Gs target lipid rafts by default. Mol Biol Cell
2001;12:685-98.

One of them, expressed mainly in T cells and named [16] Saeki K, Miura Y, Aki D, Kurosaki T, Yoshimura A. The B cell-

LIME (standing for Lck-interacting membrane protein),
becomes tyrosine-phosphorylated following CD4 or CD8
cross-linking. Phosphorylated LIME binds Lck and Csk and

may be involved in some aspects of coreceptor signaling

[93,94]
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