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TCR signal initiation machinery is pre-assembled
and activated in a subset of membrane rafts
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Recent studies suggest that rafts are involved in
numerous cell functions, including membrane traffic
and signaling. Here we demonstrate, using a poly-
oxyethylene ether Brij 98, that detergent-insoluble
microdomains possessing the expected biochemical
characteristics of rafts are present in the cell mem-
brane at 37°C. After extraction, these microdomains
are visualized as membrane vesicles with a mean
diameter of ~70 nm. These findings provide further
evidence for the existence of rafts under physiological
conditions and are the basis of a new isolation method
allowing more accurate analyses of raft structure. We
found that main components of T cell receptor (TCR)
signal initiation machinery, i.e. TCR-CD3 complex,
Lck and ZAP-70 kinases, and CD4 co-receptor are
constitutively partitioned into a subset of rafts.
Functional studies in both intact cells and isolated
rafts showed that upon ligation, TCR initiates the sig-
naling in this specialized raft subset. Qur data thus
strongly indicate an important role of rafts in organ-
izing TCR early signaling pathways within small
membrane microdomains, both prior to and following
receptor engagement, for efficient TCR signal initi-
ation upon stimulation.

Keywords: lipid raft/membrane domain/signal
transduction/T cell receptor

Introduction

Membrane rafts are found in all mammalian cell types as
well as in Drosophila, Dictyostelium and yeast (Simons
and Ikonen, 1997; Brown and London, 1998; Simons and
Toomre, 2000). Not only are rafts enriched in sphingo-
lipids (sphingomyelins and glycosphingolipids) and chol-
esterol, but these constituents are essential for the
formation of rafts (Simons and Ikonen, 1997; Brown and
London, 2000). An increasing amount of data suggest that
rafts play fundamental roles in diverse cellular functions,
particularly in signal transduction, by promoting a
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segregated arrangement of membrane proteins and lipids
(Brown and London, 2000; Simons and Toomre, 2000).

Studies in model membranes indicate that rafts corres-
pond to a phase of the lipid bilayer, namely the liquid-
ordered (lo) phase (Brown and London, 2000; Simons and
Toomre, 2000). The formation of this lo phase is promoted
by sphingolipids, the long saturated acyl chains of which
allow tight molecular packing (Brown and London, 2000),
and further facilitated by the presence of cholesterol
(Simons and Ikonen, 1997; Brown and London, 2000).
The use of GPI-anchored proteins and other raft markers to
investigate the existence of rafts in living cells has
revealed that they are usually very small in size (Simons
and Toomre, 2000).

Engagement of the T cell receptor (TCR) by its specific
peptide-MHC (pMHC) ligand triggers intracellular sig-
naling cascades that are required for T lymphocyte
development and functions (for a review see Weiss and
Littman, 1994). Such cascades are initiated by the
activation of a signal transduction machinery, the main
components of which include the TCRa heterodimer and
the tightly associated CD3 €, v,  and { polypeptides, Lck
and ZAP-70 kinases, and the CD4 (or CDS8) co-receptor.
Recognition of pMHC by TCR results in phosphorylation
of the cytoplasmic domains of the CD3 complex by the src
kinase Lck, which permits the recruitment and activation
of the syk kinase ZAP-70 (Weiss and Littman, 1994).
During pMHC recognition, CD4 (also CD8) is believed to
bind to the same pMHC molecule as the TCR, thus
contributing to the recruitment of the Lck via its
cytoplasmic tail to the TCR-CD3 complex engaged by
the class II (I) pMHC (Janeway, 1992). This tyrosine
kinase recruitment strongly ‘boosts’ TCR recognition
(Janeway, 1992; Krummel et al., 2000).

Recent reports have ascribed a crucial role for rafts in
the activation of the TCR signaling cascades (Montixi
et al., 1998; Moran and Miceli, 1998; Xavier et al., 1998;
Zhang et al., 1998; Janes et al., 1999; for reviews see
Langlet et al., 2000; Harder, 2001). In particular, upon
TCR engagement the activated TCR-CD3-ZAP-70 com-
plexes are found within rafts where they phosphorylate the
raft resident protein LAT (linker for the activation of T
cells), the major substrate of ZAP-70 and a central
signaling scaffolder (for a review see Zhang and
Samelson, 2000).

Although substantial evidence supports the implication
of rafts in TCR-dependent signaling cascades, a key issue
remains unclear: how is TCR ligation coupled to the
activation events in rafts? Initial data (Montixi et al., 1998;
Xavier et al., 1998) led to the proposition that TCR moves
into rafts upon ligation, perhaps after an initial phos-
phorylation of the TCR-CD3 (Montixi et al., 1998). ZAP-
70 is then recruited to rafts by the phosphorylated
TCR-CD3 and activated to phosphorylate LAT. However,
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Fig. 1. (A) PNS of thymocytes (2 X 10%) was treated with Brij 98 at
37°C and fractionated on a sucrose gradient as described in Materials
and methods. A 50 pl aliquot of each fraction was resolved on
SDS-PAGE and stained with Coomassie Blue. The gel was scanned
and protein bands were quantitated using the NIH image version 1.42
software system. (B) A 50 pl aliquot of each fraction of the gradient
was blotted with the specific probes, as indicated. For the analysis of
G, the PNS was treated with 100 mM GTPYS in order to promote the
dissociation between GPy and Go. (C) Lipids were extracted from
thymocyte DIM fraction and from total membranes in the PNS and
subjected to high-performance thin-layer chromatography (HPTLC) as
described in the Supplementary data. Lipids extracted from DIMs
(lanes DIM, each from 9 X 107 cells) or from total membranes (lanes
TM, each from 3 X 107 cells) were revealed by primulin. Migration
standards (lanes S) included: CL, cholesterol; PE, phosphatidylethanol-
amine; PC, phosphatidylcholine; SM, sphingomyelin.

some observations have suggested that the TCR-CD3
complex could already associate weakly with rafts prior to
ligand binding (Montixi et al., 1998; Janes et al., 1999),
which might be inefficiently detected by the cold Triton X-
100-based raft isolation method (Janes et al., 1999;
Langlet et al., 2000).

In this paper, we have demonstrated the existence of
detergent-insoluble microdomains exhibiting the expected
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biochemical characteristics of rafts at 37°C. These findings
strongly support the existence of rafts at physiological
temperature. They also are the basis for the development
of a new raft-isolation method that has enabled us to
investigate further the role of rafts in TCR signal
transduction. We showed that a fraction of TCR-CD3
and ZAP-70 are -constitutively associated to rafts.
Moreover, using a CD4* T cell line, we uncovered the
existence a raft subset that localizes essentially all the raft-
associated TCR—CD3 complex, enriched in the CD4 co-
receptor and containing Lck and ZAP-70 kinases. Our
results further indicated that TCR initiates signaling upon
ligation in this raft subset, which is accompanied by rapid
propagation to other raft populations. Taken together,
these data provide new insights into how rafts take part in
TCR signal transduction.

Results

Isolation and characterization of detergent-
insoluble membrane microdomains using Brij 98
Lo and liquid-disordered (Id) phases display different
behaviors when treated with non-ionic detergents.
Resistance to solubilization by Triton X-100 at 4°C has
been widely utilized as a basis for isolating raft mem-
branes (Simons and Ikonen, 1997; Brown and London,
1998). However, Triton X-100-resistant membrane com-
plexes could only be found at low temperatures. This
raises the question of how well these membrane com-
plexes reflect raft domains in cell membranes under
physiological conditions, since chilling is believed to
strongly modify the phase behavior of membranes (Brown
and London, 2000). In addition, Triton X-100 has a limited
capability to distinguish ordered from disordered mem-
brane domains, since the lo phase is substantially
solubilized by this detergent even at 4°C (Brown and
London, 2000).

To find a detergent that could discriminate more ordered
domains from their phospholipid environments at 37°C
through selective solubilization of the latter, we screened
members of the polyoxyethylene ether (Brij) series. We
selected Brij 98, characterized by its relatively bulky
polyoxyethylene headgroup and mono-unsaturated ether
moieties, which predicted a preferential partitioning in
(and therefore solubilization of) the loosely packed, fluid
phase, rather than the tightly packed, ordered phase of the
lipid bilayer.

Figure 1 shows that following incubation of a post-
nuclear supernatant (PNS) of mouse thymocytes with 1%
Brij 98 for 5 min at 37°C, low-density detergent-insoluble
membranes (DIMs) are separated from the solubilized
material by ultracentifugation in a sucrose density gradi-
ent. The DIMs floated to the buoyant fractions, whereas
the soluble counterpart remained in the heavy (H) fractions
of the gradient. These DIMs contained only ~2.5% of total
proteins found in the PNS (Figure 1A), yet were markedly
enriched in membrane proteins modified by saturated-
chain lipids such as (GPI-anchored) Thy-1, (dual palmi-
toylated) LAT and (myristoylated and palmitoylated) Lck,
as well as GM1 glycosphingolipid (Figure 1B). In contrast,
membrane proteins modified by prenyl groups, which have
a branched and bulky structure, such as Rab-5 and GJ that
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Fig. 2. (A) Thymocyte PNS was treated with Brij 98 at 37°C in the presence or absence of 0.2% saponin (Sp). The presence of DIMs was monitored
by the distribution of Lck and GM1 over the sucrose gradient. (B) Thymocyte PNS was treated with Brij 98 or Brij 78 at 37°C, and fractionated in the
sucrose density gradient before being blotted with the indicated antibodies (Abs). A schema of the structure of Brij 98 and Brij 78 is included.
(C) Thymocyte DIMs were concentrated and subjected to EM analysis as described in the Supplementary data. DIM size was analyzed using Scion
Image Beta 4.02 software and a representative result from a measurement of 195 vesicles is shown. Inset shows parts of an electron micrograph. Bar,
100 nm. (D) DIMs from Thy-1.2-expressing (lanes 1, 2, 7 and 8) or Thy-1.1-expressing (lanes 3, 4, 9 and 10) AKR1 thymomas, or a mixture (1:1) of
both (lanes 5, 6, 11 and 12) were immunoisolated and blotted with the indicated mAbs. DIMs from 3 X 107 (lanes 1, 3,5, 7,9 and 11) and 6 X 107 (2,
4, 6, 8, 10 and 12) thymoma cells were analyzed. (E) Thymocyte PNS was either solubilized for 5 min with 1% Brij 98 at 37°C, diluted by the cold
sucrose containing buffer A and boiling in SDS sample buffer (lanes 1 and 3), or immediately boiling in SDS sample buffer (lanes 2 and 4). The
proteins were resolved on SDS-PAGE and revealed by Coomassie Blue staining (lanes 1 and 2) or immunoblotting with 4G10 anti-phosphotyrosine
(PY) mAb (lanes 3 and 4).

should be partitioning to disordered phases (Melkonian balance (HLB = 15.3), Brij 78 is expected to have higher

et al., 1999) were fully solubilized (Figure 1B). partitioning into the ordered domains and promotes their
Lipid analysis (Figure 1C) showed that, in comparison solubilization. Together, these results suggest that Brij 98
with the total membranes present in the PNS, DIMs were DIMs might exhibit properties of ordered domains.
rich in sphingomyelins and cholesterol but poor in However, further investigation will be required to address
phospholipids. Indeed, quantitative studies indicated that this issue directly.
the recovery of sphingomyelin, cholesterol and total Electron microscopy examination shows that Brij 98
phospholipids in DIMs were 43 * 12.3%, 329 = 3% DIMs appear as membrane vesicles exhibiting a broad
and 9.4 = 2.2%, respectively, of those found in total range of sizes with a mean diameter of 67 * 39 nm
membranes. Therefore, both protein and lipid composition (Figure 2C). Fusion among heterologous membrane frag-
of DIMs correspond to those expected for raft domains ments did not take place during Brij 98 detergent
(Simons and Ikonen, 1997; Brown and London, 2000). extraction at 37°C, since from a mixture of cells express-
Cholesterol is known to be critically involved in the ing either Thy-1.1 or Thy-1.2 the isolated DIMs were
formation of ordered raft domains (Simons and Ikonen, positive for only one, but not both Thy-1 alleles
1997; Brown and London, 2000). Therefore, we evaluated (Figure 2D). These results also rule out de novo DIM
the effect of saponin on Brij 98 DIMs. Figure 2A indicates formation in vitro during PNS chilling following detergent
that cholesterol sequestration by saponin completely treatment at 37°C. Another concern related to the mem-
disrupts Brij 98 DIMs. Moreover, we observed a signifi- brane solubilization at 37°C is the possible increase in
cant reduction of DIM recovery when Brij 78 (CygE»0) enzymatic degradation. However, we found no significant
was used instead of Brij 98 (C;g Esp) to solubilize difference in the profile of total and tyrosine phosphoryl-
membranes (Figure 2B). The two detergents have the same ated (Ptyr) proteins in PNS subjected or not to the 37°C
headgroup and only differ by one double bond present in incubation step (Figure 2E). Besides the inclusion of
the alkyl moiety of Brij 98, but not Brij 78. Although the enzymatic inhibitors, the relatively short solubilization
two detergents display the same hydrophilic—lipophilic period (5 min) seemed to be important in this context.
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Our data thus suggest that Brij 98 DIMs correspond to
the raft membrane microdomains that are present at
physiological temperature.

Constitutive partitioning and activation upon
receptor ligation of TCR-CD3 and ZAP-70 in rafts
Using the new raft isolation procedure, we analyzed the
initiation of TCR signaling pathways in these membrane
domains. The first signaling events following TCR
engagement include a series of protein tyrosine phos-
phorylations, particularly by Lck and ZAP-70 kinases.
To examine these events, we used mature T lymphocytes
rather than thymocytes, which display a marked hetero-
geneity in terms of cell populations and TCR responses.
Figure 3A shows that a stimulation of 30 s with anti-CD3¢e
monoclonal antibody (mAb) triggered an immediate
appearance of Ptyr substrates in both the raft and non-
raft fractions. Nonetheless, each fraction displays a
specific pattern. In the raft fraction, in addition to
phospho-LAT, we also detected the phospho-CD3( chain
p23¢ and phospho-ZAP-70. p23( is fully phosphorylated
at all of its three immunoreceptor tyrosine-based acti-
vation motifs (ITAMs) (van Oers et al., 2000) and ZAP-70
phosphorylation indicates its catalytically active form
(Weiss and Littman, 1994). Both events depend on Lck,
and the appearance of p23( has been correlated with the
activation of ZAP-70 (van Oers et al., 2000). The data in
Figure 3A indicate that upon TCR stimulation the ratio of
p23{ to either the constitutively phosphorylated p21{ or
the non-phosphorylated np16{ were much higher in raft
than non-raft compartments. This finding suggests that
during TCR signal initiation the TCR-CD3 complex
becomes highly activated in raft microdomains. Moreover,
although a much stronger ZAP-70 signal was detected in
the non-raft fraction, phospho-ZAP-70 was seen readily
only in the raft fraction (also see Figure 3B). Taken
together, these results strongly corroborate the suggestion
that raft membrane microdomains play an important role
in the activation of the earliest TCR signaling steps
(Montixi et al., 1998; Xavier et al., 1998; Janes et al.,
1999).

In contrast to previous studies, we found that both the
p21{ and np16, which account for the quasi-totality of the
CD3( chains, and ZAP-70 constitutively partitioned in
rafts, and this distribution was not significantly modified
following the TCR-CD3 engagement (Figure 3A). Semi-
quantitative analysis using an anti-TCR mAbD revealed that
at steady state ~10% of the total TCR is associated with
rafts in splenic T lymphocytes (Supplementary figure 1
available at The EMBO Journal Online).

We also conducted experiments in 3A9 T cell
hybridomas harboring a TCR that recognizes a peptide
(residues 48-63) of hen egg lysozyme (HEL) in the
context of H-2AX (Liu et al., 2000) to examine TCR signal
transduction triggered directly by pMHC. To this end, 3A9
cells were incubated at 37°C for 30 s with LK35.2 antigen
presenting cells prior to raft isolation. Supplementary
figure 2 shows that addition of HEL peptide induced an
immediate accumulation of Ptyr proteins, including the
phosphorylated forms of CD3g, CD3{, ZAP-70 and LAT
in rafts of 3A9 cells. In addition, we again observed a
constitutive raft-partitioning of TCR-CD3 and ZAP-70.
However, in contrast to primary T cells (Figure 3A), TCR
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Fig. 3. (A) Nylon wool-purified splenic T cells (2 X 10%) were stimu-
lated or not with 15 pg/ml of 145-2C11 anti-CD3e mAb at 37°C for
30 s. Proteins in raft (DIM) and one-quarter of non-raft (H) fractions
were concentrated and blotted with anti-PY mAb. The positions of
phospho-CD3( p23 and p21, phospho-LAT and phospho-ZAP-70 are
indicated. The blot was then stripped and reprobed with anti-CD3{
(that reveals non-phosphorylated CD3{ npl6) and anti-ZAP-70 Abs,
respectively. (B) 3A9 T cell hybridomas (2 X 107) were incubated for
30 s at 37°C with the paraformaldehyde-fixed LK352 B cells
(1 X 107) pulsed with or without the HEL peptide, as described in
Materials and methods. Raft (DIM) and non-raft (H) fractions were pre-
pared and treated for raft solubilization with 60 mM N-octylglucoside
for 1 h at 4°C, before being subjected to immunoprecipitation with
145-2C11 anti-CD3e mAb (Montixi et al., 1998). Immunoprecipitates
were blotted with anti-PY mAb. The blot was then stripped and re-
probed with the indicated Abs.

stimulation in 3A9 cells resulted in an increase of ZAP-70
in rafts, which paralleled an augmentation of p2IC.
Finally, the amount of TCR-CD3 in rafts remained
unchanged following treatment with PP2, an inhibitor of
src family kinases, indicating that the constitutive raft-
association of TCR-CD3 occurs in a manner that is
independent of src kinase activity (Supplementary
figure 3).

Immunoprecipitation analysis shows that upon stimula-
tion by the HEL peptide, TCR-CD3 complexes in the raft
fraction are enriched in phospho-CD3 chains compared
with the non-raft fraction (Figure 3B). It is of note that
relative to the amount of CD3e, much less CD3({ was
co-precipitated in the non-raft fraction. The reason for this
is presently unknown. The most significant finding in
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Fig. 4. (A) 3A9 cells (3 X 107) were treated, or not, with 4 U/ml of
cholesterol oxidase at 37°C for 1 h. Brij 98 solubilized PNS was fractio-
nated on the sucrose gradient and blotted with anti-CD3{ mAb. (B) 3A9
cells were treated or not with cholesterol oxidase as in (A). They were
then stimulated with or without 15 pg/ml of anti-CD3e mAb at 37°C
for 30 s. The proteins in the total cell lysate were blotted with anti-PY
mAD. The blot was then stripped and reprobed with anti-CD3e Ab.

this experiment was that although ZAP-70 could be co-
immunoprecipitated from both raft and non-raft fractions
by anti-CD3e mAbD after TCR stimulation, phosphorylated
(activated) ZAP-70 was only seen in the immunoprecipi-
tate from the raft fraction (Figure 3B). Thus, these results
demonstrate that raft microdomains are privileged mem-
brane sites where TCR signaling initiation pathways are
organized and activated.

Rafts are required for the initiation of TCR

signal transduction

The requirement for rafts in early TCR signaling events
such as induction of tyrosine phosphorylation and Ca2*
flux has previously been studied by using methyl-
B-cyclodextrin as well as filipin and nystatin (Xavier
et al., 1998), all of which affect raft integrity via
cholesterol depletion or sequestration (Simons and
Toomre, 2000). However, some concerns have recently
been raised about the use of these compounds as they seem
to induce on their own transient tyrosine phosphorylation
of the TCR signaling proteins, e.g. CD3{, ZAP-70 and
LAT in Jurkat T cells (Kabouridis et al., 2000). To clearly
establish the role of rafts in TCR signal transduction, we
altered raft microdomains through membrane cholesterol
modification by cholesterol oxidase. Xu and London

Rafts pre-assemble TCR signal initiation machinery

(2000) have recently reported that cholesterol, once
oxidized, is incapable of promoting the formation of lo
phases in model membranes. Moreover, cholesterol
oxidase has been found to selectively inhibit the function
of caveolae (a special type of raft) (Okamoto et al., 2000).
Conditions of cholesterol oxidase treatment in 3A9 cells
were first calibrated so that neither cell viability nor TCR
surface expression was affected (not shown). The choles-
terol oxidase treatment was found to strongly reduce the
quantity of rafts detected in sucrose gradient (Figure 4A),
and severely impaired the TCR-CD3-induced phosphoryl-
ation of CD3{, ZAP-70 and LAT in the total cell lysate
(Figure 4B). Of note, cholesterol oxidase alone did not
induce these phosphorylation events (Figure 4B). Hence,
these results strongly indicate that rafts are critically
required in the initiation of TCR signaling.

TCR-CD3 is concentrated in a subset of rafts
Recent studies suggest that different raft populations may
exist within the same cell membrane (Madore et al., 1999;
Roper et al., 2000; Gomez-Mouton et al., 2001).
Therefore, we were interested in determining whether
TCR is homogenously distributed in T cell rafts. We have
compared raft microdomains immunoprecipitated via
TCR or Thy-1. To this end, raft membrane vesicles
isolated from 3A9 cells were precipitated with either the
CD3e- or Thy-1-specific mAb. Figure SA (upper panels)
shows that regardless of TCR stimulation by the HEL
peptide, more CD3 chains were seen in the rafts
immunoisolated with anti-CD3 than with anti-Thy-1. In
stark contrast, a very low level of Thy-1 was found in the
CD3-immunoisolated rafts compared with the Thy-1-
immunoisolated ones. The distribution pattern of LAT in
the immunoisolates was very similar to that of Thy-1,
while that of Lck was somewhat intermediate: its
reduction in the CD3-immunoisolated rafts relative
to the Thy-1-immunoisolated rafts appeared to be less
important than those of Thy-1 and LAT. ['“C]cholesterol
and [3H]phos-phatidylcholine labeling experiments
(Figure 5B) indicated a similar cholesterol enrichment,
relative to the unfractioned membrane fraction in the PNS,
for both immunoisolates. However, there was probably at
least 10-fold less of the membrane precipitated by anti-
CD3 than anti-Thy-1 under our experimental conditions.
These observations suggest that TCR—-CD3 raft distribu-
tion is not homogenous and that a subset of rafts exhibit a
particularly high TCR:Thy-1 ratio (“TCR rafts’) than do
others. The lower level of Thy-1 in the TCR rafts may well
be apparent due to a lower membrane content in the CD3
precipitates. We next carried out sequential immunoisola-
tion experiments. Figure 5C shows that although a pre-
depletion of TCR-containing rafts did not significantly
change the amount of Thy-1 that can be precipitated
(upper panels), a pre-depletion of Thy-1-containing rafts
quantitatively removed the TCR in raft preparations
(lower panels). These findings support the idea that the
TCR raft subset represents a very minor fraction of Thy-1-
containing rafts.

TCR stimulation did not significantly modify the
distribution pattern of all the molecules examined in the
immunoisolates (the slight increase of Thy-1 and LAT in
the CD3 isolates after TCR stimulation was not consis-
tantly observed). As expect, the CD3-precipitated rafts
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Fig. 5. (A) 3A9 cells were stimulated or not with the HEL peptide for
30 s at 37°C, as in Figure 3B. Isolated rafts were precipitated with 20 pl
of protein A—Eupergit beads pre-bound with the same amount (1 ug) of
anti-CD3¢ or anti-Thy-1 mAb. Immunoprecipitates were blotted with
anti-PY mAb before being stripped and reprobed with the indicated
Abs. (B) 3A9 cells were labeled with ['“C]cholesterol and [3H]choline-
chloride as described in the Supplementary data. Isolated rafts were
precipitated as in (A). ["*C]cholesterol and [*H]phosphatidylcholine
present in the total PNS membranes and the immunoprecipitates were
determined as described in the Supplementary data. The index of
["C]cholesterol to [*H]phosphatidylcholine ratio for the immunopre-
cipitates was calculated by considering that for the corresponding total
PNS membranes as 1 unit. Values are means *= SE of the duplicates.
Two individual experiments that are representative of four independent
ones are shown. In experiment 1, the yields of ["*C]cholesterol are
6301 = 401 d.p.m. and 72 069 = 4730 d.p.m. for the CD3 and Thy-1
precipitates, respectively; while those of [*H]phosphatidylcholine
are 20 137 = 1985 d.p.m. and 202 511 * 5641 d.p.m. for the CD3
and Thy-1 precipitates, respectively. In experiment 2, the yields of
[**C]cholesterol are 4380 + 675 d.p.m. and 58 945 *= 6667 d.p.m.
for the CD3 and Thy-1 precipitates, respectively; while those
of [*H]phosphatidylcholine are 31 817 * 4048 d.p.m. and 379 795 *
25 434 d.p.m. for the CD3 and Thy-1 precipitates, respectively.
(C) Isolated rafts were submitted to three rounds of precipitation with
20 ul of protein A—Eupergit pre-bound without (Ep), or with 1 ug anti-
TCRP mAb (upper panels) or 1 ug anti-Thy-1 mAb (lower panels).
The resulting supernatants were then precipitated with 20 ul of protein
A-Eupergit pre-bound with 1 pg anti-TCRf or anti-Thy-1 mAb. The
precipitates were then blotted with the indicated Abs. In each series
of precipitation, only results of the first and the last precipitation
are shown.

contained more phospho-CD3 chains than the Thy-1-
precipitated ones (Figure 5A, lower panel). To our
surprise, a comparable level of phospho-LAT was found
in the two immunoisolates, which indicates that the LAT
in the CD3-immunoisolated rafts is extremely rich in its
phospho isoform, considering the low LAT abundance in
this compartment. These findings are in accordance with
the fact that the earliest TCR signaling steps are activated
in TCR rafts. To further investigate TCR signaling
initiation in TCR rafts, 3A9 cells were stimulated with
anti-CD3¢e mAb for 30 s and the isolated raft vesicles were
then directly precipitated with TCR—CD3-bound activat-
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ing mAb. Supplementary figure 4 indicates that these anti-
CD3 mAbs precipitated a very similar raft subset as that
seen in Figure 5A, which provides further evidence that it
is within these TCR rafts that TCR is recognized by its
ligand and activated. In this experiment, a large excess of
anti-Thy-1, inefficient for CD3 isolation, was able to pull
down higher amounts of phospho-LAT than was anti-CD3,
suggesting that a significant fraction of the phospho-LAT
obtained following TCR stimulation does not associate
with TCR rafts. Collectively, these data reveal the
existence of a TCR raft subset wherein the TCR initiates
signaling pathways upon ligation. They also suggest the
presence of raft populations that have either a very low
level of TCR, or none at all (‘non-TCR rafts’), which
nonetheless participate actively in TCR signaling (see
Discussion).

The CD4 co-receptor co-localizes with TCR in

TCR rafts

The CD4 co-receptor plays an important role in potentiat-
ing TCR recognition in T helper cells (Janeway, 1992). It
binds to class II MHC simultaneously with the TCR, or
perhaps very shortly after TCR-pMHC engagement, and
brings Lck to the engaged TCR (Janeway, 1992; Davis
et al., 1998). Experimental evidence suggests that CD4,
despite the likely absence of direct interactions with TCR
(Wang et al., 2001), could be pre-organized at the vicinity
of the TCR prior binding to MHC (Chuck et al., 1990).
CD4 has also been shown to partition into rafts (for a
review see Harder, 2001). We have therefore examined the
association of CD4 with the TCR raft subset in 3A9 T cells.
Figure 6A shows that in non-stimulated cells, more CD4
was precipitated with anti-TCR than with anti-Thy-1 mAb,
suggesting that CD4 is constitutively enriched in TCR
rafts. Considering that much less membrane is likely to be
found in the TCR precipitates, such an enrichment may in
fact be a very high level. TCR stimulation did not change
the CD4 partitioning in TCR rafts, at least in our
stimulation conditions (30 s). Furthermore, we found
that a TCR-CD4 ‘association’ could be detected bio-
chemically, but only in the raft compartment and only if
raft integrity was preserved (Figure 6B). Together, these
observations suggest that TCR rafts are involved in the
pre-assembly of the CD4 co-receptor with TCR, a role of
rafts so far unrecognized, which could be of particular
importance in TCR signaling. Finally, the co-ligation of
TCR-CD3 with CD4 resulted in a strong enhancement of
the phosphorylation of CD3{ in TCR rafts (Figure 6C),
which is consistent with the proposition that TCR triggers
the signal initiation in these raft membrane microdomains.

TCR ligation triggers its early signaling pathways
in the isolated TCR rafts

The existence of the TCR rafts prompted us to investigate
whether the early TCR signaling pathways can be initiated
in this raft subset in an autonomous fashion. To test this
hypothesis, we examined protein tyrosine phosphorylation
triggered by TCR—-CD3 ligation in the TCR rafts isolated
from unstimulated 3A9 T cells, in the presence of the
exogenously added ATP. As depicted in Figure 7A,
TCR-CD3 ligation induced the tyrosine phosphorylation
of a series of proteins that displayed molecular weights
ranging from 20 to 180 kDa. The 25 and 20-23 kDa Ptyr
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Fig. 6. (A) Rafts were isolated from 3A9 cells stimulated or not with
the HEL peptide, and precipitated with 20 ul of protein A-Eupergit
pre-bound with 1 pg anti-TCRP or anti-Thy-1 mAb. The precipitates
were blotted with the indicated mAbs. (B) Raft (DIM) and non-raft (H)
fractions were prepared from unstimulated 3A9 cells. DIMs treated
with or without 60 mM N-octylglucoside and the H fraction were then
submitted to immunoprecipitation with anti-TCRB mAb. The precipi-
tates were blotted with the indicated mAbs. (C) 3A9 cells were mock
stimulated (lanes 1 and 2) or stimulated for 30 s with either 10 pg/ml
of KT3 anti-CD3e mAb + 30 pg/ml of rabbit anti-rat Ig (Fab’), (lanes 3
and 4), 20 ug/ml of KT3 + 60 pg/ml of rabbit anti-rat Ig (Fab’), (lanes
5 and 6) or 10 ug/ml of KT3 + 10 pg/ml of H129-19 anti-CD4 mAb +
60 pg/ml of rabbit anti-rat Ig (Fab’), (lanes 7 and 8). Rafts were isol-
ated and precipitated as in (A). The precipitates were blotted with the
indicated mAbs. Note that neither KT3 nor H129-19 binds to protein A,
and KT3 is less efficient in activating TCR—CD3 than 145-2C11.

proteins were identified as phospho-CD3¢ and phospho-
CD3(, respectively. Most of the phospho-CD3{ migrated
at 23 kDa, which suggests some differences in the
regulation of the CD3{ phosphorylation in isolated rafts
relative to the intact cells, possibly by the protein tyrosine
phosphatases (Germain, 2001). Nevertheless, we found
that TCR-CD3 stimulation in the isolated rafts also
triggered the tyrosine phosphorylation of ZAP-70 and
LAT (Figure 7B). The signal corresponding to phospho-
LAT following TCR—CD3 stimulation seemed to be less
intense than that found in intact cells, presumably due to
the absence of ZAP-70 recruitment from the cytosol and to
a limited quantity of LAT in the TCR rafts. Moreover, we
found that activation of TCR—CD3 in the isolated rafts was
mediated by src kinases, since the treatment with PP2
completely abolished the phosphorylation of the CD3
chains (Figure 7C). Those results suggest that the
activation of the TCR—CD3 complex in the isolated rafts
triggered by receptor ligation is similar to that occurring in
intact cells. Thus, the signaling molecule repertoire pre-
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assembled in TCR rafts appears to be sufficient for TCR
signal transduction initiation upon ligation.

Discussion

In this study, we have shown that membrane microdo-
mains, possessing the predicted characteristics of rafts,
could be identified and isolated based on their resistance at
37°C to the polyoxyethylene detergent Brij 98. Analysis of
the molecular organization of these microdomains has
shed new light onto the involvement of rafts in signal
transduction mediated by the TCR.

Our data further support the existence of rafts in cell
membranes under physiological conditions. Besides
T cells, we have also been able to isolate Brij 98 DIMs
present at 37°C from a variety of other cell types (our
unpublished results). Brij 98 DIMs, while isolated from
mouse thymocytes, were visualized as membrane vesicles
that exhibit a broad range of sizes with a mean vesicle
diameter of 67 = 39 nm. In the membrane plane, the
domains would be 134 = 78 nm in diameter, which is quite
close to the raft size of ~50 nm estimated by photonic force
microscopy in living fibroblasts (Pralle er al., 2000).
However, it is not clear at present whether Brij 98 DIMs
represent non-random assemblies of a limited number of
elementary rafts. In any case, it is legitimate to think that
these microdomains reflect a specific membrane organ-
ization, which is not induced by the detergent (see below).
The efficient receptor-mediated signal transduction in the
isolated microdomains also supports the notion that these
membrane complexes closely correspond to a native
structure. Our results also imply a significant stability of
rafts at 37°C, which is in full agreement with the
observation that rafts diffuse as a stable entity at the cell
surface (Pralle er al., 2000) that can persist for a strikingly
long period of time (>20 min; J.K.Horber, personal
communication).

The biochemical characterization of membrane rafts is
essential for their structural and functional studies. The
new raft isolation method described here is a more
advanced technique than the traditional cold Triton X-
100-based one. The new method allowed us to specifically
analyze only those rafts that are present at physiological
temperature. This is of particular importance considering
that chilling promotes formation of more of the lo
membrane phase (Brown and London, 2000). On the
other hand, Triton X-100 has been found to substantially
solubilize lo phases, even at 4°C (Schroeder et al., 1998;
Brown and London, 2000), and failed to efficiently detect
protein association to rafts of weak affinity (Janes et al.,
1999; Vidalain et al., 2000). Finally, the detergent-
resistant membrane domains isolated by cold Triton
X-100 have a vesicle diameter generally between 0.5
and 1 um (Brown and London, 1998), which probably
results from the coalescence of segregated raft units
(Mayor and Maxfield, 1995; Madore et al., 1999). In
contrast, we have shown that during the new isolation
procedure, raft microdomains from different cell mem-
branes do not coalesce and raft subsets with different
protein compositions from the same membrane could
actually be isolated.

Although a number of studies have ascribed an essential
role for rafts in the T cell activation, it has not been clearly
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Fig. 7. (A) Rafts isolated from unstimulated 3A9 cells were diluted in the kinase buffer and incubated with or without 5 pg/ml of anti-CD3e mAb and
in the presence or not of 5 UM ATP for 5 min at 37°C. Control experiments indicated a similar overall ATP loading in the stimulated and unstimulated
raft vesicles (data not shown). The TCR raft subset was immunoisolated by anti-CD3e mAb as described in Materials and methods. The proteins were
blotted with anti-PY mAb. The positions of the phospho-CD3¢ and phospho-CD3( are indicated. The blot was then stripped and reprobed with anti-
CD3 Abs. (B) Rafts isolated from unstimulated 3A9 cells were incubated with or without 5 pg/ml of 145-2C11 in the presence of 5 uM ATP, and
then solubilized by N-octylglucoside at 4°C before precipitation with 4G10 anti-PY mAb and blotting with the indicated Abs. The total ZAP-70 and
LAT content in DIMs are also shown. (C) Rafts isolated from 3A9 cells were pre-treated with or without 10 mM PP2 for 5 min at 37°C before being
submitted to TCR or mock stimulation in the presence of 5 uM ATP. The phosphorylation of CD3 chains in the TCR raft subset was analyzed by blot-

ting. The blot was then stripped and reprobed with anti-CD3 Abs.

established whether rafts are involved in the earliest steps
of the TCR signaling. We have provided the answer in the
present study by showing that the TCR signal initiation
machinery is comprised of the TCR—CD3 complex, Lck
and ZAP-70 kinases, and the CD4 co-receptor is pre-
assembled and activated upon receptor ligation in a subset
of rafts. A constitutive (and src kinase activity-independ-
ent) association of TCR with Brij 98 DIMs also eliminates
the suspicion that TCR-raft association is an in vitro
artifact arising as a consequence of trapping ligand-
engaged TCR oligomers into DIMs following membrane
solubilization. The finding that raft disruption following
cholesterol oxidase blocks TCR-CD3 activation further
strengthens our proposal that rafts are required for the
initiation of TCR signaling. Finally, the fact that TCR
ligation triggers early signaling pathways in isolated TCR
rafts indicates that this raft subset is fully competent for
TCR signal initiation. Our model of TCR signal initiation
within rafts is consistent with the observations that
(membrane-associated) Lck acylation mutants are in-
effective for TCR-CD3 phosphorylation (Kabouridis
et al., 1997; Kosugi et al., 2001).

Using cold Triton X-100 or Brij 58, we and others
previously found that stimulation of TCR caused more of
the receptors to associate with detergent resistant domains
(Montixi et al., 1998; Xavier et al., 1998). It was therefore
proposed that TCR is recruited to rafts upon ligation. This
result, in apparent discrepancy with the present work,
could be explained by the following observation. If the
Brij 98 DIMs isolated from non-stimulated and TCR-
stimulated cells were subsequently treated with Triton
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X-100 (or Brij 58; data not shown) at 4°C, a differential
solubilization was observed (Supplementary figure 5).
Indeed, a more marked diminution of raft-associated
TCR-CD3 was found in non-stimulated cells than in TCR-
stimulated cells. These findings suggest that the previously
observed TCR recruitment probably reflects an enhanced
resistance of TCR association with rafts in Triton X-100
(and Brij 58) upon engagement by the ligand, rather than a
receptor translocation to rafts.

The presence of raft subsets with different protein
compositions in the same membrane is rather expected
when considering that rafts are very small and that specific
interactions exist between different raft-associated
proteins (Simons and Toomre, 2000). Our findings on
the TCR rafts are consistent with this notion. Further
investigations will be required to characterize this raft
population in more detail, especially in terms of lipid
composition. Nevertheless, we think that our data have
uncovered an important ability of raft microdomains to
pre-assemble signal transduction units. Within these
assembled units, dynamic (and probably often weak)
interactions probably take place. This is exemplified by the
co-localization of TCR and CD4 in the TCR rafts. During
recognition of pMHC by T cells, CD4 is believed to bind
to the same pMHC molecule as the TCR (for a review see
Janeway, 1992), which contributes to the recruitment of
the Lck to the engaged TCR—CD3 complex and ‘boosts’
TCR recognition (Janeway, 1992; Davis et al., 1998;
Krummel et al., 2000). Nonetheless, the molecular mech-
anism underlying the dual TCR and CD4 binding has been
puzzling. Owing to the off-rate of the TCR—pMHC



interaction (for a review see Davis et al., 1998), CD4
would have to bind to the same pMHC complex quasi-
simultaneously to the TCR. This is, however, in apparent
contradiction with the fact that CD4 binding to class II
MHC is of extremely low affinity (Xiong et al., 2001) and
there seem to be no direct interactions between TCR and
CD4 (Wang et al., 2001). Thus, a confined CD4 localiza-
tion in TCR rafts would increase its binding with the TCR-
engaged MHC molecule, by favoring rebound over
diffusion away, resulting at the same time in a very
dynamic CD4-MHC interaction. Our model is consistent
with the observation that a fraction of CD4 molecules is
found in the vicinity of the TCR prior binding to MHC
(Chuck et al., 1990). Such a dynamic CD4-MHC inter-
action could be important for the CD4-Lck complex to
associate in a discriminative manner with the engaged
TCR and amplify the activation signals only above a
certain threshold of TCR engagement (Davis et al., 1998).
It will be particularly interesting to determine whether
rafts also contribute to the pre-association of TCR with the
CDS8 co-receptor (Arcaro et al., 2001).

Our results also suggest that the signals initiated in TCR
rafts are rapidly propagated into non-TCR rafts. Indeed, a
significant proportion of phospho-LAT is localized in
these membrane domains upon TCR stimulation
(Figure 6B). A challenge for the future will be to
understand how different raft subsets communicate with
each other during TCR signaling. One possibility is raft
coalescence (see below). In addition, signaling molecules
could shuttle between different raft subsets. In this context,
we observed that although LAT molecules are most
strongly phosphorylated in TCR rafts, the majority of them
are located in non-TCR rafts. Of interest, Wilson et al.
have recently proposed that activated mast cells propagate
signals from primary domains organized around the FceRI
and from secondary domains, including one organized
around LAT (Wilson et al., 2000, 2001).

We would like to emphasize that in this study we
have focused on the very early steps of the TCR-
dependent signaling, which take place within seconds
of receptor engagement. However, following the initi-
ation phases, signaling should be sustained to promote
full T cell activation (Viola et al, 1999). One
mechanism involved in the signal sustaining is prob-
ably raft coalescence (Simons and Toomre, 2000),
which can be promoted, for instance, by linker
molecules, and be homotypic or heterotypic in nature.
Interestingly, microscopy analysis in living cells has
revealed that the initial TCR response coincides with
the appearance of small, dispersed clusters of CD3(
and CD4 at the T cell-antigen presenting cell interface
(Krummel et al., 2000). These clusters eventually
coalesce to form a larger cluster at the central zone of
the immunological synapse, where the micrometer-
sized raft patches are found to be co-localized upon
activation of an intracellular pathway involving Vavl,
Rac and actin cytoskeleton reorganization (Villalba
et al., 2001).

In summary, our findings reported here strongly
support the notion that rafts represent molecular sorting
machines (Simons and Ikonen, 1997; Brown and
London, 1998) capable of organizing signal transduc-
tion pathways within specific areas of the membrane,
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both prior to and following receptor engagement by
ligand, to expedite selective and efficient activation of
signaling cascades upon stimulation.

Materials and methods

Cells and reagents
See Supplementary data.

PNS and membrane preparation

Cells were gently sonicated (five 5-s bursts, 5 W; Vibracell, Bioblock
Scientific) in 1 ml of ice-cold buffer A (25 mM HEPES, 150 mM NaCl,
1 mM EGTA, 5 mM NaVOy,, 10 mM NaP~P and 10 mM NaF, 1 pg/ml
leupeptin, 1 pg/ml pepstatin, 2 pg/ml chymostatin and 5 pg/ml o2
macroglobulin). The PNS was obtained after centrifugation at 800 g at
4°C for 10 min. The membrane fraction was obtained by pelleting the
PNS at 100 000 g for 1 h at 4°C.

DIM isolation

PNS from (2 X 10%) mouse thymocytes or nylon wool-purified splenic
T lymphocytes, or from (3 X 107) 3A9 or AKR1 mouse T cells was pre-
incubated for 4 min at 37°C. Brij 98 (Sigma Chemical Co.) was then
added to a final concentration of 1%. After 5 min of solubilization at
37°C, the PNS (1 ml) was diluted with 2 ml 37°C pre-warmed buffer A
containing 2 M sucrose (final sucrose concentration 1.33 M; final Brij 98
concentration 0.33%) and chilled down on ice (55 min) before being
placed at the bottom of a step sucrose gradient (0.9-0.8-0.75—
0.7-0.6-0.5-0.4-0.2 M sucrose, 1 ml each) in buffer A. Gradients were
centrifuged at 38 000 r.p.m. for 16 h in a SW41 rotor (Beckman
Instruments Inc.) at 4°C. One milliliter fractions were harvested from the
top, except for the last one (no. 9), which contains 3 ml. Unless specified,
DIM fraction is pooled fractions 2-5 and H fraction is pooled fractions 8
and 9.

TCR-CD3 stimulation by pMHC

LK35.2 cells pulsed overnight with 3 uM HEL 48-63 peptide were pre-
fixed with 0.8% paraformaldehyde in phosphate-buffered saline for
30 min at 4°C, followed by incubation with 0.2 M lysine for 10 min.
These treatments fully preserve the capacity of LK35.2 to activate TCR
signaling pathways while preventing their rafts from floating in the
sucrose density gradient. For TCR stimulation, 3A9 cells were put in
contact with LK35.2 cells by centrifugation for 10 s at 400 g and
incubated for 30 s at 37°C. One milliliter of ice-cold buffer A was
immediately added to cell pellets, followed by sonication.

TCR-CD3 stimulation in the isolated DIMs

DIMs from 1 X 107 3A9 cells were concentrated before being
resuspended in 200 pl of the kinase buffer (20 mM HEPES, 150 mM
NaCl, 5 mM MgCl,, 5 mM MnCl,, | mM NaVQy,) at room temperature.
DIMs were then incubated with 1 pg of anti-CD3e mAb 145-2C11
(5 ug/ml) in the presence of 5 UM of ATP for 5 min at 37°C. The
phosphorylation reaction was stopped by addition of 1 ml of ice-cold
buffer B (20 mM HEPES, 150 mM NaCl, 20 mM EDTA, 5 mM NaVOy,
and protease inhibitors). Unless specified, 10 pl of protein A-immobilized
Eupergit beads, or 10 ul of protein A-immobilized Eupergit beads plus
1 pg of 145-2C11 mAb was used to immunoisolate the TCR DIM subset
from the TCR—CD3 stimulated cells and the controls, respectively.

Supplementary data
Supplementary data for this paper are available at The EMBO Journal
Online.
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