MOLECULAR AND CELLULAR BIOLOGY, July 2010, p. 3421-3429
0270-7306/10/$12.00  doi:10.1128/MCB.00160-10

Vol. 30, No. 14

Copyright © 2010, American Society for Microbiology. All Rights Reserved.

T-Cell Receptor Microclusters Critical for T-Cell Activation Are
Formed Independently of Lipid Raft Clustering’f

Akiko Hashimoto-Tane,' Tadashi Yokosuka,! Chitose Ishihara,' Machie Sakuma,’
Wakana Kobayashi,' and Takashi Saito'~**

Laboratory for Cell Signaling, RIKEN Research Center for Allergy and Immunology, Yokohama, Kanagawa 230-0045," and
WPI Immunology Frontier Research Center, Osaka University, Suita, Osaka 565-0871, Japan®

Received 9 February 2010/Returned for modification 13 March 2010/Accepted 7 May 2010

We studied the function of lipid rafts in generation and signaling of T-cell receptor microclusters (TCR-
MCs) and central supramolecular activation clusters (¢cSMACs) at immunological synapse (IS). It has been
suggested that lipid raft accumulation creates a platform for recruitment of signaling molecules upon T-cell
activation. However, several lipid raft probes did not accumulate at TCR-MCs or cSMACs even with costimu-
lation and the fluorescence resonance energy transfer (FRET) between TCR or LAT and lipid raft probes was
not induced at TCR-MCs under the condition of positive induction of FRET between CD3{ and ZAP-70. The
analysis of LAT mutants revealed that raft association is essential for the membrane localization but dispens-
able for TCR-MC formation. Careful analysis of the accumulation of raft probes in the cell interface revealed
that their accumulation occurred after cSMAC formation, probably due to membrane ruffling and/or endocy-
tosis. These results suggest that lipid rafts control protein translocation to the membrane but are not involved
in the clustering of raft-associated molecules and therefore that the lipid rafts do not serve as a platform for

T-cell activation.

Lipid rafts are specialized liquid-ordered membrane mi-
crodomains that are enriched in cholesterol and sphingolipids.
Many studies using various methodologies have shown that
lipid rafts exist as leaflets less than 200 nm in size and float on
the plasma membrane (6, 10, 24, 28, 32). They have been
implied to play a role in protein sorting and cell activation as
a platform by recruiting various signaling molecules such as Src
family kinases, G proteins, and adaptor molecules. Because of
size limitation, all of the raft-associated molecules could not be
accommodated on the same lipid raft, and heterogeneity of
lipid rafts both in size and in the repertoire of resident mole-
cules has been suggested (22). The functional importance of
lipid rafts in signal transduction has been particularly appreci-
ated in T-cell activation through the T-cell receptor (TCR).
Some of the initial observations in this area included the find-
ings that cross-linking of the raft-associated ganglioside GM1
induces T-cell activation (12) and that a mutant of LAT, a
membrane adaptor protein, that was unable to localize to rafts
failed to induce activation signals (33). Since then, increasing
data have demonstrated that lipid raft accumulation creates a
platform to stabilize the signaling complex for T-cell activation
(13, 29).

T cells are activated upon recognition of peptide-major his-
tocompatibility complex (MHC) complexes expressed on anti-
gen-presenting cells (APC). An immunological synapse (IS) is
formed at the interface between the T cell and the APC where
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a specialized segregated structure of T-cell surface receptors is
generated. This supramolecular activation cluster (SMAC)
contains the TCR in the central region (cCSMAC) and lympho-
cyte function-associated antigen 1 (LFA-1) in the peripheral
region (pSMAC). The accumulation of lipid rafts at this inter-
face, particularly in the cSSMAC, has been suggested to create
a transient structure to mediate signal transduction (13, 17). In
addition, CD28-mediated costimulation has been suggested to
enhance lipid raft accumulation and TCR activation (29).
However, the idea that lipid rafts accumulated in the cSSMAC
serve as the platform for T-cell activation has been controver-
sial; the accumulation of the lipid raft was only partial in the
contact area (3), or the concentration of lipid raft was constant
even in the area of T-cell activation (5, 8, 28, 32). These
variations could be partly attributed to differences in experi-
mental approaches such as the cell systems being analyzed,
stimulation conditions, and detection methods, including im-
aging and biochemical fractionation. The idea that the cSMAC
is the site responsible for inducing signals for T-cell activation
has been recently revised based on analysis of the dynamic
assembly of signaling complexes upon TCR stimulation. Anal-
ysis of T-cell activation using a planar membrane system con-
taining glycosylphosphatidylinositol (GPI)-anchored MHC-
peptide complexes and the LFA-1 ligand intercellular adhesion
molecule 1 (ICAM-1) revealed that small clusters containing
approximately a hundred TCRs, kinases, and adaptors, which
we termed TCR microclusters (MCs), were generated at the
initial contact sites. This was followed by translocation of the
MCs to the center of the interface to generate a cSMAC (31).
Since protein phosphorylation, including that of ZAP-70, was
induced in the TCR-MCs and Ca®" mobilization was induced
in parallel with the formation of TCR-MCs, these MCs appear
to be the very first and minimum unit for generating TCR
activation signals (31). Furthermore, a major costimulatory
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receptor, CD28, forms clusters which are also colocalized in
TCR-MCs to regulate costimulatory signals (30).

Among these TCR proximal signaling molecules, LAT is a
well-studied raft-associated membrane adaptor protein that is
indispensable for TCR activation. LAT is phosphorylated by
ZAP-70 and then behaves as a signal scaffold, recruiting vari-
ous signaling adaptors and effector molecules such as phos-
pholipase Cy (PLCy), SLP-76, and Grb2/Gads. Because mu-
tation of LAT palmitoylation sites (C26,29A) resulted in its
dislocation from lipid rafts and defective signaling, it was con-
cluded that the association with lipid rafts is essential for the
function of LAT (33). However, a recent study showed that this
mutant LAT has impaired trafficking to the plasma membrane
in the Jurkat T-cell line (27), raising the question of whether
the impaired signaling resulting from this LAT mutation was
due to dislocation from the raft or defective trafficking to the
membrane.

Here, we analyzed the role of lipid rafts in T-cell activation,
particularly their relationship with immunological synapse for-
mation (9). Provided that lipid raft functions as a platform for
T-cell activation, the new idea that TCR-MCs serve as the
signal unit for activation would predict that lipid raft could be
accumulated in or interact with TCR-MCs (29).

Utilizing several lipid raft probes, which retain the capability
of raft localization but lack signaling capacity, we found that
the full-length LAT generated MCs, but none of the raft
probes formed visible clusters at TCR-MCs or cSMAC, even in
conjunction with CD28-mediated costimulation. Furthermore,
no significant interaction between lipid rafts and TCR-MCs
was revealed by fluorescence resonance energy transfer
(FRET) analysis. Conversely, the non-raft-localizing LAT mu-
tant showed MC formation upon TCR stimulation. These re-
sults suggest that lipid rafts do not serve as a platform for TCR
signaling but rather regulate the traffic/recruitment of proteins
to the plasma membrane. Furthermore, our data indicate that
the previous observation of lipid raft accumulation at the
cSMAC may reflect membrane ruffling and endocytosis rather
than active formation of signal platform.

MATERIALS AND METHODS

Cell culture. Freshly isolated AND TCR-transgenic (AND-Tg) T cells were
stimulated with irradiated spleen cells from B10BR mice and 3 uM moth cyto-
chrome ¢ [MCC(88-103)] peptide in RPMI (Sigma) with 10% fetal calf serum
and 1% Pen/Strep (Invitrogen, Carlsbad, CA). Twenty-four hours after stimula-
tion, the gene of interest was introduced into the activated cells by retrovirus-
mediated gene transfer. The cells were kept in RPMI medium containing inter-
leukin-2 (IL-2) until imaging by confocal microscopy at 72 to 96 h after the gene
transfer. AND-Tg T-cell hybridoma cells were grown in RPMI with 10% fetal
calf serum and 1% Pen/Strep (30).

Construction and transduction. Expression constructs for all the genes were
generated by subcloning into the retrovirus vector pMX. CD3¢-Halo; CD3{-cyan
fluorescent protein (CFP); mLAT-green fluorescent protein (GFP); mLAT-
CFP; mLAT(ACP)-GFP; mLAT(C29A)-GFP; mLAT(C26,29A)-GFP; hLAT-
GFP; hLAT(Y132F)-GFP; hLAT(3YF)-GFP, which changed Tyr171, Tyr191,
and Tyr226 to Ala; Lck-GFP; Lek(N10)-GFP; Lek(wt)-YPet; and Lek(N10)-
YPet were generated by recombinant PCR with mouse cDNA, Halo tag pHT2
vector (Promega), pEGFP-N1 (BD Clontech), and pYPet-His (Addgene plasmid
14031). LAXhLAT is a kind gift from Weiguo Zhang (Duke University, Durham,
NC). Lck(N10)-YPet and Lck(wt)-YPet have a linker (GGGAAGGGAA) for
increasing FRET efficiency. To produce pseudovirus, the recombinant plasmid
was transfected into Phoenix packaging cells using Lipofectamine 2000.

Planar bilayer system. GPI-anchored mouse MHC class II molecule I-EX,
ICAM-1, and CD80 were transfected into and purified from Chinese hamster
ovary (CHO) or baby hamster kidney cells. The purified GPI-anchored proteins
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were incorporated into dioleoyl phosphatidylcholine liposomes (Avanti Polar
Lipids). Planar bilayers containing I-EX and ICAM-1 were formed in a flow cell
chamber system (Bioptechs). Planar bilayers were loaded overnight at 37°C with
50 .M MCC in citrate buffer, pH 4.5, blocked for 1 h at 37°C with 5% nonfat
dried milk in phosphate-buffered saline (PBS), and opened in the assay medium.
All experiments in the planar bilayers were conducted with HEPES-buffered
saline containing 1% bovine serum albumin, 2 mM MgCl,, and 1 mM CaCl,.

Live cell imaging by confocal microscopy. Gene-transferred cells were incu-
bated and loaded with 4,000X-diluted tetramethylrhodamine (TMR) ligand to
give fluorescence to Halo tag or stained with 0.5 puM cholera toxin B subunit
(CTXB)-Alexa 488 on ice so as not to accumulate intracellularly. The prepared
cells were mounted on the stage of a Leica TCS SP5 microscope with a 60X
oil-immersion objective.

FRET analysis. We used the CFP-YPet FRET pair for efficient FRET analysis
(18, 19). We took 405-nm-excited 430- to 500-nm images as the CFP image,
405-nm-excited 500- to 590-nm images as the FRET-containing image, and
488-nm-excited 500- to 590-nm images as the YPet image with 12-bit resolution.
FRET images were obtained by subtracting CFP leakage and YPet directly
excited by 405 nm from the FRET-containing image. All the AND-Tg T-cell
hybridoma cells expressing the pair CD3{-CFP and Lck(N10)-YPet, nLAT-CFP
and Lck(N10)-YPet, ZAP-CFP and CD3(-YPet, or CD3{-CFP and Lck(wt)-
YPet showed sufficiently strong FRET intensity (see Fig. 2). FRET efficiency was
also checked by donor fluorescence recovery after acceptor bleaching (see Fig.
S2 in the supplemental material).

Imaging of the interface between T cell and APC. B cells were isolated from
spleen and lymph nodes of BI0BR mice, activated with 1 wg/ml lipopolysaccha-
ride (LPS), and loaded with 5 uM MCC for 24 h. On the next day, the cells were
incubated with AND-Tg T cells and the conjugates were analyzed by fluorescent
microscopy. FM4-64 was purchased from Molecular Probes and used at 10 mM
in HEPES-buffered saline.

Sucrose density gradient ultracentrifugation. AND-Tg T-cell hybridoma cells
expressing mLAT-GFP were lysed in a buffer with 1% Triton X-100, and the
lysates were ultracentrifuged on a sucrose density gradient as described previ-
ously (33). The fractions were analyzed by Western blotting using anti-LAT
antibody (Upstate 06-807).

RESULTS

TCR clustering independent of lipid raft clusters. To ad-
dress the question of whether TCR-MC formation is accom-
panied by lipid raft clustering, we prepared several lipid raft
marker proteins and analyzed their movement on the planar
bilayer system. Murine LAT fused to GFP [mLAT(wt)-GFP]
and CD3{ fused to Halo tag (CD3(¢-Halo) (21) were coex-
pressed in antigen-specific T cells from AND-Tg mice. On the
bilayer, these T cells exhibited attachment, spreading, genera-
tion of TCR-MCs, and activation as reported previously (31).
mLAT(wt)-GFP also formed clusters that colocalized with the
TCR-MCs (Fig. 1A) similarly to the phosphorylated LAT (4).
A LAT mutant, mLAT(ACP), which lacks most of the cyto-
plasmic domain but retains four amino acids, including two
palmitoylation sites for lipid raft association, was fused to GFP
[mLAT(ACP)-GFP] and used as a lipid raft probe (23). Sur-
prisingly, mLAT(ACP)-GFP did not show any clustering upon
TCR stimulation (Fig. 1A).

The Src family kinase Lck is another lipid raft-associating
molecule critical for T-cell activation (14, 35). A deletion mu-
tant of Lck containing only the N-terminal 10 amino acids (aa)
[Lck(N10)], which includes the two myrisoylation sites respon-
sible for the lipid raft localization, was examined. Similarly to
LAT, the full-length Lck(wt)-GFP was clustered at TCR-MCs,
whereas the Lck(N10)-GFP showed no clustering (Fig. 1A).
Both LAT and Lck are intracellular molecules, and their mu-
tant raft probes reside in the inner leaflet of raft. Therefore, we
examined a classical lipid raft marker, the cholera toxin B
subunit (CTXB) conjugated with Alexa 488, which binds to the
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FIG. 1. Images of lipid raft-associated proteins and lipid raft probes at TCR-MCs. (A) AND-Tg T cells expressing mLAT(wt)-GFP,
mLAT(ACP)-GFP, Lck-GFP, or Lck(N10)-GFP together with CD3¢-Halo, or cells expressing CD3¢-Halo and stained with CTXB-Alexa 488, were
loaded with TMR ligand and placed on the planar bilayer containing ICAM-I and I-E* with 10 uM MCC peptide. Images were collected 2 min
after attachment to the bilayer. The cells expressing Lck(N10)-GFP and CD28-CFP were fixed at 2 min on the CD80-containing bilayer and stained
with anti-CD3e-biotin and streptavidin-Alexa 566. The large bright area in cells with mLAT(ACP)-GFP reflects its presence within cytoplasmic
organelles as detected in the x-z image (see Fig. S1 in the supplemental material). (B) The numbers of GFP and Halo tag clusters were counted
objectively using software with Gaussian fitting and counting capability. Data are means =+ standard deviations of 15 to 30 cells. (C) The cells used
in panel A were incubated for 10 min, and images were collected. DIC, differential interference contrast.

outer leaflet of raft. We obtained results showing that CTXB
did not show any cluster upon stimulation similar to those with
Lck(N10)-GFP (Fig. 1A). Since the above experiments were
performed in the absence of costimulation, we next used
CD80-containing bilayers for the addition of CD28-mediated
costimulation (30). However, the result with Lck(N10)-GFP
was the same; no clusters were detected (Fig. 1A). These
findings were quantified and subjected to statistical analysis as
shown in Fig. 1B after determining the number of clusters from
30 cells for each molecule.

Lipid raft clustering at the cSMAC was also examined at

later time points (10 min) using mLAT(ACP)-GFP, Lck(N10)-
GFP, and CTXB-Alexa 488. None of the raft makers showed
accumulation at the cSMAC upon stimulation regardless of the
presence of CD28 costimulation (Fig. 1C; see Movie S1 in the
supplemental material). These results indicate that lipid rafts
do not form visible clusters at either the TCR-MCs or the
cSMAUC, at least within the limitation of detection by conven-
tional fluorescent microscopy.

Reduced interaction of lipid rafts with TCR-MCs. It became
clear from these results that lipid rafts do not form clusters
similar to TCR-MCs. However, if the lipid raft is a functional
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FIG. 2. FRET analysis for the interaction between CD3{ or LAT and a lipid raft probe, Lck(N10). (A) Images of CFP, YPet, and FRET
efficiency (FRET/CFP) of AND-TCR hybridoma cells expressing either CD3¢-CFP or Lck(N10)-YPet or either pair CD3¢-CFP/Lck(N10)-YPet
or pair LAT-CFP/Lck(N10)-YPet at 2 min. The diagrams in the left column depict the labeled molecules under each experimental condition.
(B) The intensity profiles at the peaks of CD3{-CFP or LAT-CFP were arranged according to peak position. The intensities were averages from
a 10- X 41-pixel area of each peak. Data are means * standard errors of the means of 40 to 50 peaks from 3 cells. Blue line, CFP; orange, YPet;
pink, FRET/CFP. a.u., arbitrary units. (C) Kymograph analysis for time-lapse measurement of FRET/CFP between CD3(-CFP and Lck(N10)-
YPet. Images were taken every 2.6 s after cellular attachment, and 5- X 348-pixel images were extracted and arranged in temporal order.

microdomain for cell activation, it does not necessarily have to
form clusters that are similar in size to the TCR-MCs. To
examine the possibility that lipid rafts interact with signaling
molecules on a smaller scale, we performed FRET analysis
between TCR or LAT and a lipid raft probe using AND-TCR
hybridoma cell lines. The data on acceptor bleaching con-
firmed the specific induction of FRET (see Fig. S2 in the
supplemental material).

CD3(-CFP or Lck(N10)-YPet alone showed no FRET/CFP
(Fig. 2A). FRET efficiency (FRET/CFP) between TCR and a
lipid raft probe was then analyzed in the cells expressing both
molecules, and unexpectedly it was significantly decreased at
the TCR-MCs (Fig. 2A). The FRET/CFP between LAT-CFP
and Lck(N10)-YPet was also significantly reduced at the LAT

clusters (Fig. 2A). Averaged intensity profiles of CD3{-CFP or
LAT-CFP peaks were arranged by peak position and plotted
(Fig. 2B). To investigate the earlier stage of TCR-MC forma-
tion, we took time-lapse images of FRET/CFP between CD3(-
CFP and Lck(N10)-YPet just after T-cell attachment to the
bilayer (Fig. 2C; see Movie S2 in the supplemental material).
We found that the FRET/CFP showed no increase even at the
initial stage of activation, while it was clearly reduced at the
TCR-MCs.

We utilized other molecular pairs for FRET—CD3{-CFP
and Lck(wt)-YPet, ZAP-70-CFP and CD3¢{-YPet, or CD3¢-
CFP and CD3(-YPet as FRET controls—to confirm that the
observed low FRET/CFP was not an artifact caused by the
accumulated CFP (see Fig. S2 in the supplemental material).
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In the case of CD3{-CFP and Lck(wt)-YPet and of ZAP-70-
CFP and CD3{-YPet, both CFP and YPet accumulated at the
TCR-MCs and the FRET/CFP was increased at these peaks,
indicating that, as expected, FRET was induced between two
separate molecules within the TCR-MC. On the other hand,
the FRET between CD3(-YPet and CD3{-CFP did not in-
crease even though both CD3{-YPet and CD3{-CFP were
accumulated at the same place, indicating that simple accumu-
lation of CFP did not induce FRET and that the FRET de-
pends on the protein pair. The data with the FRET reduction
at TCR-MC:s clearly indicate that the frequency of the inter-
action between CD3{ or LAT and the lipid raft probes is
relatively reduced at the TCR-MCs and indicate that the lipid
raft does not contribute to cluster formation as a component of
the signaling platform.

Raft association confers membrane localization. Next, we
investigated the effect of the lipid raft on clustering of raft-
associated molecules by analyzing LAT mutants. Consistent
with previous reports (27), an mLAT bearing mutations in
both palmitoylation sites [mMLAT(C26,29A)] does not associate
with lipid rafts (see Fig. S3 in the supplemental material). The
protein is mostly located intracellularly and is hardly detect-
able on the cell surface (Fig. 3A). Thus, lipid raft localization
confers membrane translocation onto the plasma membrane
from intracellular compartments. We then analyzed a mutant,
mLAT(C29A), possessing the replacement in only a single
palmitoylation site, which was reported to have decreased as-
sociation with lipid rafts but otherwise retains mostly normal
functions (33) (Fig. S3). Interestingly, mLAT(C29A)-GFP was
mainly expressed on the plasma membrane and formed clus-
ters at the TCR-MCs upon stimulation. The number of
mLAT(C29A)-GFP clusters was not significantly different
from that of mLAT(wt)-GFP clusters (Fig. 3A and C), sug-
gesting that MC formation is independent of raft localization.
To further confirm this observation, another LAT mutant,
LAXhLAT-GFP, a fusion of LAX(1-67aa) and hLAT(34-
233aa) and GFP, was analyzed. Because LAX is not associated
with lipid rafts, LAXhLAT-GFP was expressed in the non-lipid
raft fraction on the plasma membrane (34) (see Fig. S3 in the
supplemental material). As expected, LAXhLAT-GFP exhib-
ited normal MC formation, similarly to mLAT (Fig. 3A and C),
thus confirming that TCR-MCs are generated in the absence of
detectable lipid raft clustering.

We further examined the relationship of LAT structure with
its localization. The role of tyrosine phosphorylation in MC
formation was examined using hLAT mutants. It has been
shown elsewhere that hLAT(Y132F) and hLAT(3YF) fail to
associate with PLCy and Grb2/Gads, respectively (16). The
hLAT(Y132F)-GFP showed MC formation similar to that of
the wild type (WT), whereas hLAT(3YF) showed no cluster
formation (Fig. 3B and C), although both molecules were
retained normally in the lipid raft fraction (data not shown).
These data suggest that LAT induces MC formation through
Grb2/Gad-dependent protein interactions but independently
of PLCy.

Endocytosis of lipid rafts at the cSMAC. Despite our results
showing that lipid raft clustering does not contribute to the
formation or maintenance of TCR-MCs, previous imaging
analyses, partially relying on CTXB staining, revealed the ac-
cumulation of lipid rafts at the T-cell-APC interface. This
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observation has been a strong basis of the idea that lipid rafts
function as a signaling platform. Therefore, we examined the
behavior of lipid raft markers under the same cell-cell inter-
action conditions. AND-Tg T cells expressing CD3¢-Halo were
stained with CTXB-Alexa 488 and incubated with peptide-
loaded activated B cells. Ten minutes later, when the cSMAC
could be detected, real-time video imaging was performed.
CTXB-Alexa 488 did not show stable accumulation at the
immunological synapse (IS) or colocalization in the cSSMAC.
However, after several minutes, CTXB-Alexa 488 began to be
internalized and also to accumulate at the cCSMAC (Fig. 4A;
see also Movie S3 in the supplemental material). A similar
result was obtained with Lck(N10)-GFP (see Fig. S4 in the
supplemental material). We found that CTX accumulation
occurred much later than did cSMAC formation (Fig. 4A).
Consistently, the percentage of cSMACs with colocalized
CTXB accumulation increased from 45.5% * 1.6% (n = 27) to
741% = 7.2% (n = 47) during 15 to 30 min after coculture.
This delayed accumulation of the lipid raft probes suggests that
the lipid raft accumulation is dispensable for cSMAC forma-
tion. We assumed that the accumulated lipid raft probes were
the result of membrane ruffling and endocytosis (8). This idea
was proven using the amphiphilic dye FM4-64, which is a
well-characterized fluorescent endocytosis probe. AND-Tg T
cells expressing CD3{-GFP or Lck(N10)-GFP or stained with
CTXB-Alexa 488 were incubated with antigen-loaded acti-
vated B cells in the presence of 10 mM FM4-64. Twenty min-
utes after incubation, FM4-64 accumulated at the ¢cSMAC,
similarly to the lipid raft probes (Fig. 4B), suggesting that lipid
raft accumulation most likely reflects endocytosis at the
cSMAC (20).

DISCUSSION

We addressed here a controversial problem of whether lipid
raft serves as a platform for T-cell activation by investigating
the relationship between TCR-MCs and lipid raft. After it
became clear that TCR-MC is responsible for T-cell activation
as the unit for recruitment of signaling molecules, it has been
an obvious question whether TCR-MCs are based on or sup-
ported by a lipid raft cluster.

To address this controversy, we performed imaging analyses
using several lipid raft probes to ask whether these probes are
colocalized (or corporate) with TCR-MCs and/or cSMACs.
Our data indicate that TCR-MCs are generated as a signal-
some to induce T-cell activation by recruiting signaling pro-
teins mainly through protein-protein interactions and not
through lipid raft clustering. We have shown this conclusion
from three different analyses: (i) failure of colocalization of
several lipid raft probes with TCR-MCs upon activation, (ii) no
specific increase of FRET between raft probes and TCR or
LAT in TCR-MGCs, and (iii) active signaling capacity and
TCR-MC generation of LAT mutants without lipid raft local-
ization. Instead of a signaling platform, our results indicate
that lipid raft has a critical function in transporting raft-local-
izing signaling components to the plasma membrane and prob-
ably delivers them to the active receptor engagement site,
TCR-MC.

We have utilized raft probes which reside in both inner and
outer leaflets of lipid raft. The former are the mutants of LAT
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FIG. 3. Expression and microcluster formation of LAT mutants on a planar bilayer. (A) AND-Tg T cells expressing CD3¢-Halo and
mLAT(wt)-GFP, mLAT(C29A)-GFP, mLAT(C26,29A)-GFP, or LAXhLAT-GFP were loaded with TMR ligand and placed on the bilayer for 2
min. (B) AND-Tg T cells expressing CD3¢-Halo and hLAT(wt)-GFP, hLAT(Y132F)-GFP, or hLAT(3YF)-GFP were placed on the bilayer for 2
min. (C) Numbers of clusters of GFP or Halo tag were counted objectively by software as described for Fig. 1. Data are means * standard

deviations of 15 to 30 cells. DIC, differential interference contrast.

[LAT(ACP)] and Lck [Lck(N10)], which are intracellular pro-
teins defective in assembly with signaling molecules, and the
latter was cholera toxin for binding to GM1. All three probes
revealed raft localization biochemically by sucrose gradient
fractionation and failed to show any cluster formation or ac-
cumulation in TCR-MC. Since both full-length LAT and Lck
were accumulated into TCR-MC, we could examine the struc-

ture of LAT required for TCR-MC accumulation. We found
that the tyrosine phosphorylations at Tyr 171, 191, and 226,
which are known to be sites for association with Grb2/Gads,
are critical for accumulation in TCR-MCs, suggesting that such
protein interaction rather than the association with lipid raft is
essential for T-cell activation. Similarly, Lck also needs pro-
tein-protein interaction with CD4 at the TCR activation site as
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FIG. 4. Endocytosis of lipid raft probes and CD3( at the interface between T cells and APC. (A) AND-Tg T cells expressing CD3¢(-Halo and
stained with CTXB-Alexa 488 were loaded with TMR ligand and incubated with 5 uM MCC peptide-loaded LPS-activated B cells. Video images
were collected 8 min after starting the incubation. Images taken at each time point revealed a different time course of CD3¢-Halo and CTXB-Alexa
488 accumulation. (B) AND-Tg T cells expressing Lck(N10)-GFP or CD3({-GFP or stained with CTXB-Alexa 488 were incubated with the
activated B cells for 20 min in the presence of 10 uM FM 4-64. White arrows indicate cSMAC (A) and endocytosed molecules (B). DIC, differential

interference contrast.

shown in previous reports that revealed relocation of CD4 to
the activation site and CD4-dependent relocation of Lck (11,
15); although the precise structural requirement of Lck to be
localized into the TCR-MC has to be determined, Sohn et al.
(25) have reported detection of FRET between the B-cell
antigen receptor (BCR) and a Lyn-based lipid raft probe. They
showed a transient increase of FRET between Iga and the
lipid raft probe and proposed that it reflects a transition in the

BCR conformation prior to BCR phosphorylation (25). Since
our experimental setup using the planar bilayer system is sim-
ilar, if the TCR-CD3s were activated before TCR-MC gener-
ation, the FRET should have increased immediately after con-
tact with antigen. However, we did not obtain any positive
FRET at the TCR-MCs from the initial time course. Our
FRET data with the reduction at TCR-MCs clearly indicate
that the frequency of the interaction between CD3{ or LAT
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and the lipid raft probes is relatively reduced at the TCR-MCs
and indicate that the lipid raft does not contribute to cluster
formation as a component of the signaling platform.

The evidence that lipid raft localization is not correlated
with TCR-MC formation or T-cell activation is also derived
from the results with LAT mutants. LAT(C29A) and
LAXhLAT mutants were not found in lipid raft fraction; nev-
ertheless, both mutants were accumulated into TCR-MCs and
had the capacity to induce T-cell activation. This result with the
LAXhLAT chimera also strengthens the evidence for the crit-
ical role of TCR-MC for T-cell activation.

Mice with the mLAT(Y136F) mutation [equivalent to
hILAT(Y132F)] had a dramatic reduction in thymocyte num-
bers, whereas peripheral T cells exhibited enhanced prolifera-
tion and Th2 development, resulting in allergic disease (1, 26).
These findings suggest that mLAT Tyr-136 as the PLCy-bind-
ing site may have both positive and negative effects on T-cell
activation, proliferation, or survival. Although this result was
surprising from the point of the critical requirement of the
LAT-Gads/SLP76-PLCy assembly for TCR proximal signaling,
the observation that the assembly of PLCy was dispensable for
signaling clusters nucleated by SLP-76 (2) is consistent with
our result. Our data show that hLAT(Y132F) could generate
clusters in the absence of any PLCy interaction and thus may
function as a positive regulator at TCR-MC but that MCs may
induce negative downstream signals that prevent lymphopro-
liferative disorders.

Our results showing that lipid raft probes do not form visible
clusters at the TCR-MCs or the cSSMAC, within the limitation
of detection by confocal and total internal reflection fluores-
cent (TIRF) microscopy, and that specific FRETSs between raft
probes and TCR-MCs were not detected upon stimulation
strongly suggest that lipid raft does not play a critical role or
serve as a platform for T-cell activation. However, it remains
possible that the membrane lipid order at the TCR activation
region might be changed upon T-cell activation as Gaus re-
ported in the system using a dye detecting lipid order (7),
because our raft probes or FM dye cannot detect membrane
lipid order condition. Our data demonstrate that the associa-
tion of signaling molecules with lipid raft is advantageous for
intracellular trafficking to the plasma membrane. Conversely,
the endocytosis of these signaling molecules from the mem-
brane may also be induced via raft-mediated vesicle transport,
which may retain signaling activity for sustained T-cell activa-
tion.
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