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Summary

Membrane subdomains have been implicated in T cell
signaling, although their properties and mechanisms
of formation remain controversial. Here, we have
used single-molecule and scanning confocal imaging
to characterize the behavior of GFP-tagged signaling
proteins in Jurkat T cells. We show that the corecep-
tor CD2, the adaptor protein LAT, and tyrosine kinase
Lck cocluster in discrete microdomains in the plasma
membrane of signaling T cells. These microdomains
require protein-protein interactions mediated through
phosphorylation of LAT and are not maintained by in-
teractions with actin or lipid rafts. Using a two color
imaging approach that allows tracking of single mole-
cules relative to the CD2/LAT/Lck clusters, we demon-
strate that these microdomains exclude and limit the
free diffusion of molecules in the membrane but also
can trap and immobilize specific proteins. Our data
suggest that diffusional trapping through protein-pro-
tein interactions creates microdomains that concen-
trate or exclude cell surface proteins to facilitate T
cell signaling.

Introduction

In response to antigen, T cells proliferate and mount
an immune response through coordinated processes of
cell-cell adhesion, signal transduction, and cytoskeletal
rearrangements. The discovery of the immunological
synapse, a highly organized array of signaling, adhe-
sion, and cytoskeletal proteins at the interface between
a T cell and an antigen-presenting cell (APC) or a planar
membrane bilayer containing APC-associated proteins
(Monks et al., 1998; Grakoui et al., 1999), has high-
lighted the potential importance of spatial organization
in T cell signaling. The molecular patterning observed
at the immunological synapse has been proposed to
contribute to the sensitivity of signaling initiated by the
T cell receptor (TCR; Monks et al., 1998; Grakoui et al.,
1999; Huppa et al., 2003). However, the precise role of
the synapse and its mechanism of formation remain
poorly understood (Lee et al., 2002a; Lee et al., 2003).
Studies of other model systems for T cell signaling
also have suggested that membrane subdomains con-
tribute to signal transduction. These model systems in-
clude primary and immortalized T cells (e.g., Jurkat
cells) that can be activated by anti-TCR antibodies ap-
plied to glass coverslips or microspheres. The TCR and
many downstream signaling molecules (e.g., tyrosine
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kinases such as Lck and ZAP-70 and adaptor proteins
such as LAT and Grb2) redistribute to the interface be-
tween the T cell and its stimulating ligand (Bunnell et
al., 2002; Ehrlich et al., 2002; Ike et al., 2003). Moreover,
even within the interface between Jurkat T cells and
anti-TCR-coated surfaces, small and transient clusters
of signaling molecules have been observed (Bunnell et
al., 2002). Several studies also have suggested that ac-
tin and myosin motor proteins are involved in the polar-
ization and clustering of cell surface components upon
TCR ligation (Wulfing and Davis, 1998; Gil et al., 2002;
Jacobelli et al., 2004).

Clustering of T cell plasma membrane proteins into
lipid raft microdomains has been suggested to play an
important role in signal transduction. Lipid rafts are cre-
ated by a partial phase separation of cholesterol, un-
saturated sphingolipids, lipid-modified proteins, and
proteins with longer transmembrane regions within a
membrane bilayer (Rietveld and Simons, 1998). The
TCR and several downstream signaling molecules have
been classified as lipid raft associated (Kabouridis et
al., 1997; Xavier et al., 1998; Lin et al., 1999; Yang and
Reinherz, 2001). Removal of acylation motifs from
either the Src family kinase Lck or the transmembrane
adaptor protein LAT interferes with signaling, support-
ing the idea that lipid rafts serve as “platforms” for sig-
nal transduction in T cells (Yurchak and Sefton, 1995;
Zhang et al., 1998b). The most commonly used criterion
for classifying a protein as lipid raft associated is insol-
ubility in cold 1% Triton X-100 (Xavier et al., 1998).
However, others have questioned whether detergent in-
solubility gives rise to artifactual associations (Heer-
klotz, 2002; Munro, 2003), thereby creating controversy
over the existence of lipid rafts. In any event, this bio-
chemical method does not provide insight into the dy-
namics of rafts in living cells.

Microscopy provides another avenue for investigat-
ing lipid rafts and other types of membrane micodo-
mains. Conventional wide-field or confocal microscop-
ies can visualize large-scale organization of molecules
in the membrane but are not necessarily well suited for
studying lipid rafts, which might form and dissociate on
a rapid timescale and may be smaller than the resolu-
tion limit of the light microscope (Varma and Mayor,
1998; Sharma et al., 2004). The development of tech-
niques for imaging single fluorophores in vitro and in
living cells (Sako et al., 2000; Nakada et al., 2003) offers
another means of probing membrane structure and the
dynamics of proteins in the plasma membrane. Single-
molecule tracking can yield information on diffusion co-
efficients and boundaries or “fences” that limit diffu-
sion, both of which provide insight into local membrane
environments and interactions that constrain mobility
(Schutz et al., 1997; Dietrich et al., 2002; Fujiwara et al.,
2002). These techniques also provide information on
spatial and temporal heterogeneity in molecular beha-
vior. In T cells, a single-molecule study has reported a
large reduction in the diffusion coefficient of the Lck
kinase upon TCR crosslinking, which the authors sug-
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gest reflects an association with lipid rafts and the actin
cytoskeleton (ke et al., 2003).

Imaging of plasma membrane proteins by confocal
microscopy and single-molecule techniques provide
different but potentially complementary views of mem-
brane structure and protein dynamics, but the two ap-
proaches have not been combined in a single study on
a given cell type. Moreover, published single-molecule
studies have focused on single proteins, but compari-
sons of several proteins can potentially provide new in-
formation on factors that influence protein mobility in
the plasma membrane. In this study, using Jurkat T
cells, we have combined confocal imaging to examine
the overall membrane distributions and total internal re-
flection microscopy to monitor the single-molecule be-
haviors of several key molecules involved in T cell sig-
naling. Our results reveal that TCR activation induces
the formation of membrane subdomains, distinct from
lipid rafts and built by a network of protein-protein in-
teractions, that can exclude or trap distinct signaling
molecules.

Results

Single-Molecule Dynamics of T Cell-Surface Proteins
in Unstimulated and Activated Cells

We prepared GFP fusions of two raft-associated pro-
teins (the tyrosine kinase Lck and the adaptor protein
LAT) and two nonraft-associated proteins (the costimu-
latory transmembrane protein CD2 and the transmem-
brane tyrosine phosphatase CD45), as well as selected
mutant versions of these proteins. Lck, a Src family ki-
nase, is acylated and partially partitions (~25%) into a
Triton X-100-insoluble fraction (Xavier et al., 1998). To
probe lipid raft behavior without the influence of pro-
tein-protein interactions, we fused GFP to the 10 aa N
terminus of Lck (Lck10), which partitions into a de-
tergent-insoluble raft fraction by virtue of the dual lipid
modification of two cysteines in this peptide (Shenoy-
Scaria et al., 1994). LAT, an adaptor protein that becomes
heavily tyrosine phosphorylated after TCR activation
and presents docking sites for several SH2 domain-
containing downstream signaling proteins (e.g., PLC-y1
and Grb2; Hartgroves et al., 2003), also is lipid modified
and fractionates with lipid rafts (Zhang et al., 1998b).
We also studied a mutant of LAT in which its nine tyro-
sine phosphorylation sites were mutated to phenylala-
nine (LAT(Y-F)); this protein partitions into the de-
tergent-insoluble fraction but does not recruit SH2-
containing proteins (Lin and Weiss, 2001). Conversely,
we analyzed a dual cysteine mutant of LAT (LAT(C-S))
that is not palmitoylated and does not partition into
lipid rafts (Lin et al.,, 1999). CD2 is a transmembrane
protein that interacts with CD58 on the APC. This in-
teraction contributes to cell-cell adhesion and gener-
ates intracellular signals that enhance the TCR re-
sponse (Bachmann et al., 1999). Human CD2 is not raft
associated by the standard criterion of insolubility in
1% Triton X-100, although it demonstrates partial resis-
tance to extraction at lower (0.2%) Triton X-100 con-
centrations (Yang and Reinherz, 2001). Finally, CD45 is
a nonraft, transmembrane tyrosine phosphatase that
can dephosphorylate Lck as well as other targets
(Janes et al., 1999). We fused a truncated version of

CD45 lacking the majority of its cytoplasmic domain to
GFP to track its behavior. Data on the detergent solubil-
ity of all of the GFP-tagged proteins used in this study
except CD45 and LAT(C-S), which were not present at
the cell surface in high enough abundance for analysis
by Western blotting, are presented in Figure S1 in the
Supplemental Data available with this article online.

In our experimental system, Jurkat T cells were trans-
fected with a GFP- (or mRFP)-tagged protein construct,
and then the cells were plated on coverslips that were
coated with either anti-TCR antibodies (stimulatory) or
nonspecific IgG (nonstimulatory). The former condition
triggers actin-mediated cell spreading, induction of cal-
cium transients, and tyrosine phosphorylation (Bunnell
et al., 2001; Bunnell et al., 2002), though it has been
shown that a low, basal level of signaling occurs even
in unstimulated Jurkat cells (Roose et al., 2003). To vi-
sualize single GFP-tagged molecules on the T cell sur-
face at the interface with the substrate, we used total
internal reflection fluorescence (TIRF) illumination
(Sako et al., 2000; Axelrod, 2003) and recorded images
at video rate using a cooled, intensified CCD camera
(Figure 1A; Movie S1). Individual, diffraction-limited
spots typically exhibited single-step photobleaching
and single-exponential distributions of bleaching times
and were very similar in intensity to purified GFP, indi-
cating that they represent single molecules (Figure S2).
Tracking GFP-tagged proteins for 0.5-10 s (Figure 1D)
revealed multiple modes of diffusion, even for individual
molecules (Figures 1B, 1C, and 1E). In some instances,
single molecules were highly mobile in the plane of the
membrane, but in other cases, movement was highly
restricted. Similar single-molecule behavior for plasma
membrane proteins has been described elsewhere
(Schutz et al., 1997; Dietrich et al., 2002; Lommerse et
al., 2004). Moreover, individual molecules often made
abrupt transitions between “immobile” and “mobile”
states (Figures 1C and 1E). For this reason, we em-
ployed a method for calculating diffusion coefficients
that could measure transitions in mobility over time for
individual molecules (Figures 2A and 2B; see Experi-
mental Procedures).

Given the potentially large difference in radius be-
tween a lipid raft and a single membrane protein, our a
priori prediction was that raft-associated proteins
would have lower diffusion coefficients than raft nonas-
sociated proteins. We tested this prediction by examin-
ing the distributions of diffusion coefficients for all the
above constructs. Histograms of the diffusion coeffi-
cients revealed distinct behaviors for the different GFP-
tagged proteins in unstimulated T cells (Figure 2; Table
S1). At one extreme, single CD2-GFP molecules were
primarily immobile with only occasional episodes of
rapid mobility (average diffusion coefficient of 0.04
wm?/s; Table S1). At the other extreme, the raft-targeted
Lck10-GFP was primarily mobile and displayed the
highest average diffusion coefficient of the proteins
tested (0.73 pm?/s). In between these two extremes
were Lck, LAT, and LAT(C-S). The histograms of these
proteins revealed a peak of very low diffusion coeffi-
cients and then a long trailing shoulder of higher val-
ues. In contrast, the histograms for the raft-targeting
motif of Lck (Lck10-GFP) and the nonphosphorylatable
LAT (LAT(Y-F)-GFP) both lacked the relatively immobile
population peak at the far left of the histogram. CD45
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Figure 1. Single-Molecule Imaging of Lck-GFP Reveals Heterogeneous Diffusion Behavior
Jurkat T cells were transiently transfected with Lck-GFP and imaged as described in the Experimental Procedures by TIRF microscopy to

observe single molecules at the ventral cell surface.

(A) A whole-cell image of spots corresponding to single Lck-GFP molecules. Scale bar, 5 pm.
(B) Subregion of (A) showing the initial locations of five single molecules. Dim objects elsewhere in the image represent intensifier noise and

background fluorescence. Scale bar, 2 pm.

(C) Trajectories of the five molecules shown in (B), tracked at 30 frames/s. The total elapsed time for each trajectory is indicated in the figure.
See also Movie S1. Trajectory color indicates the spatial density of single-molecule centroids within a 150 nm? neighborhood, as a means of

illustrating spatial confinement. Scale bar, 2 pm.

(D) Time-lapse series of raw images showing diffusion of a single molecule of Lck-GFP. Scale bar, 1 um.
(E) Representative single-molecule trajectories showing highly mobile and immobile behavior, as well as transitions between the two modes.

Scale bar, 2 pm.

displayed a similar distribution and also had an inter-
mediate mean value (0.45 um?/s). In summary, the diffu-
sional behaviors of different proteins in the T cell signal-
ing pathway vary significantly and do not correlate with
biochemical fractionation into lipid rafts. For example,
CD2, which does not behave as a classical lipid raft
protein, is less mobile than the lipid raft-associated
proteins Lck, Lck10, LAT, and LAT(Y-F). In addition, in-
terfering with lipid raft association of LAT through muta-
tions did not alter its diffusion behavior. Thus, we con-
clude that factors other than partitioning into a
detergent-insoluble raft fraction determine the diffu-
sional properties of signaling molecules in the T cell
membrane.

We also examined how activation of TCR signaling by
anti-TCR antibodies affects single-molecule diffusion.
TCR activation triggered a significant reduction in diffu-
sion coefficient for LAT and the nonpalmitoylated
LAT(C-S) mutant, but not for any of the other proteins
(Figure 2; Table S1). This result indicates that signaling
alters the local environment of LAT and does so inde-
pendently of lipid rafts.

Formation of Signaling Clusters in Activated Cells

To better understand the differences in the single-mole-
cule diffusion behavior of various signaling proteins, we
examined their distributions by confocal and epifluores-
cence microscopy in living cells. We simultaneously im-
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Figure 2. Diffusional Immobilization and Response to TCR Signal-
ing for Several GFP-Tagged Signaling Molecules

(A) and (B) illustrate the experimental determination of diffusion co-
efficients. In (A), a representative single-molecule trajectory is
shown (duration = 2.90 s).

(B) shows the diffusion coefficients for this trajectory, by generating
mean square displacement versus time plots (0.5 s) for each se-
quential frame (see Experimental Procedures).

(C) Histograms of diffusion coefficients are shown for unstimulated
and TCR-activated cells for Lck-GFP, Lck10-GFP, LAT-GFP, LAT(C-
S)-GFP, LAT(Y-F)-GFP, CD2-GFP, and CD45-GFP. Average values
are reported in Table S1.

aged CD2-mRFP along with GFP fusions of a number
of other proteins involved in TCR signaling, stimulating
the cells for 10 min prior to imaging. CD2 localized to
numerous discrete clusters at the antibody-proximal
surface of the cell (Figure 3). In unstimulated cells, CD2-
GFP was more diffuse, although it also displayed some
weak clustering (data not shown). Although CD2 has
been biochemically linked to F-actin or actin-associ-
ated proteins (Dustin et al., 1998; Badour et al., 2003),

CD2 and actin did not colocalize in living, activated
cells. Rather, as has been noted by others (Bunnell et
al., 2001), F-actin was located predominantly at the pe-
riphery of the contact where the CD2 density was low-
est (Figure 3). Surprisingly, while treating cells with Lat-
runculin A prior to activation prevented CD2 clustering
and cell spreading, adding the drug 10 min after activa-
tion had no discernable effect on the distribution of
CD2 (Figure S3). Together, these results suggest that
F-actin is required for the formation, but not mainte-
nance of CD2 clusters.

CD45 also did not colocalize with CD2, being re-
duced at the center compared to the periphery as
shown previously (Johnson et al., 2000; Leupin et al.,
2000). The small amount of CD45 present at the center
of the contact was noticeably excluded from the CD2
zones (Figure 3). In contrast, Lck and LAT, which medi-
ate several of the earliest events in TCR signaling,
coclustered with CD2 (Figure 3). Clustering of LAT and
Lck in activated Jurkat cells was also observed by Bun-
nell et al. (2002), although CD2 was not examined in
their work. This colocalization of CD2, Lck, and LAT
was not a consequence of lipid raft association, since
the raft marker Lck10 and the raft-associated, non-
phosphorylated LAT(Y-F) showed no preferential accu-
mulation in CD2-mRFP clusters (Figure 3). The latter
result also suggests that recruitment of LAT to CD2
zones requires protein interactions mediated through
its phosphorylated tyrosine residues. Consistent with
the notion that these clusters are enriched in signaling
activity, a phosphotyrosine antibody selectively stained
the CD2 zones (Figure S4). At early times (0-2 min) after
cells were applied to the anti-TCR surface, LAT and
CD2 both exhibited very strong colocalization with the
TCR (Figure S5). However, by 5-10 min CD2 and the TCR
still overlapped but exhibited a slight offset, with TCR
accumulating immediately adjacent to regions of high-
est CD2 concentration (Figure 3). This result also il-
lustrates that signaling zones are reorganized as signal-
ing progresses.

Signaling Clusters Are Largely Static in Space

but Exchange Molecules

To characterize the dynamics of CD2, LAT, and Lck at
the population level, we performed fluorescence recov-
ery after photobleaching (FRAP) of these GFP-tagged
molecules to measure turnover of molecules in the
clusters of activated Jurkat cells (Figure 4A). Fluores-
cence recovery was observed for all of these proteins,
but the time courses of recovery were significantly
faster for LAT-GFP and Lck-GFP than for CD2-GFP (Fig-
ures 4A and 4B). We did not observe different recovery
rates at the periphery versus the center of the contacts
(data not shown). These results are consistent with sin-
gle-molecule measurements showing that CD2 mole-
cules are largely immobile, while LAT and Lck diffusion
coefficients reveal both immobile and mobile popula-
tions of molecules. In contrast, a photobleach of TCR-
GFP did not recover, as might be expected if it is bound
to immobilized antibody on the glass surface (Figures
4A and 4B). Interestingly, the locations of Lck, LAT, and
CD2 clusters remained unchanged between the pre-
photobleaching and recovery periods, as seen when
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Whole cell cD2

these images were overlaid (Figure 4A, merge panels).
Thus, the clusters remain largely static in space, at
least over a time span of several minutes, although the
photobleaching and recovery reveals that there is flux
of proteins into and out of these structures.

CD2 Clustering Requires Signaling Competent LAT

Since the CD2 clusters were still present in the absence
of actin, we reasoned that they might be maintained by
a network of protein-protein interactions in the cortical
membrane. A candidate molecule that could be in-

Merge

Figure 3. Formation of CD2-Enriched Signal-
ing Domains in the Activated T Cell Surface
Jurkat cells were transiently transfected with
CD2-mRFP and the indicated GFP fusion
proteins. The planes of contact between the
cells and anti-TCR antibody-coated cover-
slips were imaged by laser scanning confo-
cal microscopy. Yellow boxes in column 1 in-
dicate the expanded regions shown in
columns 2-4. All imaging was performed in
living cells at 37°C except for the CD2 +
CD45 samples, which had to be fixed and
stained by immunofluorescence since ex-
pression of CD45-RO-GFP at the cell surface
is very low. Primary antibodies were labeled
with Zenon labeling kits (Molecular Probes)
to avoid labeling of the glass-adsorbed stim-
ulatory antibody. Scale bars, 10 um (whole
cells) and 2 um (expanded regions).

volved in such a network is LAT, a multifunctional adap-
tor protein that can interact with multiple SH2 domain-
containing proteins (Zhang et al., 1998a; Lin and Weiss,
2001). LAT’s adaptor function requires the presence of
multiple SH2 binding sites on a single protein rather
than in trans (Lin and Weiss, 2001). Conflicting data ex-
ist as to the importance of LAT’s lipid raft association
in regulating its signaling functions (Zhang et al., 1998b;
Zhu et al., 2005). LAT previously has been shown to
accumulate at sites of TCR activation in a manner that
depends upon protein-protein interactions (Harder and
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Figure 4. Signaling Clusters Are Static in Lo-
cation but Exchange Molecules

Activated cells were subjected to FRAP
analyses to determine the population-level
diffusion dynamics of CD2-GFP, Lck-GFP,
LAT-GFP, and TCR{-GFP. A stripe of fluores-
cence at the cell-antibody interface was
photobleached, and fluorescence recovery
in these regions was examined after the
bleach.

(A) shows the raw images before, immedi-
ately after, and upon reaching maximal re-
covery after the bleach. Scale bar, 10 pm.
The merged images show that the fluores-
cence in signaling clusters is replenished in
their original locations after photobleaching.
Scale bar, 2 pm.

(B) Representative examples of fluorescence
photobleaching recovery as a function of
time.
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Kuhn, 2000; Tanimura et al., 2003). Consistent with this
idea and as described earlier, LAT colocalizes with clus-
tered CD2 after TCR activation, but LAT(Y-F)-GFP
does not.

To further investigate the relationship between LAT
and CD2 clustering, we examined the distribution of
CD2-mRFP in the J.CaM2 cell line, a derivative of the
Jurkat line in which LAT expression is severely compro-
mised although not completely eliminated (Finco et al.,
1998; Roose et al., 2003). CD2-mRFP clustering was
severely impaired in J.CaM2 cells after they were plated
on anti-TCR antibody surfaces. The majority of cells
showed either no (63%) or a very low (31%) degree of
clustering, and almost no cells displayed the tight CD2
clustering pattern observed in wild-type cells (Figures
5A and 5C). This phenotype was accompanied by re-

I 1
500 600

duced cell spreading, as has been reported previously
for this line (Bunnell et al., 2001). Since J.CaM2 cells
harbor changes in the expression of genes other than
LAT (Roose et al., 2003), we wished to demonstrate that
the CD2 clustering defect is specifically due to the ab-
sence of LAT by restoring LAT function in these cells.
When J.CaM2 cells were transfected with LAT-GFP,
TCR-induced cell spreading was restored to roughly
normal levels, and CD2 clustering was observed in the
majority of transfected cells (Figures 5B and 5C). In
contrast, reconstitution with even low levels of LAT(Y-
F)-GFP eliminated the small amount of CD2 clustering
observed in the J.CaM2 cells (Figures 5B and 5C). This
result can be explained if residual LAT in J.CaM2 en-
ables weak CD2 clustering in some cells and that
LAT(Y-F)-GFP produces a dominant-negative effect on
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Figure 5. Functional LAT Is Required for
CD2 Clustering

(A) shows the LAT-deficient J.CaM2 cells that
were transfected with CD2-mRFP and imaged
by epifluorescence microscopy at the inter-
face with the anti-TCR antibody-coated glass.
Most cells either showed no (63%) or partial
(31%) clustering of CD2, and rarely (5%)
showed pronounced clustering like wild-type
cells. Scale bar, 10 um.

(B) shows that CD2 clustering can be re-
stored by transfection with LAT-GFP but not
with LAT(Y-F)-GFP. Scale bar, 10 pum.

(C) shows quantitation of CD2 clustering.
Cells were visually scored as either unclus-
tered, partially clustered, or fully clustered
(see examples in [A] and [B]). Data shown
are the mean and SEM of three independent
transfection experiments (200-300 cells
scored per experiment).
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this LAT activity. In conclusion, these results provide
direct evidence for a requirement for LAT and tyrosine
phosphorylation of LAT in the clustering of CD2.

Single-Molecule Tracking Relative to CD2 Clusters

Our single-molecule tracking of Lck and LAT revealed
that individual molecules undergo abrupt transitions
between restricted diffusion and more mobile, free dif-
fusion. We wished to know whether the CD2/Lck/LAT
clusters in activated T cells might influence these tran-
sitions. To explore this question, we developed a strat-
egy in which we could compare the trajectories of sin-
gle GFP-tagged molecules relative to the signaling
zones. We chose CD2 as a marker for these zones, not
to attach any particular importance to this protein over
the others but to simply provide a landmark against
which to evaluate diffusion. First, a population level im-
age of CD2-mRFP was captured using TIRF at low laser
intensity and low camera gain, and then single GFP-
tagged proteins were imaged in the same cell for 3-5
min. Each frame of video-rate GFP sequence was then
overlaid onto the CD2-mRFP image in order to examine
diffusion of single molecules relative to CD2 clusters

(Figure 6A; Movies S2 and S3). This sequential imaging
process was made possible by the fact that CD2’s dis-
tribution does not change appreciably over a period of
several minutes (Figure 4). To quantitate diffusion rela-
tive to signaling clusters, the cell surface was seg-
mented into CD2 clustered and nonclustered regions.
The centroid positions of single molecules at each
point in their trajectories were assigned to one of these
two zones (see Figure 6 legend). It should be noted that
several seconds of illumination and concomitant pho-
tobleaching were usually necessary to reduce the den-
sity of single GFP spots to a level that allows single-
molecule tracking. As a result, the distribution of single
molecules in images like the one shown in Figure 6A
does not necessarily represent the equilibrium distribu-
tion because the majority of imaged molecules recently
diffused into the contact zone.

When we analyzed the spatial overlap between CD2
clusters and the centroids of tracked, single molecules,
we observed that centroids of CD45-GFP molecules
exhibited the least overlap and Lck-GFP and LAT-GFP
exhibited the greatest (Table 1), which is in general
agreement with the population distributions observed
by confocal microscopy (Figure 3). LAT(C-S)-GFP simi-
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larly showed a large cluster-associated fraction. In con-
trast, centroids of Lck10-GFP and LAT(Y-F)-GFP were
approximately randomly distributed between CD2 and
non-CD2 zones, as might be expected from their more
uniform population distributions (Figure 3). When we in-
spected the paths of individual molecules outside of
the CD2-mRFP-enriched zones, we observed that they
often followed narrow channels and appeared to de-
flect off of the CD2 boundaries. Static representations
of individual trajectories are shown in Figures 6E-6J,
but the exclusion is best appreciated by examining the
movies (Movies S5 and S6). This phenomenon was ob-
served for all constructs and not just the excluded
CD45-GFP. Thus, the membrane microdomains en-
riched in CD2 can, at least in some instances, act as
barriers to the free diffusion of single molecules.

We also observed diffusional trapping of LAT-GFP
(Movies S4 and S7), Lck-GFP (Movies S8 and S9), and

Figure 6. Dual-Color Imaging of Single GFP-
Tagged Molecules Relative to CD2-mRFP
Clusters

(A) A single frame from an image sequence
of single molecules of Lck-GFP (green) that
was superimposed upon a snapshot, band-
pass-filtered image of CD2-mRFP clusters
(red) (see Experimental Procedures). The
movie of this cell can be found in Movie S3.
(B)-(D) show centroid trajectories of single
molecules of Lck-GFP, LAT-GFP, and LAT
(C-S)-GFP, illustrating that they alternate be-
tween periods of immobilization within CD2
clusters and more rapid mobility outside of
the clusters (see also Movies S7-S9).

(E)-(J) show examples of several single-
molecule trajectories in which centroid tra-
jectories navigate in channels between CD2
zones (see also Movies S5 and S6). In (B)-
(l), the trajectory color indicates the spatial
density of single-molecule centroids within a
150 nm? neighborhood, as a means of show-
ing spatial confinement.

Scale bars: (A) 5 um, (B-l) 2 um. The dura-
tions of each trace in seconds, in the left and
right panels, are: (B) 1.00, 2.80 s; (C) 5.17,
6.03 s; (D) 3.77, 3.80 s; (E) 3.27, 4.57 s; (F)
2.83, 3.0 s; (G) 1.27, 3.63 s; (H) 2.63, 1.90 s;
() 1.47, 2.10 s; (J) 4.93, 2.23 5.

LAT(C-S) in CD2 zones (Figures 6B-6D). Dual-color im-
aging revealed that regions of restricted mobility most
often overlapped spatially with the CD2 clusters (red/
orange color-coded segments in Figure 6; Movies S7-
S9), although immobilization sometimes also occurred
outside the CD2 zones. Consistent with preferential
trapping within CD2 zones, the average diffusion coeffi-
cients of Lck-GFP, LAT-GFP, and LAT(C-S)-GFP mole-
cules were significantly reduced inside of CD2 clusters
compared to outside (Table 1). In contrast, Lck10 and
LAT(Y-F) did not display significantly different diffusion
coefficients inside and outside of CD2 clusters (Table
1). In summary, we conclude that diffusional trapping
of single molecules occurs selectively within CD2 clus-
ters. From the results of the different constructs de-
scribed above, we also propose that such diffusional
trapping results from protein-protein interactions and
not association with lipid rafts.
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Table 1. Diffusion and Single-Molecule Centroid Positions Relative to CD2-mRFP Clusters

Construct Di,, (wm?/s) Dout (m?/s) Din/Dout p value (Din/Doyy) Nin/Nout p value (Nin/Nout)
LAT 0.18 0.30 0.59 + 0.06 < 0.005 1.80 = 0.31 < 0.05

LAT(Y-F) 0.66 0.55 1.23 + 0.26 — 0.89 £ 0.12 —

LAT(C-S) 0.14 0.43 0.32 + 0.11 <0.005 21 +0.21 <0.01

Lck 0.26 0.46 0.55 £ 0.11 <0.10 1.45 +0.28 —

Lck10 1.08 1.14 0.95 + 0.04 — 0.89 + 0.11 —

CD45 N.A. N.A. N.A. N.A. 0.64 = 0.07 <0.01

The centroids of images of single GFP-tagged proteins were overlaid onto the CD2-mRFP image, as described in the Experimental
Procedures. D, refers to the mean diffusion coefficients for trajectory segments overlapping a CD2 zone for five or more consecutive frames,
and D, indicates the mean diffusion coefficient for trajectory segments lying outside of CD2 zones for five or more consecutive frames.
CD45 is listed as N.A. (not analyzable), since the number of trajectories that had overlapping centroids with CD2 zones for five consecutive
frames was >10-fold lower than LAT-GFP, and some cells did not have any CD45 trajectories that fit this criteria. N;,/N,: refer to the ratio of
centroid coordinates that are found inside or outside of CD2 clusters, normalized to the fraction of the area occupied by CD2 clusters. A
value of one would be expected for a random distribution. Four to nine cells were analyzed for each construct. Error estimates represent the

SEM for the different cells analyzed. p values indicate the significance of the deviation from a value of 1.

Discussion

In this study, we document the presence of signaling
microdomains in the plasma membrane of Jurkat T
cells. By combining observations of population distri-
butions in the membrane by confocal microscopy with
observations of single-molecule behavior by TIRF mi-
croscopy, we have been able to derive new insights into
the properties and formation of these microdomains.
In general, the population and single-molecule studies
agree well with one another. Proteins (e.g., LAT, Lck,
CD2) that showed immobilization at the single-mole-
cule level are enriched in signaling clusters, and sites
of single-molecule immobilization overlapped spatially
with these microdomains. The transient nature of im-
mobilization for Lck and LAT compared with CD2 also
correlated with their faster recovery in population FRAP
experiments. Our analyses of mutations that interfere
either with targeting to lipid rafts or with protein interac-
tions suggest that the observed microdomains are cre-
ated by a network of protein-protein interactions, rather
than by lipid rafts or an underlying actin cytoskeleton.
We postulate that much of the observed single-mole-
cule behavior can be explained by exclusion or trap-
ping by protein binding in these microdomains, as will
be discussed in more detail below and summarized in
Movie S10.

Patterning of Molecules in the Plasma
Membranes of Activated T Cells
Our confocal imaging reveals a spatial organization of
plasma membrane proteins at the contact site between
a T cell and a stimulatory surface. CD2, LAT, and Lck
accumulate more centrally in the contact zone, consis-
tent with other studies showing higher concentrations
of LAT and Lck at sites of T cell contact with a stimulat-
ing surface (Harder and Kuhn, 2000; Ehrlich et al., 2002;
Hartgroves et al., 2003). However, in contrast to our
findings and those of Ehrlich, the study by Harder and
Kuhn did not find an accumulation of Lck at contact
sites.

In addition to the overall accumulation at the contact
site, our studies also reveal a clustering of CD2/LAT/
Lck into discrete microdomains. CD45 is excluded from

these microdomains, and Lck10, a marker for lipid rafts,
is neither concentrated within nor excluded from CD2/
LAT/Lck clusters. Our FRAP studies show that CD2/
LAT/Lck clusters are largely stationary in space but can
exchange molecules on the time scale of minutes. Mo-
lecular patterning at the TCR-activated contact site of
Jurkat cells was previously reported by Bunnell et al.
(2002), who described a coclustering of TCR, ZAP-70,
LAT, and several LAT-associated proteins but did not
examine CD2, Lck, Lck10, or the LAT mutants de-
scribed here. The data presented here support and ex-
tend most of the findings of that study, though LAT
clustering in their system was more transient than we
observe, and the patterns of LAT relative to the TCR
were slightly different in the two studies (for further dis-
cussion, see Figure S5).

Formation of Clusters and Single-Molecule
Immobilization Involves a Network
of Protein-Protein Interactions
Several theories have been proposed to explain the
segregation or immobilization of molecules at the con-
tact between a T cell and a stimulatory surface, the
most widely cited of which involve lipid rafts or the ac-
tin cytoskeleton. Our comparison of the population dis-
tributions and single-molecule behaviors of several
plasma membrane proteins, the use of mutants that se-
lectively interfere with raft association or protein-pro-
tein interactions, and the use of actin-destabilizing
drugs have allowed us to probe these hypotheses.
Several studies have proposed that protein clustering
and polarization are driven by association with lipid
rafts, and there is evidence that raft aggregation results
from (Viola et al., 1999) and facilitates (Janes et al.,
1999; Yang and Reinherz, 2001) T cell signaling. How-
ever, other studies did not observe accumulation of raft
markers at sites of T cell stimulation (Harder and Kuhn,
2000), and some have suggested that raft proteins do
not cluster in the T cell surface, at least at the level of
sensitivity afforded by FRET microscopy (Glebov and
Nichols, 2004). Our work indicates that rafts are not a
primary factor in the clustering and immobilization of
molecules in the T cell plasma membrane. First, the de-
gree of immobility in the membrane of living cells does
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not correlate well with detergent insolubility. Second,
two raft-associated proteins (the lipid-modified N ter-
minus of Lck [Lck10] and a nonphosphorylated mutant
of LAT [LAT(Y-F)]) are not concentrated in CD2 clusters.
Third, the average diffusion coefficients among raft-
associated proteins varied widely (Table S1), indicating
that they are not constitutively part of the same com-
plex, a result that agrees with FRAP studies of other cell
types (Kenworthy et al., 2004). We also have depleted
cholesterol with methyl-B-cyclodextrin (a frequently
used method for disrupting lipid rafts) but found that
preincubation with this drug prevented cell attachment
to anti-TCR-coated surfaces, most likely due to a gen-
eral toxic effect (Munro, 2003). However, if 12 mM
methyl-B-cyclodextrin was added for 30 min after cell
attachment, we did not observe a disruption of CD2
clusters (not shown). Thus, our collective evidence sug-
gests that lipid rafts are unlikely to be the primary de-
terminant of diffusional immobility or the formation of
CD2/Lck/LAT clusters.

Although our data do not require the existence of
rafts, they also do not exclude their existence. The po-
tentially small size of rafts (<70 nm; Varma and Mayor,
1998; Sharma et al., 2004) and their highly dynamic na-
ture (Dietrich et al., 2002; Sharma et al., 2004) may
elude our temporal or spatial detection. Thus, rafts
could contribute to some aspects of signaling and spa-
tial organization. For example, raft-mediated clustering
at the nanometer scale might precede the formation of
the large domains described here, or rafts might serve
an organizational role for proteins within the signaling
clusters.

Other studies have argued that actin is required for
segregating molecules in the T cell membrane (Wulfing
and Davis, 1998; Delon et al., 2001). We find that actin
is essential for the formation of CD2 clusters. The initial
requirement for actin may be due either to interference
with signaling or to an active role of actin or actomyosin
in the initial steps of clustering. In this light, it is notable
that F-actin is present at the center of the contact at
early time points (Bunnell et al., 2001 and data not
shown). However, once clusters are formed, actin is not
needed for their maintenance, as depolymerization of
actin does not perturb preformed CD2 clusters (Fig-
ure S3).

Our results are most consistent with clusters being
formed and maintained by a network of protein-protein
interactions that involve the adaptor protein LAT. LAT-
deficient cells (J.CaM2) display little or no CD2 cluster-
ing, and clustering can be rescued by transfection with
LAT, but not a phosphorylation-deficient mutant of LAT
(LAT(Y-F)) that cannot form interactions with SH2-domain-
containing proteins. These findings are consistent with
results from Harder and colleagues (Harder and Kuhn,
2000; Hartgroves et al., 2003), who showed that LAT,
but not phosphorylation-deficient forms of LAT, accu-
mulates at the interface of a T cell with an anti-TCR-
coated bead, although fine spatial clustering was not
described in those studies. LAT is a critical hub in the
T cell signaling pathway, as it mediates downstream
signaling to actin, calcium, and Ras (Finco et al., 1998;
Zhang et al., 1998a). LAT’s many known binding part-
ners include proteins that are themselves adaptor
molecules that in turn mediate an additional layer of

protein-protein interactions. Because of its many in-
teractions, phosphorylated LAT could plausibly trigger
the formation of a protein-protein interaction network
(Harder and Kuhn, 2000; Trautmann and Valitutti, 2003).
However, the details of the connections between Lck,
LAT, and CD2 are not clear from the published protein-
protein interactions and will require further investi-
gation.

Dynamics of Single-Molecule Exclusion

and Trapping in CD2/Lck/LAT Microdomains
Single-molecule imaging studies have shown that
many plasma membrane proteins do not obey simple
rules for Brownian motion but rather exhibit rapid and
reversible transitions between different diffusion states.
Kusumi and colleagues have performed elegant analy-
ses at high temporal resolution demonstrating con-
strained diffusion of proteins and lipids in localized
zones of a few hundred nanometers with abrupt transi-
tions between zones (Fujiwara et al., 2002; Ike et al.,
2003). Their evidence has suggested that this “hop dif-
fusional” motion involves corrals established by the ac-
tin cytoskeleton (Fujiwara et al., 2002; lke et al., 2003;
Nakada et al., 2003). Other investigators also have
shown transient confinement behavior at a lower tem-
poral resolution (video rate), and such behavior ap-
peared to be related to lipid raft association in some
cases (Dietrich et al., 2002), but not in others (Lom-
merse et al., 2004).

In our studies of single molecules, we also have ob-
served abrupt changes between immobility and rapid
diffusion. This two state behavior was particularly obvi-
ous for LAT and Lck. The relatively stationary position
of CD2 clusters has allowed us to examine single-mole-
cule trajectories relative to these membrane microdo-
mains, and we find that transient immobilization of sin-
gle LAT or Lck molecules correlates strongly with their
encounters with CD2 clusters. We believe that such
single-molecule immobilization reflects a binding event
between the diffusing molecule and a protein partner
contained within the CD2 cluster. The trapping and
dissociation of molecules from the clusters are most
likely the molecular events that underlie the fluores-
cence recovery of photobleached clusters at a popula-
tion level.

Our single-molecule observations also suggest that
plasma membrane proteins have restricted access to
CD2/LAT/Lck clusters, as their diffusion tends to be
channeled in the space outside of the clusters. The
phenomenon is particularly evident for CD45, whose
single-molecule trajectories rarely pass through CD2
zones, though it is probably not mediated just by steric
exclusion of CD45’s large extracellular domain. Indeed,
even molecules such as Lck and LAT that lack signifi-
cant extracellular portions have limited access to the
clusters, as evidenced by examples of channeling of
these molecules outside of CD2 zones. Moreover, when
they do enter the zones they are often trapped at the
cluster periphery rather than at the center (Movies S7-
S9). This partial exclusion and peripheral trapping
might reflect a high density and degree of order among
the intracellular portions of proteins in the cluster and
possibly also a saturation of available binding sites.
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Implications for Signaling

High local densities of signaling molecules (e.g., within
the immunological synapse or lipid rafts) have been
speculated to facilitate signal transduction from the
TCR (Xavier et al., 1998; Janes et al., 1999; Lin et al.,
1999). The microdomains described here are enriched
in Lck and LAT, two key signaling proteins, and selec-
tively stain for phosphotyrosine, suggesting that they
also are sites of active signaling. The two step process
of first localizing signaling molecules at the interface
and then further concentrating them into microdomains
is likely to create an almost “solid-state” network of the
signaling machinery. Precedence for a signal transduc-
tion mechanism proceeding through a clustered and or-
dered array of components can be found in bacterial
chemotaxis, where the receptors, kinase, phosphatase,
and adaptor proteins are clustered in an almost crystal-
line array at one pole of the bacterium (Weis et al.,
2003). In silico modeling studies have suggested that
this high degree of spatial order facilitates the gain of
the signaling response (Mello et al., 2004). The verte-
brate phototransduction signaling network is similarly
ordered, and perturbations to the system that increase
the mobility of its component proteins interfere with
signaling (Calvert et al., 2001).

In addition to the stimulatory effects of concentrating
signaling molecules, the exclusion of CD45 from these
structures might represent a form of signal enhance-
ment, since CD45 may inhibit TCR signaling by dephos-
phorylating Lck and other components of the TCR cas-
cade (Hermiston et al., 2002). Thus, CD2/LAT/Lck
clusters might create protected “sanctuaries” for sig-
naling, and kinetic partitioning of molecules into and
out of these zones might determine a net balance of
phosphorylation and dephosphorylation.

Our results also suggest that CD2 might facilitate
TCR signaling by contributing to the organization and
perhaps nucleation of signaling microdomains. CD2’s
best known function is as an adhesion protein that in-
teracts with a partner on the APC (CD48 in rodents and
CD58 in humans; Dustin et al., 1997). The inclusion of
CD2 in these signaling domains is surprising, since CD2
is not thought to be a central component in T cell acti-
vation (Killeen et al., 1992). However, CD2 also has
been reported to enhance the TCR signal (Bierer and
Hahn, 1993; Dustin et al., 1997; Bachmann et al., 1999;
Green et al., 2000), and our results raise the possibility
that a membrane scaffolding role for CD2 might be re-
sponsible for this effect.

Relevance to the Inmunological Synapse

An important question is how antibody-induced pat-
terns in Jurkat cells are related to the synapses ob-
served in cell-cell or cell-bilayer contacts. In the case
of antibody-mediated crosslinking, the stimulus is im-
mobile, whereas in the interface between two cells, the
peptide-MHC complexes are freely mobile. Additional
interactions also occur in T cell-APC synapses, such as
those between adhesion complexes and costimulatory
receptors. These differences are likely to explain why
signaling proteins do not coalesce into a central super-
molecular activation cluster (c¢SMAC) in surface anti-
body-stimulated Jurkat cells, as they do in cell-cell and

cell-bilayer conjugates. Despite these fundamental dis-
tinctions, the signaling clusters described have similari-
ties to immunological synapses and are likely to be
relevant for understanding the spatial organization of
signaling components in a more physiological context.
The cSMAC in the immunological synapse is enriched
in LAT, Lck, and CD2 (Dustin et al., 1998; Ehrlich et al.,
2002; Bonello et al., 2004) and excludes CD45 (Johnson
et al., 2000; Leupin et al., 2000), as we have described
here. Smaller microclusters of Lck, CD4, and the TCR
also coalesce prior to synapse formation in cell-cell
contacts (Krummel et al., 2000; Ehrlich et al., 2002) and
might be directly related to the structures observed
here. In this way the Jurkat-antibody contact might be
viewed as a frozen intermediate in T cell membrane or-
ganization during signaling. Thus, the organization and
dynamics of Jurkat cell signaling microdomains is likely
to provide insight into signaling in other settings in the
immune system.

The mechanism of molecular patterning within the
immunological synapse remains a mystery, although
several hypotheses have been proposed. Recent
studies have demonstrated that myosin motors actively
polarize cell surface components toward the APC and
also might be involved in molecular sorting for synapse
formation (Wulfing and Davis, 1998; Jacobelli et al.,
2004). Lipid raft-mediated superclustering of proteins
also has been suggested as a potential mediator of
synapse formation (Janes et al., 1999; Viola et al.,
1999). Theoretical studies (Qi et al., 2001; Lee et al.,
2002b) also have hypothesized that the synapse could
form in the absence of active, energy-expending pro-
cesses simply due to differences in the binding kinetics
and ectodomain sizes of cell-surface proteins. Our data
further suggest that diffusional trapping based upon
protein-protein interactions should be considered as
another potential driver of synapse formation. The po-
tential of inhomogeneous diffusion to create large-scale
patterns of macromolecules was formalized by Turing
(Turing, 1990). Recently this model has been applied to
membrane dynamics (Weiss and Nilsson, 2004), where
simulations have shown that transient diffusional slow-
ing can establish large-scale clustering and segrega-
tion in two-dimensional mixtures. A better understand-
ing of the forces that drive synapse formation will
require more detailed imaging of molecular behavior in
the early stages of this process. The two-color imaging
approach developed here should enable an investiga-
tion of single-molecule diffusion and behavior relative
to the characteristic “bullseye” pattern of the immuno-
logical synapse, both during its formation and after it is
stabilized (Grakoui et al., 1999).

Experimental Procedures

Reagents and Cell Preparation
Monoclonal antibodies against CD3¢ (Hit3a) and CD2 were ob-
tained from BD Pharmingen (San Diego, Clifornia), goat anti-mouse
IgG was from Molecular Probes (Eugene, Oregon), and the mo-
noclonal mouse anti-CD45 antibody (9.4) was the gift of Art Weiss
(University of California, San Francisco). Latrunculin A was ob-
tained from Sigma Chemical Co. (St. Louis, Missouri).

Jurkat E6.1 and J.CaM2 cells were cultured and transfected by
electroporation, as described elsewhere (Lin et al., 1999). pEGFP-
Lck, a gift from Drs. Lauren Richie-Ehrlich and Mark Davis (Stan-



Cell
948

ford Medical School), has been described (Ehrlich et al., 2002).
Lck10-GFP was generated by ligation of oligonucleotide se-
quences encoding the N-terminal ten amino acids of Lck into the
N-terminal Ncol site of EGFP, in pCl-neo (Promega, Madison, Wis-
consin). The CD45RO-GFP construct, obtained from Art Weiss and
Zheng Xu (University of California, San Francisco), was generated
by fusing the extracellular and transmembrane domains of murine
CD45R0 and a linker RVKFSRKKRGGPGSGS in frame into pEGFP-
N1 (Clontech, Palo Alto, California). CD2-GFP and CD2-mRFP were
generated by PCR of the human CD2 gene from pCDM8-CD2 (ob-
tained from Mike Dustin, Skirball Institute) and ligation to the N-termi-
nus of the relevant fluorescent protein in pCl-neo. pEGFP-N1-LAT
and pEGFP-N1-LAT(Y-F) (all nine conserved tyrosine residues [Y36,
45, 64, 110, 127, 132, 171, 191, and 226] mutated to alanine) were
gifts from Art Weiss and Joe Lin (University of California, San Fran-
cisco). For preparing a nonpalmitoylated (C26/29S) form of LAT,
we found that fusion of EGFP to the C terminus resulted in the
mislocalization of the protein to the cytoplasm. As a result, we pre-
pared another construct in which we fused the signal sequence
from human preprolactin in-frame with EGFP to the N-terminus of
LAT(C26/29S) (Art Weiss and Joe Lin), followed by ligation of this
insert into pCl-neo. The resulting fusion protein was expressed at
very low levels, and so we were unable to determine the popula-
tion-level distribution of this mutant by confocal microscopy, al-
though it was well suited for single-molecule imaging. pEGFP-actin
was purchased from Clontech. pEGFP-TCR{ was obtained from
Max Krummel (University of California, San Francisco).

Microscopy and Analysis

Single-molecule images in living cells were obtained by objective-
type TIRF on a custom-built microscope using 60 mW laser illumi-
nation at 488 nm. Glass-bottom dishes (MatTek, Ashland, Mas-
sachusetts) were cleaned by immersion in 70% sulfuric acid plus
9% hydrogen peroxide over three days during which time the
cleaning solution was aspirated daily, rinsed off with ddH,0, and
replaced. Surfaces were then rinsed and coated overnight at 37°C
with Hit3a or a control anti-mouse IgG at 10 pg/ml in PBS. Imaging
was performed 18-48 hr after transient transfection of the reporter
constructs. The cells were allowed to adhere to antibody-coated
glass at 37°C for 10 min prior to imaging, and images were ac-
quired during the subsequent 10 min. A constant temperature of
37°C was maintained throughout imaging using an objective heater
(Bioptechs, Butler, Pennsylvania). Single-molecule images were ac-
quired at video rate using a cooled, intensified CCD camera
(Mega10-S30Z, Stanford Photonics).

Prior to analysis, standard image processing steps were carried
out using ImageJ (http://rsb.info.nih.gov/ij/). Single molecules were
tracked using a set of algorithms written in the IDL language, ob-
tained from Eric Weeks (http://www.physics.emory.edu/faculty/
weeks/). All subsequent numerical analysis was carried out using
custom-designed MATLAB and IDL routines. Short-range diffusion
coefficients were determined as described (Klopfenstein et al.,
2002). In brief, mean-squared displacement (MSD) versus time
plots were generated for all possible half-second intervals through-
out each trajectory. The slope of the first four time points in the
MSD plots was determined, and relationship MSD = 4Dt was used
to derive the diffusion coefficient.

For tracking single GFP-tagged proteins relative to CD2 clusters,
still images of CD2-mRFP were acquired prior to imaging of the
GFP component, and the still image was overlaid onto each frame
of the video sequence. Proper registration between channels was
ensured by aligning the centroids of 200 nm Tetraspeck beads (Mo-
lecular Probes), which were applied to the samples prior to im-
aging. Camera noise and signals from CD2-poor regions of the cell
surface were minimized by applying the Imaged fast Fourier trans-
form bandpass filter to the CD2-mRFP image. Image brightness
and contrast were then adjusted manually to maximize the intensity
difference between clustered and nonclustered regions of the cell
surface, and an intensity threshold was applied to binarize the
image.

The bulk localization of fluorescently tagged proteins (e.g., Figure
2) was observed in living cells that were transiently cotransfected
with EGFP and mRFP fusion proteins, using a Zeiss LSM 510 scan-

ning confocal microscope with a 63x oil immersion objective
at 37°C.

Supplemental Data

Supplemental Data include five figures, one table, and ten movies
and can be found with this article online at http://www.cell.com/
cgi/content/full/121/6/937/DC1/.
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