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ABSTRACT 

T cell activation after contact with an antigen-presenting cell depends on the regulated assembly 
of the T cell receptor signaling complex, which involves the polarized assembly of a stable, raft-
like macrodomain surrounding engaged T cell receptors. Here we show that the preformed 
reggie/flotillin caps present in resting T cells act as priming platforms for macrodomain 
assembly. Preformed reggie-1/flotillin-2 caps are exceptionally stable, as shown by fluorescence 
recovery after photobleaching (FRAP). Upon T cell stimulation, signaling molecules are 
recruited to the stable reggie/flotillin caps. Importantly, a trans-negative reggie-1/flotillin-2 
deletion mutant, which interferes with assembly of the preformed reggie/flotillin cap, impairs raft 
polarization and macrodomain formation after T cell activation. Accordingly, expression of the 
trans-negative reggie-1 mutant leads to the incorrect positioning of the guanine nucleotide 
exchange factor Vav, resulting in defects in cytoskeletal reorganization. Thus, the preformed 
reggie/flotillin caps are stable priming platforms for the assembly of multiprotein complexes 
controlling actin reorganization during T cell activation. 

Key words: lipid rafts • signal transduction • T cell activation • actin cytoskeleton • raft 
clustering 

embrane microdomains/lipid rafts are considered as sites for protein sorting and 
assembly of signaling complexes. Thus, they allow the spatio-temporal regulation of 
protein–protein interaction and signal transduction (1, 2). The concept of lipid rafts 

controlling signal transduction at the plasma membrane has largely evolved from work on 
lymphocyte activation (3). Lateral segregation of signaling molecules by regulated aggregation 
of lipid rafts is thought to control the assembly of large immune receptor signaling complexes 
and to regulate signal strength and duration (4, 5). Essential components of the T cell receptor 
(TCR) signaling complex, including LAT (linker of activated T cells), lck, fyn and the 
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coreceptors CD4/CD8 acquire raft affinity through palmitoylations. Their targeting to lipid rafts 
was shown to be crucial for efficient coupling of TCR engagement to downstream effectors (6–
9). 

Specific aspects of lipid rafts, such as dimension and lifetime, are still controversial (10). 
Moreover, the use of a variety of methods to isolate rafts, as well as different definitions of lipid 
rafts, raise many open questions (11, 12). Recent reports argued that lipid rafts in resting cells are 
small, dynamic entities unsuitable to act as signaling scaffolds (13, 14). Furthermore, different 
types of lipid microdomains exist on the single cell level, as evidenced by the segregation of 
GM1-and GM3-enriched membrane domains during T cell polarization and migration (15). 
Activation of T cells, however, triggers the formation of stable macrodomains/clustered rafts 
around the engaged TCR complex (3, 16, 17), as was recently unambiguously shown by 
visualizing directly the order of the membrane in the vicinity of engaged TCRs using the 
fluorescent dye Laurdan (18). Macrodomain assembly is regulated by extensive actin 
cytoskeleton remodeling (16, 18–21) and is further enhanced by costimulation (18, 22). 

Reggie-1 and -2 were discovered in our lab as proteins upregulated in retinal ganglion cells 
during regeneration of lesioned axons in the goldfish optic nerve (23, 24). They were 
independently described as components of detergent-insoluble, “floating” fractions from murine 
lung tissue and accordingly named flotillin-2 and flotillin-1, respectively (25). Both reggies 
localize at the cytoplasmic leaflet of the plasma membrane and associate with lipid rafts via 
multiple palmitoylations. Additionally, reggie-1 is myristoylated (26, 27). The reggies form 
homo-oligomers and probably hetero-oligomers via their C terminus, which contains several α-
helical EA-repeats predicted to form coiled coils (25, 26). Their precise cellular function remains 
enigmatic, but they probably act as oligomeric scaffolding proteins for multiprotein complex 
assembly (reviewed in (28)). 

Reggies often form clusters of 50–100 nm at the plasma membrane of resting cells (29, 30). In 
lymphocytes, these clusters are asymmetrically distributed, accumulating in one aspect of the cell 
building a preformed cap (31). These preformed reggie caps confer a general polarity to resting 
lymphocytes, which are widely considered as unpolarized before stimulation. In T lymphocytes, 
reggies are closely associated with the Src family kinases lck and fyn and the adaptor protein 
LAT, as shown by coimmunoprecipitation assays and colocalization experiments at the light and 
electron microscopic level (29, 30, 32, 33). Cell activation by cross-linking of surface molecules 
leads to the accumulation of important components of the TCR signaling complex, including 
CD3, LAT, and lck in the region of the reggie caps (30, 31). This is reflected by an increased 
biochemical association of for example, LAT and lck with the reggies (32, 33). 

Using fluorescence recovery after photobleaching (FRAP), we show in the present study that the 
preformed reggie caps are exceptionally stable structures, both in resting and activated T cells. 
We generated a trans-negative reggie-1 deletion mutant, which interferes with the assembly of 
the preformed reggie caps. Expression of this mutant inhibits macrodomain assembly after T cell 
activation and impairs stimulation-induced T cell spreading but does not influence ERK1/2 
activation or Ca2+-signaling. Reggie-1 associates with Vav, and interfering with reggie-1 
function leads to a mislocalization of Vav during spreading. Thus, the preformed reggie caps are 
stable platforms for multiprotein complexes controlling actin reorganization during T cell 
activation. 
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MATERIALS AND METHODS 

Antibodies, plasmids, and reagents 

Anti-reggie-1 (anti-ESA/flotillin-2) and anti-reggie-2 (flotillin-1) monoclonal antibodies (mAB) 
were obtained from BD Transduction Laboratories (Heidelberg, Germany); anti-lck, anti-LAT 
and goat-anti-mouse-Alexa 488 polyclonal antibodies were obtained from Biomol (Hamburg, 
Germany); anti-EGFP was obtained from Clontech (Heidelberg, Germany); anti-Vav polyclonal 
antibody was obtained from Santa Cruz Biotechnology (Santa Cruz, CA); anti-phospho-ZAP70 
(Tyr319), anti-phospho-ERK1/2 (Thr 202/Tyr 204), and anti-ERK1/2 polyclonal antibodies were 
obtained from Cell Signaling (Beverly, MA); and donkey-anti-mouse-Cy3 was obtained from 
Jackson ImmunoResearch (Soham, UK). 

Rat reggie-1 full-length cloned into pEGFP-N1 (Clontech) was a kind gift from R. Tikkanen 
(Frankfurt, Germany). The deletion mutants R1L1, lacking the C-terminal half of the protein (aa 
278-428), and R1EA, lacking both the N-terminal half of the protein (aa 1-183) and the extreme 
C terminus (aa 391-428), were amplified by PCR using full-length rat reggie-1 as a template, and 
primers introducing restriction sites for EcoRI and BamHI. PCR fragments were subcloned into 
pEGFP-N1 and pDsRed2-C1 (Clontech), respectively. 

Concanavalin A (ConA), cytochalasin D, and latrunculin A were purchased from Calbiochem 
(Bad Soden, Germany), poly-L-lysine and methyl-β-cyclodextrin from Sigma (Munich, 
Germany), Staphylococcus enterotoxin E (SEE) from Alexis (Gruenberg, Germany). Phalloidin-
Alexa 568, Concanavalin A-Alexa 568, cholera toxin-Alexa 555, and Fluo4-AM were from 
Molecular Probes (Leiden, Netherlands). 

Cell culture and transfection 

Jurkat T lymphocytes were maintained as described previously (30) and were transfected by 
electroporation using a BTX 600 Electro Cell Manipulator, according to the manufacturer's 
instructions. Raji B lymphocytes were a kind gift from E. May (Konstanz) and were cultured as 
Jurkat T cells. PC12 cells were maintained in DMEM supplemented with 10% FCS, 100 units/ml 
penicillin, 50 mg/ml streptomycin, 1 mM sodium pyruvate and 2 mM L-glutamine and 
transfected using lipofectamine 2000 (all Invitrogen, Karlsruhe, Germany) according to the 
protocol provided by the manufacturer. 

Electron microscopy 

Transiently transfected PC12 cells were processed for immunogold electron microscopy 
essentially as described previously (29, 30). Briefly, cells were fixed in 8% formaldehyde 0.1% 
glutaraldehyde, dehydrated in graded ethanol series, followed by LR Gold embedding and UV-
polymerization at –35°C. Ultrathin sections were incubated with primary ABs (pAB against 
reggie-1, mAB against EGFP). Visualization of reggie-1 was by protein A-gold (10-nm 
diameter) and goat anti-mouse F(ab’)2-gold (6 nm) for GFP, respectively. 
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FRAP experiments 

Transiently transfected cells were viewed on poly-L-lysine-coated coverslips mounted in an 
Attofluor chamber (Invitrogen) using DMEM without phenol red supplemented with 5% FCS 
and 25 mM HEPES. FRAP experiments were carried out on a LSM 510 (Carl Zeiss, Jena, 
Germany) using a 63× Plan-Apochromat objective (na=1.4) with the room temperature stably set 
to 30°C. Transiently transfected cells expressing intermediate levels of R1FL-EGFP were chosen 
for FRAP analysis, allowing the use of similar microscope settings for all experiments. Images 
covering the whole cell were acquired in 12-bit mode at a rate of 2.5 frames/s. After acquiring a 
baseline of 30 frames using 1% transmission, a circular ROI of 1.3 µm in diameter was bleached 
at 100% transmission (10 repetitions, 100% laser power (15 mW)) and fluorescence recovery 
was observed for another 120 frames at 1% transmission. For analysis, the mean fluorescence of 
the bleached ROI and several control ROIs were plotted against time using the LSM 510 
software (Carl Zeiss) and Sigma Plot (SPSS, Chicago, IL). The mobile fraction was calculated 
according to MF = (F∞–F0)/(Fi–F0) where F∞ is the average fluorescence after full recovery, F0 is 
the fluorescence immediately after the bleach and Fi is the average fluorescence before bleaching 
(34). The half-time of recovery t1/2 was calculated by fitting the recovery curve to the empirical 
equation F(t) = F0 + ((F∞–F0)*t)/(t + t1/2) (35, 36). 

Superantigen-induced immunological synapse formation 

Superantigen-induced immunological synapse formation using staphylococcal enterotoxin E 
(SEE) was essentially carried out as described (37, 38) with minor modifications. Briefly, Raji B 
lymphocytes were incubated with 5 µM CMAC cell tracker blue (Molecular Probes) in serum-
free RPMI 1640 for 30 min at 37°C. Cells were washed and incubated with 2 µM SEE for 30 
min at 37°C, washed again, and pelleted. An equal amount of Jurkat T cells was added to the 
Raji pellets, thoroughly mixed, and gently centrifuged to form a loose pellet. These pellets were 
incubated at 37°C for 30 min, then gently resuspended, and cells were allowed to settle on poly-
L-lysine-coated coverslips for 30 min at 37°C. Cells were then fixed in paraformaldehyde and 
processed for immunofluorescence as described below. 

Immunocytochemistry and confocal microscopy 

Cells were stimulated as indicated, and immunocytochemistry was carried out as described 
previously (30, 31). Images were acquired using the LSM 510. Images of SEE-induced 
immunological synapses were acquired on an Axiovert 200M equipped with a Axiocam MR 
operated at full resolution (1388×1040 pixels) in 12-bit mode using a ×100 objective (na=1.3) 
and structured illumination using the Apotome system (all Carl Zeiss). Images were processed 
using the LSM 510 software or Axiovision 4.3 (Carl Zeiss). 

ConA-induced cell spreading 

Chambered coverslips (VWR, Darmstadt, Germany) were incubated with 10 µg/ml poly-D-
lysine (30–70 kDa) for 15 min at room temperature, washed with PBS, incubated with 100 µg/ml 
Concanavalin A for 2 h and washed with PBS. Transiently transfected Jurkat T cells were 
allowed to spread on the ConA-coated coverslips for the indicated times at 37°C. Spreading was 
observed by confocal interference reflection microscopy (IRM) on a LSM 510 (Carl Zeiss) using 
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the 63× Plan-Apochromat objective, the 633-nm laser line, a HFT633 beamsplitter and no 
emission filter. For quantification of the IRM footprint area, the LSM 510 software was used. 

Single cell Ca2+ imaging during spreading 

Jurkat T cells transiently transfected with DsRed or DsRed-R1EA were sorted using a FACS 
Vantage SE (BD Biosciences, Erembodegem, Belgium), yielding a pure population of vital 
DsRed-expressing cells. For Ca2+ imaging, cells were loaded with 1 µM Fluo4-AM essentially as 
described previously for Fura2-AM (39), but loading was performed at 30°C to reduce 
compartmentalization of the dye. Cells were injected into chambered coverslips coated with 
ConA, as described above, and Ca2+ imaging was performed using a ×40 Plan-Neofluar objective 
(na=1.3) (Carl Zeiss) on the Axiovert 200M, with a frame rate of 30 frames/min. Tracings were 
normalized by calculating the ratio F/F0 (with F0 being the fluorescence before contact with the 
coverslip) and aligned according to the time point of contact with the coverslip. 

Stimulated cell lysates and coimmunoprecipitation 

Stimulated cell lysates were prepared as described previously (30). For coimmunoprecipitation, 
lysates were incubated first with the indicated antibodies and then with PBS-washed protein A-
sepharose (Amersham, Uppsala, Sweden). Beads were collected by centrifugation, thoroughly 
washed with lysis buffer, and bound proteins eluted by boiling in 2× Laemmli sample buffer. 
SDS-PAGE and Western blotting was performed according to standard procedures. 

RESULTS 

Membrane localization and lateral mobility of reggie-1-EGFP in PC12 cells 

To characterize the behavior of reggie-1 in T cell caps as opposed to the membrane outside this 
structure, we determined the lateral mobility of reggie-1 in PC12 and Jurkat T cells using FRAP. 
To ensure a correct plasma membrane localization of reggie-1-EGFP (R1FL-EGFP), we 
performed immunogold labeling and electron microscopy of transiently transfected PC12 cells. 
Endogenous reggie-1 was found in microdomains of a typical size of ≤0.1 µm (Fig. 1A) as 
reported previously for various other cell lines (29, 30). In cells transiently transfected with 
R1FL-EGFP, the double gold labeling strictly coincided, showing colocalization of reggie-1 and 
the fusion protein, thus suggesting that R1FL-EGFP is correctly incorporated in reggie 
microdomains (Fig. 1A). 

FRAP experiments demonstrated high lateral mobility of R1FL-EGFP at the plasma membrane 
of PC12 cells. The fluorescence derived from R1FL-EGFP in the bleached region recovered with 
a half time of t1/2=3.9 ± 2 s (n=19, ±SD). A mobile fraction of MF=0.8 (±0.1, ±SD) suggested 
almost unrestricted lateral diffusion (Fig. 1B). Interestingly, at the basis of membrane 
protrusions, the lateral diffusion of reggie-1 was significantly reduced (MF=0.61±0.13, n=18, 
±SD, P<0.01 (Student's t test)). 

Stabilization of reggie-1 in preformed caps in Jurkat T cells 

Because reggie-1 is organized in preformed caps in T cells, we performed similar FRAP 
experiments in Jurkat T lymphocytes. R1FL-EGFP accumulated in ~50–60% of the transfected 
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cells in a preformed cap. Bleaching a spot within the preformed cap, almost no recovery of 
fluorescence was observed. A mobile fraction of only MF = 0.12 (±0.09, n=12, ±SD) indicated 
nearly complete immobilization of reggie-1 in the region of the preformed cap (Fig. 2B, C). By 
contrast, if the bleach spot was placed outside of the preformed cap or in cells that did not show 
any localized accumulation of reggie-1, a fast and almost complete recovery occurred with a half 
time of t1/2 = 1.5 ± 0.5 s (n=15, ±SD) and a mobile fraction of MF = 0.72 ± 0.12 (±SD) (Fig. 2A, 
C), similar to PC12 cells. This indicates that reggie-1 is selectively immobilized in the region of 
the preformed cap, whereas it remains highly mobile at the plasma membrane outside of the 
caps. 

Next, we investigated the mechanism of reggie-1 stabilization in the preformed cap. Treatment 
with methyl-β-cyclodextrin (MβCD) is known to disrupt lipid microdomains by cholesterol 
depletion. The occurrence of preformed reggie caps was not affected by MβCD treatment, as 
reported previously (31). Also, the immobilization of R1FL-EGFP in these caps was unaffected 
by MβCD treatment (data not shown). Thus, the remarkable stabilization of reggie-1 in 
preformed caps is not simply the result of lipid raft clustering but must involve other 
mechanisms such as stabilization by cytoskeletal elements. Indeed, when the actin cytoskeleton 
was disrupted by latrunculin A (data not shown) or cytochalasin D, the cells lost their preformed 
caps, and reggie-1 was evenly distributed all along the plasma membrane (Fig. 2D). 

Recruitment of signaling molecules to stable reggie caps during T cell activation 

We have previously shown that signaling induced by cross-linking of lipid rafts by cholera toxin 
or antibody-mediated cross-linking of the GPI-anchored cellular prion protein PrPc elicits the 
accumulation of signaling molecules in the region of the preformed reggie cap (29–31). 
Likewise, activation of the cell by cross-linking of cell surface proteins using the mitogenic 
lectin ConA resulted in the accumulation of for example, LAT and the Src-family kinase lck in 
the cap region, while both proteins were evenly distributed along the plasma membrane in 
resting cells (Fig. 3A). TCR signaling is a highly dynamic process in which signaling molecules 
rapidly move between the TCR signaling complex and other compartments (19). Thus, we next 
investigated whether the stabilization of reggie-1 persists in stimulated cells. Activation of the 
cell by ConA coupled to the fluorophore Alexa 568 resulted in an accumulation of ConA-
fluorescence in the region of the reggie cap (Fig. 3B, inset). Measuring the mobility of R1FL-
EGFP in “stimulated caps” in FRAP experiments revealed a mobile fraction of MF = 0.09 ± 0.09 
(n=15; ±SD), indicating complete immobilization of reggie-1 (Fig. 3B). These data demonstrate 
that the preformed reggie caps are stable platforms before, as well as during, stimulation of the 
cell. 

Several bacterial toxins can act as superantigens leading to a specific interaction of MHC with 
the TCR complex (40). Staphylococcus enterotoxin E (SEE) presented by Raji B cells is known 
to induce a strong proliferative response in Jurkat T cells (41). To explore the physiological 
significance of reggie caps, we investigated the localization of reggie-1 in the immunological 
synapse of Jurkat T cells and SEE-bearing Raji B cell conjugates. In the absence of superantigen, 
Jurkat T and Raji B cells were seldom associated and in cell-cell contacts neither reggie-1 nor 
LAT accumulated at the interphase (Fig. 3C). By contrast, in the presence of SEE, numerous 
intimate and stable conjugates between Raji B and Jurkat T cells were formed. In addition, LAT 
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and reggie-1 were recruited to the synapse (Fig. 3C), confirming the physiological significance 
of reggie-based signaling platforms for T cell signaling. 

The C terminus of reggie-1 is essential for its incorporation into the preformed cap 

To define the structural requirements of reggie-1 to incorporate into preformed caps, we 
generated a variety of deletion mutants (Fig. 4A). R1FL-EGFP clearly colocalized with 
endogenous reggie-2 in preformed caps, as expected (Fig. 4B). By contrast, the R1L1 mutant 
lacking the C-terminal part of reggie-1, including the EA repeat region, which was predicted to 
form coiled coils (25, 42), localized to the plasma membrane but failed to accumulate in the 
preformed cap demarcated by endogenous reggie-2 (Fig. 4C). The C terminus of reggie-1 was 
shown to be essential and sufficient for the formation of reggie-1 oligomers (26), which we 
verified using biochemical cross-linking experiments (G. Solis and C.A.O. Stuermer, 
unpublished results). 

A trans-negative reggie-1 mutant inhibits macrodomain assembly after T cell stimulation 

On the basis of these insights, we generated a N-terminal deletion mutant of reggie-1 consisting 
only of the C-terminal, EA-rich domain (R1EA, Fig. 4A). R1EA was still able to oligomerize 
with the full-length reggies (G. Solis and C.A.O. Stuermer, unpublished data). To test whether 
R1EA interferes with the oligomerization of the endogenous reggies, we expressed DsRed-R1EA 
with R1FL-EGFP in Jurkat T cells. Strikingly, the expression of DsRed-R1EA significantly 
reduced the accumulation of R1FL-EGFP in preformed caps compared with cells coexpressing 
R1FL-EGFP and pDsRed as control (Fig. 5A). 

More importantly, expression of EGFP-R1EA interfered with raft polarization and clustering 
after stimulation. Cross-linking of the plasma membrane ganglioside GM1 by cholera toxin 
(CTX) leads to the accumulation of clustered rafts in the cap region and thereby induces 
signaling (4, 21, 31). CTX-cross-linking induced GM1 capping in the majority of control cells 
transiently transfected with pEGFP (Fig. 5B). Expression of EGFP-R1EA significantly reduced 
the number of cells bearing a GM1 cap after CTX cross-linking. In most EGFP-R1EA 
expressing cells, GM1/CTX staining was strongly patched, but these patches did not coalesce to 
form a macrodomain in the cap (Fig. 5B). Similarly, expression of EGFP-R1EA strongly reduced 
macrodomain assembly and capping after ConA stimulation. In EGFP-R1EA expressing cells, 
ConA fluorescence was again patchy, with clusters distributed around the cell (Fig. 5C). Hence, 
the loss of preformed reggie caps by expressing a trans-negative deletion mutant significantly 
reduced the efficiency of raft polarization and macrodomain assembly after T cell stimulation. 

Trans-negative reggie-1 mutant impairs stimulation-induced T cell spreading 

To substantiate the role of preformed reggie caps in T cell signaling, we investigated stimulation-
induced T cell spreading. Toward this end, coverslips were coated with ConA as a polarizing 
stimulus, requiring responding cells to undergo massive morphological changes in order to 
maximize contact with the stimulatory surface (43). This spreading response can be monitored 
by interference reflection microscopy (IRM), where contrast is generated by interference of light 
reflected at cellular membranes contacting the coverslip with light reflected at the glass-water 
interface. Cells adhering to the coverslip therefore appear dark (44). 
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Only weak adhesion and no spreading of T cells was observed on coverslips coated with poly-L-
lysine alone or in combination with BSA (data not shown). However, untransfected T cells or 
cells transiently transfected with the control vector pEGFP spread out completely on ConA 
coated coverslips within 10 min. First contacts were made by thin filopodia, followed by highly 
mobile membrane protrusions; finally, the cells flattened completely (Fig. 5D). The cells 
exhibited a round regular footprint, often with thin filopodia at the periphery (Fig. 5D, F). 
Although the cells did not spread any further, we observed constant dynamic remodeling of the 
cell-substrate contacts in the periphery. Jurkat T cells transiently transfected with EGFP-R1EA 
failed to undergo complete spreading, although they still adhered to ConA-coated coverslips. The 
spreading response was slower, and spreading ended before a regular round footprint was 
established (Fig. 5E). Moreover, we often observed long and irregularly organized filopodia at 
the periphery of EGFP-R1EA expressing cells (Fig. 5E, F). To substantiate these morphological 
differences, we quantified the footprint area observed by IRM in pEGFP- and EGFP-R1EA 
transfected cells after 15 min of spreading. The footprint area of EGFP-R1EA-transfected cells 
was significantly smaller (P<0.01 (Student's t test)), covering an area of only 550 µm2 (±170 
µm2, n=103±SD) vs. an average footprint area of 760 µm2 (±225 µm2, n=119±SD) in pEGFP 
control cells. 

Reggie-1 regulates Vav localization 

To elucidate which intracellular signaling pathways depend on reggie-1, we optimized 
transfection conditions for Jurkat T cells resulting in an transfection efficiency of >50%, 
permitting biochemical analysis of signaling components using phospho-specific antibodies. The 
expression of R1EA did neither significantly affect the activation of the TCR proximal tyrosine 
kinase ZAP-70, nor of the downstream effector MAP kinase ERK1/2 after ConA stimulation, 
although tyrosine phosphorylation of ZAP-70 was slightly diminished in R1EA-expressing cells 
(Fig. 6A). Ca2+ signaling during spreading on ConA-coated coverslips was indistinguishable in 
DsRed-R1EA- and control-transfected cells, as assessed by single cell Ca2+ imaging using Fluo4. 
Neither the mean response nor the behavior of the individual cells changed significantly by 
R1EA expression (Fig. 6B). These results suggest that interfering with reggie-1 function does not 
impair general signaling efficiency but rather affects signaling events controlling cytoskeletal 
dynamics because both macrodomain assembly and cell spreading are dependent on cytoskeletal 
remodeling. 

The guanine nucleotide exchange factor Vav is a key regulator of the actin cytoskeleton by 
controlling the activity of Rho-family GTPases (45, 46). Therefore, we investigated on an 
interaction of reggie-1 with Vav. Indeed, reggie-1 and Vav coclustered at the plasma membrane 
upon spreading in ConA-coated coverslips (Fig. 6C). To formally prove an interaction between 
these proteins, we performed coimmunoprecipitation experiments of endogenous Vav and 
reggie-1. Immunoprecipitation of Vav reliably coprecipitated reggie-1 in resting (Fig. 6D) and 
stimulated cells (data not shown), suggesting that both proteins are part of a multiprotein 
complex in T cells. 

Interfering with reggie function by expressing R1EA severely disturbed the proper positioning of 
Vav. In mock-transfected cells, spreading on ConA-coated coverslips induced the formation of 
Vav-containing clusters on the entire footprint area of an activated cell (Fig. 6E). By contrast, 
R1EA-expression provoked a mislocalization of Vav, where Vav clusters were concentrated in 
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the region of the initial contact but were virtually absent in the periphery (Fig. 6E). Thus 
interfering with reggie function leads to an aberrant localization of Vav clusters, resulting in 
defects in cytoskeletal remodeling. 

DISCUSSION 

Our results show for the first time a functional contribution of the preformed reggie caps in T 
cell signaling. The preformed reggie caps are remarkably stable structures. A trans-negative 
reggie-1 mutant, which blocked the accumulation of the reggies in a preformed cap, inhibited raft 
polarization and macrodomain assembly after stimulation with ConA or by CTX cross-linking. 
Moreover, the localization of Vav and hence cytoskeletal rearrangements during ConA-induced 
cell spreading were severely disturbed, whereas the activation of the MAP kinases ERK1/2 and 
Ca2+ signaling were not affected. Thus, the preexisting priming platforms provided by the 
reggies function as coordinating scaffolds for stimulation-induced cytoskeletal remodeling. 

The preformed reggie caps impose polarity on lymphocytes, both in stable cells lines and in 
primary T cells (30, 31). Our FRAP analysis showed that the preformed reggie caps are 
remarkably stable before and during cell stimulation. This stabilization was independent of the 
cholesterol content of the membrane but dependent on the integrity of the actin cytoskeleton. 
Whether reggie clusters are directly linked to the actin cytoskeleton or whether the preformed 
cap is surrounded by a diffusion barrier anchored to the actin cytoskeleton remains to be 
clarified. However, we have preliminary evidence for an interaction of reggie-1 with actin (M.F. 
Langhorst, G. Solis, E. Rivera-Milla and C.A.O. Stuermer, unpublished observations), 
suggesting that the reggie clusters at the plasma membrane might be anchored by binding of the 
reggies to the cortical actin cytoskeleton. 

In stimulated cells, key signaling molecules translocate to the preformed reggie caps. This 
translocation is considered to depend on lipid raft clustering (3, 29–31) in the region of the 
preformed reggie caps. This is further supported by reports showing an increased biochemical 
association of LAT, lck, IKKβ, and vimentin with reggie complexes after CD3/CD28 
costimulation (32, 33). Our results directly demonstrate the functional importance of the 
preformed reggie caps: The trans-negative reggie-1 mutant R1EA inhibited preformed cap 
assembly and the clustering of rafts after stimulation of the cell, which suggests a role of the 
preformed reggie caps in coordinating raft polarization and macrodomain formation during T cell 
activation. 

Recent reports challenged the importance of lipid rafts in T cell activation. Douglass and Vale 
recently reported the formation of microdomains during T cell activation based solely on 
protein–protein-interactions (47). In this study, cells were activated solely by anti-CD3 
antibodies, while other studies have shown that costimulation by CD28 is necessary to induce 
extensive raft clustering (22). Furthermore, the different experimental approaches used in 
different studies result in different definitions of lipid rafts (reviewed in Ref. 11). He et al. 
proposed in a recent review, that of the many different microdomains present in a cell, only a 
specific subset of rafts is involved in the dynamic assembly of the stable macrodomain 
surrounding engaged TCRs (12). Such an ordered macrodomain at the site of lymphocyte 
activation was recently directly visualized using the order-sensitive, fluorescent dye Laurdan 
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(18), confirming earlier observations that T cell activation triggers the assembly of a raft-like 
stable macrodomain, whereas rafts may be small and highly dynamic in resting cells. 

Macrodomain assembly in T cells was shown to be regulated by actin cytoskeleton remodeling 
(18, 20, 45, 48, 49). The spreading response of T cells on stimulatory surfaces represents a 
simplified assay for stimulation-induced morphological changes and cytoskeletal rearrangements 
and is often used to evaluate the effects of a given protein on stimulation-induced actin 
remodeling (43, 50). Our observation that the trans-negative reggie-1 mutant severely impaired T 
cell spreading further supports a functional role of the reggie platforms in T cell signaling and 
hints to a role in the regulation of actin dynamics. Both the inhibition of macrodomain assembly 
and the impairment of the spreading response by the trans-negative reggie mutant can be 
explained by the association of reggie-1 with the guanine exchange factor Vav. Vav is a key 
regulator of the cytoskeleton in T cells (45, 46) but may also influence directly or indirectly other 
signaling pathways (51, 52). Vav was shown to be essential for raft clustering in T cells. In Vav-
deficient T cells, rafts did not translocate to the immunological synapse and, most interestingly, 
dominant-negative Vav mutants inhibited raft polarization and clustering in T cells after CTX 
cross-linking (21). This is indeed surprisingly similar to the effects of the trans-negative reggie-1 
mutant observed in our present study. Furthermore, Vav function is regulated by fyn and lck (53, 
54), which provides another link to the reggies, as both Src family kinases are associated with the 
reggies (29, 30, 55). Upon expression of the trans-negative reggie mutant R1EA, we observed an 
incorrect positioning of Vav in cells spreading on a stimulatory surface, resulting in aberrant and 
incomplete spreading, suggesting that reggie-1 regulates the localization of Vav. Interestingly, an 
impairment of the spreading response similar to our results was observed in Jurkat T cells 
lacking the adaptor protein LAT (43). LAT is associated with reggie complexes, and this 
association increases upon stimulation (32, 33). Via its interaction with SLP-76, LAT is also 
involved in the activation of Vav (56). Thus, reggie-associated protein complexes, including e.g., 
Vav, lck, fyn, and LAT, are probably involved in controlling stimulation-induced actin 
remodeling in T cells. 

Indeed, several reports implicated the reggies in the regulation of actin dynamics in various other 
cell types. Overexpression of reggie-1 induces filopodia formation in some cell types (26, 57). 
Reggie-2 binds to the SoHo domain of the adaptor proteins of the vinexin family (58), which, in 
turn, bind to signaling molecules like the adaptor protein c-Cbl, the tyrosine kinase c-Abl and 
regulators of the cytoskeleton like vinculin, Sos and Grb4 via their C-terminal SH3 domains 
(59). The assembly of such a multiprotein complex was shown to be essential for Glut4 
trafficking in adipocytes (55, 60) and for neuritogenesis in differentiating PC12 cells (61). Our 
observation that reggie-1 forms stabilized structures at the basis of membrane protrusions in PC 
12 cells also agrees with our model, in which reggie clusters provide a scaffold for protein 
complex assembly regulating cytoskeletal dynamics. 

Reggie proteins define specialized plasma membrane microdomains, in which reggie oligomers 
provide a scaffold for multiprotein complex assembly, similar to, but distinct from, caveolae 
(reviewed in Ref. 28). In T cells the reggies apparently provide preexisting priming platforms 
upon which multiprotein complexes assemble after stimulation to coordinate cytoskeletal 
remodeling. As some of these key regulators of the actin cytoskeleton are already associated with 
the reggies in resting cells, one can imagine a feed-forward mechanism where few protein 
complexes already assembled on the reggie scaffolds initiate the signaling events necessary for 
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raft polarization and macrodomain assembly, which then leads to the accumulation and 
activation of more signaling complexes in the cap. Without the preformed reggie cap, spatial 
information important for macrodomain assembly is apparently missing. Although raft clustering 
still occurs, these small clusters do not coalesce to form a macrodomain in the cap. Therefore, 
the reggies appear to be an important factor in the regulation of actin dynamics during T cell 
activation. 
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Fig. 1 
 

 
 
Figure 1. Reggie microdomains and analysis of the lateral mobility of reggie-1 in PC12 cells: A) Electron microscopy of 
immunogold staining on grazing sections of either wild-type PC12 or cells transiently transfected with R1FL-EGFP. 
Endogenous reggie-1 was visualized by 10-nm gold particles at the cell membrane (left). Colocalization of reggie-1 (10 nm 
gold, large arrowheads) and EGFP (6 nm gold, small arrowheads) at the cell membrane in a cell expressing R1FL-EGFP 
(right) (Scale bar = 0.1 µm) B) FRAP analysis of the lateral mobility of reggie-1 (R1FL-EGFP) at the plasma membrane of 
PC12 cells. Tracings from 19 cells from 5 independent experiments were averaged. Images of one representative cell at key 
time points are shown, the inset shows a DIC image of the same cell (arrows indicate the bleached region; scale bar = 5 
µm) 
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Fig. 2 
 

                          
Figure 2. Analysis of the lateral mobility of reggie-1 in Jurkat T cells: A, B) FRAP analysis of the lateral mobility of 
reggie-1 (R1FL-EGFP) at the plasma membrane and within the preformed reggie cap in Jurkat T cells. Images of 
representative cells at key time points are shown, the insets show DIC images of the same cells (arrows indicate the 
bleached region; scale bar = 5 µm) C) FRAP tracings averaged from 15 (plasma membrane) or 12 (preformed cap) cells 
from 5 independent experiments. Note the reduced mobility of reggie-1 in preformed caps. D) Jurkat T cells were fixed and 
stained with a mAB against reggie-1, either untreated or treated with 1 µM cytochalasin D. Note the numerous preformed 
caps in the untreated control, while cytochalasin D treatment resulted in a loss of preformed caps and led to a redistribution 
of reggie-1 all along the plasma membrane (scale bars = 20 µm) 
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Fig. 3 
 

                        
 
Figure 3. Recruitment of signaling molecules to the reggie caps during T cell stimulation and localization of reggie-1 in 
the SEE-induced immunological synapse: A) Jurkat T cells, untreated or stimulated with 50 µM concanavalin A, were 
fixed and stained for reggie-1, lck, and LAT. Note the accumulation of LAT and lck in the region of the reggie cap after 
stimulation with ConA (scale bar = 5 µm). B) FRAP analysis of the lateral mobility of reggie-1 (R1FL-EGFP) in the cap 
region after ConA stimulation. Tracings from 15 cells from 5 independent experiments were averaged. Images of a 
representative cell at key time points are shown, the inset shows an overlay of DIC and ConA fluorescence of the same cell 
(the bleached region is indicated by arrows; scale bar = 5 µm) C) Accumulation of reggie-1 in SEE-induced immunological 
synapses. Confocal sections of representative cells from 5 independent experiments stained with antibodies against 
endogenous LAT and reggie-1 are shown. Raji B lymphocytes were stained with CMAC cell tracker blue and either 
incubated with 1 µM SEE or left untreated. Note the colocalization and accumulation of reggie-1 and LAT at the Raji B: 
Jurkat T cell-cell contact after SEE stimulation (scale bars = 5 µm). 
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Fig. 4 
 

 
 
Figure 4. Reggie domains involved in the assembly of preformed caps: A) Schematic representation of reggie-1 mutant 
constructs; SPFH-, flotillin-domain and EA-repeats, as well as fluorescent proteins used for tagging are indicated. B, C) 
Localization of R1FL-EGFP and the deletion construct R1L1-EGFP in relation to the preformed reggie cap demarcated by 
endogenous reggie-2. While R1FL-EGFP accumulates in the reggie cap along with reggie-2, R1L1-EGFP still localizes to 
the plasma membrane but does not accumulate in the preformed cap (scale bars = 5 µm). 
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Fig. 5 
 

                                    
Figure 5. A transnegative mutant inhibits preformed cap assembly and impairs stimulation-induced macrodomain 
assembly and spreading: A) Living Jurkat T cells transiently transfected with R1FL-EGFP and either DsRed-R1EA or 
pDsRed were analyzed by confocal microscopy and the percentage of cells exhibiting a preformed reggie-1 cap was 
determined. Expression of R1EA significantly reduced the occurrence of preformed reggie caps, so that R1FL-EGFP was 
evenly distributed around the cell (181 cells from 3 independent experiments were analyzed; scale bars = 5 µm) B, C) 
Jurkat T cells transiently transfected with either EGFP-R1EA or pEGFP as a control were stimulated by cross-linking with 
cholera-toxin B-Alexa 555 or with Concanavalin-Alexa 568. In control cells, cross-linked molecules accumulated in a 
cap, whereas in R1EA-expressing cells, cross-linked molecules were detected in clusters all around the cell (200 and 150 
cells, respectively, from 3 independent experiments were analyzed; scale bars = 5 µm). All error bars indicate the SDM. 
D–F) IRM images of Jurkat T cells spreading on ConA-coated coverslips. Cells were transiently transfected either with 
pEGFP as control or with EGFP-R1EA. Note the severely impaired spreading response in cells expressing the EGFP-
R1EA mutant (scale bars = 10 µm). 
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Fig. 6 
 

 
Figure 6. The transnegative reggie mutant impairs Vav localization but does not affect Ca2+-signaling or ERK activation: 
A) Cells were transiently transfected with pEGFP or EGFP-R1EA, stimulated with ConA and the phosphorylation of 
ZAP-70 and ERK1/2 were analyzed by Western-blotting using phospho-specific antibodies. Total ERK1/2 is shown as a 
loading control. B) Ca2+ imaging of cells either transfected with R1EA-DsRed or DsRed during spreading on ConA-
coated coverslips. Tracings of single cells (left) and mean tracings (right) are shown. C) Colocalization of endogenous 
Vav and reggie-1 stained with specific antibodies during spreading on ConA-coated coverslips (scale bar = 10 µm) D) 
Coimmunoprecipitation of Vav and reggie-1. Precipitation of endogenous Vav reliably coprecipitated endogenous reggie-
1 (precipitations with protein A-sepharose alone (beads) and in combination with rabbit IgG are shown as controls). E) 
Effects of R1EA expression on Vav localization during spreading, merges of IRM and immunofluorescence images are 
shown (scale bar = 10 µm). 
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