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Trafficking of the microdomain scaffolding protein reggie-1/flotillin-2
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Abstract

The reggie/flotillin proteins oligomerize and associate into clusters which form scaffolds for membrane
microdomains. Besides their localization at the plasma membrane, the reggies/flotillins reside at various intracellular
compartments; however, the trafficking pathways used by reggie-1/flotillin-2 remain unclear. Here, we show that
trafficking of reggie-1/flotillin-2 is BFA sensitive and that deletion mutants of reggie-1/flotillin-2 accumulate in the
Golgi complex in HeLa, Jurkat and PC12 cells, suggesting Golgi-dependent trafficking of reggie-1/flotillin-2. Using
total internal reflection fluorescence microscopy, we observed fast cycling of reggie-1/flotillin-2-positive vesicles at the
plasma membrane, which engaged in transient interactions with the plasma membrane only. Reggie-1/flotillin-2 cycling
was independent of clathrin, but was inhibited by cholesterol depletion and microtubule disruption. Cycling of reggie-
1/flotillin-2 was negatively correlated with cell–cell contact formation but was stimulated by serum, epidermal growth
factor and by cholesterol loading mediated by low density lipoproteins. However, reggie-1/flotillin-2 was neither
involved in endocytosis of the epidermal growth factor itself nor in endocytosis of GPI-GFPs or the GPI-anchored
cellular prion protein (PrPc). Reggie-2/flotillin-1 and stomatin-1 also exhibited cycling at the plasma membrane similar
to reggie-1/flotillin-2, but these vesicles and microdomains only partially co-localized with reggie-2/flotillin-1. Thus,
regulated vesicular cycling might be a general feature of SPFH protein-dependent trafficking.
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Introduction

Reggie-1 and reggie-2 were discovered in our lab as
proteins upregulated during axon regeneration after optic
nerve lesion (Schulte et al., 1997; Lang et al., 1998). They
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were independently described as proteins abundant in the
floating, detergent-resistant membrane fraction prepared
from murine lung tissue and therefore named flotillin-2
and -1, respectively (Bickel et al., 1997). The reggies/
flotillins consist of an N-terminal SPFH domain contain-
ing residues for myristoylation and palmitoylation and
thus membrane anchorage (Neumann-Giesen et al., 2004),
and a C-terminal flotillin domain which is predicted
to form coiled-coil structures (Schroeder et al., 1994;
Bickel et al., 1997; Schulte et al., 1997). Via this domain,
the reggies/flotillins form homo- and hetero-oligomers
(Neumann-Giesen et al., 2004; Solis et al., 2007), which
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assemble into clusters of 50–100 nm at the plasma
membrane (Stuermer et al., 2001). These clusters
define specialized flat membrane microdomains and
serve as stable scaffolds for the assembly of multi-
protein complexes, similar to caveolin clusters in
caveolae (reviewed in Langhorst et al. (2005)). Reggie/
flotillin-dependent signaling complexes were shown
to be involved in actin remodeling during T cell
activation (Langhorst et al., 2006b) and in Glut4-
translocation to the plasma membrane after insulin
stimulation of adipocytes (Baumann et al., 2000;
Kimura et al., 2001).

The biosynthetic pathway of the reggies/flotillins is
controversial. Reggie-2/flotillin-1 was found to travel
through the Golgi in NRK, CHO and HeLa cells
(Gkantiragas et al., 2001). However, Morrow et al.
(2002) observed Sar1- and Brefeldin A (BFA)-independent
trafficking of reggie-2/flotillin-1 in BHK cells, suggesting
a Golgi-independent pathway. In addition to their
prominent localization at the plasma membrane, both
reggies/flotillins reside at intracellular compartments.
They localize to lipid droplets (Liu et al., 2004; Reuter
et al., 2004) and to compartments of the endocytic
pathway, like recycling endosomes (Gagescu et al.,
2000; Solomon et al., 2002). Reggie-2/flotillin-1 was
recently implicated in an unconventional, clathrin- and
caveolin-independent endocytosis pathway used by
GPI-anchored proteins (Glebov et al., 2006) and
proteogylcan-binding ligands (Payne et al., 2007).

In this study, we investigated the trafficking pathways
of reggie-1/flotillin-2 and its role in endocytosis of GPI-
anchored proteins, especially the cellular prion protein
PrPc in detail. We provide evidence for Golgi-dependent
trafficking of reggie-1/flotillin-2. At the plasma mem-
brane, reggie-1/flotillin-2 exhibited vesicular cycling,
which was regulated by epidermal growth factor
stimulation, cholesterol loading and cell–cell contact
formation. Reggie-2/flotillin-1 and stomatin-1 vesicles
showed similar behavior but distinct localizations,
suggesting that regulated protein delivery and retrieval
by vesicular cycling might be a general function of the
membrane microdomain-forming proteins of the SPFH
family.
Material and methods

Antibodies, reagents and cells

Anti-GM130, anti-reggie-1/flotillin-2, anti-reggie-2/
flotillin-1 monoclonal antibodies were purchased from
BD Transduction Laboratories (Heidelberg, Germany),
anti-HA monoclonal antibody from Roche (Mannheim,
Germany), anti-PrPc monoclonal (6H4) antibody from
Prionics (Zurich, Switzerland), anti-EGFR poly-
clonal antibody from Cell Signalling (Beverly, USA).
Reggie/flotillin polyclonal antibodies were described
previously (Stuermer et al., 2001). Secondary antibodies
coupled to Cy3 were from Jackson ImmunoResearch
(Soham, UK), secondary antibodies coupled to
Alexa488 and lysotracker red DND-99 from Molecular
Probes (Invitrogen, Karlsruhe, Germany). Brefeldin A,
okadaic acid, FM4-64 and nocodazole were purchased
from Calbiochem (Bad Soden, Germany), methyl-b-
cyclodextrin from Sigma (Munich, Germany), LDL was
from AppliChem (Darmstadt, Germany).

Deletion mutants were obtained by PCR using rat full-
length reggie-1 cloned in pEGFP-N1 or -C1 (Clontech,
Heidelberg, Germany) as template (Neumann-Giesen
et al., 2004) and primers introducing restriction sites
for EcoRI and BamHI. Fragments were then subcloned
into pEGFP-N1. As a kind gift, we obtained clathrin-
mRFP from K. Rottner (Helmholtz Centre for
Infection Research, Braunschweig, Germany), GPI-
CFP (DAF) from D. Legler (Biotechnology Institute
Thurgau, Taegerwilen, Switzerland), EGFP-stomatin1
from D. Browman (University of Calgary, Canada),
Eps15 and dynamin dominant-negative mutants
from A. Benmerah (Cochin Institute, Paris, France)
and GPI-EGFP (PrP) from G. Solis (University of
Konstanz).

HeLa, PC12 and Jurkat T cells were cultured and
transfected as described previously (Langhorst et al.,
2006a, b). Reggie/flotillin localization depends on the
expression level; therefore, we kept the expression level
very low, the cells analyzed expressed reggie/flotillin-
EGFP at levels comparable to the endogenous protein,
as verified by Western blotting (data not shown).
Immunofluorescence and confocal microscopy

Cells were transfected, fixed 24 h post-transfection
with formaldehyde (freshly prepared from 4% para-
formaldehyde), permeabilized with 0.1% Triton X-100
and stained with the appropriate combinations of
primary and secondary antibodies and DAPI, before
mounting in Mowiol. Alternatively, cells were fixed and
permeabilized with methanol at �20 1C. Confocal
microscopy was carried out using an LSM 510 META
and a 63� Plan-Apochromat (NA ¼ 1.4) objective
(both Carl Zeiss, Jena, Germany) in 12-bit mode.
Images were processed using the LSM 510 software
and AxioVision 4.6 (Carl Zeiss).
Electron microscopy

For immunogold localization, cells were prepared
essentially as described previously (Stuermer et al., 2001,
2004). Briefly, cells were fixed in 8% formalde-
hyde+0.1% glutaraldehyde in phosphate-buffered saline
(PBS, pH 7.4) for 1 h at 0 1C, washed in PBS+50mM
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glycine and PBS alone. For cryo-sections, pelleted cells
were stirred in 8% gelatin, centrifuged and impregnated
overnight at 4 1C with 2.3M sucrose and 20% polyvinyl
pyrrolidone, PVP10. Frozen cell pellets were cryo-
sectioned. Cell sections were then incubated with
primary antibodies followed by the specified gold-
conjugate (protein A or F(ab)2 fragments conjugated to
5 or 10 nm gold). Alternatively, we performed LR-gold
embedding and UV polymerization at �35 1C. Electron
micrographs enlarged to 80,000� magnification were
evaluated quantitatively as follows. Gold granules within
the compartment to be analyzed were counted, including
a marginal zone of 15 nm (size of an antibody-gold
conjugate complex). For complex organelles (dictyo-
somes and Golgi vesicles), values were determined for an
area within the circumference of the respective zone to be
analyzed. The number of gold granules counted was
referred to the area size of a given organelle as described
previously (Plattner and Zingsheim, 1983). The labeling
density within an organelle was compared to nearby
cytosolic domains. Thus, the ‘‘enrichment factors’’
(7S.D.M.) given in the text represent the enrichment
of label in a specific organelle with reference to the
nearby cytosol.
TIRF imaging and analysis of membrane-near

trafficking

Total internal reflection microscopy was carried out
on an Axiovert 200M using the TIRF slider system, a
100� a-Plan-Fluar (NA ¼ 1.45) objective and an
AxioCam MR rev3 (all Carl Zeiss) operated at binning
2 and a frame rate of 3 frames/s. Cells were kept in
medium 199 (Invitrogen) with or without 10% fetal calf
serum or other stimuli. For quantitative analysis of
membrane-near trafficking, we adapted a method
published previously (Pelkmans and Zerial, 2005) using
ImageJ (Abramoff et al., 2004) for sequence processing.
We subtracted the first frame of a sequence from the
maximum intensity projection of all subsequent frames.
We then applied an automatic thresholding based on the
background outside the cell with a scaling factor of
5–10. In the resulting binary image, only those pixels
were black where the intensity had significantly changed
during the sequence, thus representing trafficking
events. We measured the area of these pixels and the
number of trafficking events using the particle counter
function of ImageJ. Both values were always correlated,
indicating that lateral mobility as well as number of
vesicles in the evanescent field were always similarly
affected by the various treatments. We then measured
the footprint area of the cell and calculated the ratio of
active pixels per total cell area (DF/cell area) in percent
as a quantitative value for trafficking activity (‘‘traffick-
ing density’’).
Results

Reggie-1/flotillin-2 trafficking is Golgi dependent

To elucidate the biosynthetic trafficking pathway of
reggie-1/flotillin-2, we used deletion mutants lacking
specific functional domains of the protein (Fig. 1A).
C-terminal EGFP-tagging of the full-length reggie-1/
flotillin-2 protein does not significantly alter its bio-
chemical properties and its subcellular localization
(Neumann-Giesen et al., 2004; Langhorst et al.,
2006b). Endogenous reggie-1/flotillin-2 (data not shown)
and EGFP-tagged full-length reggie-1/flotillin-2 (R1FL-
EGFP) did not localize to the Golgi complex to any
significant extent in HeLa cells at steady state (Fig. 1B).
Deletion of the whole flotillin-domain (R1NT, Fig. 1C)
did not significantly alter the localization of the protein.
A deletion construct lacking the SPFH domain
(R1MCT), however, accumulated in the Golgi complex
as shown by co-localization with the Golgi marker
GM130 (Fig. 1D). In addition, we observed the
accumulation of many R1MCT-vesicles in the cytosol
(Fig. 1D). The isolated membrane-anchoring domain of
reggie-1/flotillin-2, consisting of the first 30 amino acids
including the acylation sites, predominantly localized to
the Golgi complex (Fig. 1E). Experiments carried out in
Jurkat T and PC12 cells confirmed the localization of
endogenous reggie-1/flotillin-2 and of all EGFP-tagged
constructs (data not shown). This suggests that informa-
tion for Golgi-transit must be encoded in the reggie-1/
flotillin-2 amino acid sequence.

To evaluate Golgi-dependent trafficking of reggie-1/
flotillin-2 at the ultrastructural level, we performed immu-
nogold electron microscopy (EM). Reggie-1/flotillin-2
was localized to vesicles in the Golgi field (Fig. 2A) in
Jurkat T cells, but not in Golgi stacks. This was
substantiated by our quantitative evaluation showing a
highly significant enrichment of gold grains in Golgi
vesicles as opposed to Golgi stacks (16.274.7 vs.
0.970.5, enrichment factors relative to surrounding
cytoplasm, values pooled from 50 cell sections). The
deletion mutant R1MCT, which showed accumulation
in the Golgi in fluorescence microscopy was also
localized to vesicles in the Golgi field in EM studies in
HeLa cells (data not shown). Thus, reggie-1/flotillin-2
does not localize to Golgi stacks in steady state, but is
clearly found on Golgi-associated vesicles.

Brefeldin A targets GTP exchange factors for Arf-
GTPases at the Golgi, blocking COPI vesicle formation
which finally leads to the disassembly of the Golgi
apparatus. Thus, this drug has been widely used to
investigate the role of the Golgi complex in the
trafficking pathways of a variety of proteins (Dinter
and Berger, 1998; Nebenfuhr et al., 2002). BFA
treatment of HeLa cells freshly transfected with
EGFP-tagged reggie-1/flotillin-2 resulted in a diffuse



Fig. 1. Localization of reggie-1/flotillin-2 deletion mutants to the Golgi complex. (A) Schematic representation of the reggie-1/

flotillin-2 deletion mutants used in this study. Acylations, SPFH and flotillin domain, EA repeats, and position of the EGFP tag are

indicated. (B–E) HeLa cells were transiently transfected with different EGFP-tagged reggie-1/flotillin-2 mutants, fixed and stained

for the Golgi marker GM130 24 h post-transfection. Confocal sections of cells expressing full-length reggie-1/flotillin-2 (B), a mutant

lacking the flotillin domain (R1NT, C), a mutant lacking the SPFH domain (R1MCT, D), and the isolated membrane anchor

domain (R1WTSH, E). The deletion mutants R1MCT and R1WTSH clearly co-localized with the GM130-stained Golgi.

Bars ¼ 10mm.
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Fig. 2. Reggie-1/flotillin-2 trafficking is Golgi dependent. (A) Cryo-sectioned Jurkat T cells were processed for immunogold labeling

of endogenous reggie-1/flotillin-2 as detailed in ‘‘Material and methods’’. Reggie-1/flotillin-2 labeling as indicated by 5-nm gold

grains (arrowheads) accumulated on vesicles (GV) in the Golgi field but not in Golgi stacks (GS). (B) HeLa cells were transiently

transfected with full-length reggie-1/flotillin-2 tagged with EGFP and treated with BFA 1h post-transfection. Cells were fixed 4 h

post-transfection, confocal images of representative control and BFA-treated cells are shown. BFA treatment clearly impaired the

trafficking of reggie-1/flotillin-2. (C) PC12 cells were processed for immunogold labeling of endogenous reggie-1/flotillin-2 as

detailed in ‘‘Material and methods’’. Reggie-1/flotillin-2 staining as indicated by 10-nm gold grains frequently accumulated on

chromaffin granules (CG), S indicates the substrate. Bars ¼ 0.1 mm (A, C), 10mm (B).
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cytosolic localization of the fusion protein, whereas
reggie-1/flotillin-2 was efficiently targeted to the plasma
membrane in control cells (Fig. 2B). BFA treatment did
not change the localization of endogenous reggie-1/
flotillin-2 at steady state or of EGFP-tagged reggie-1/
flotillin-2 48 h after transfection (data not shown). We
obtained similar results in Jurkat T and PC12 cells,
suggesting that trafficking of newly made reggie-1/
flotillin-2 is BFA sensitive and thus Golgi-dependent
in these different cell types. Trafficking of reggie-2/
flotillin-1 was also BFA sensitive in HeLa and PC12
cells (data not shown), suggesting similar trafficking
pathways of both proteins in these two cell lines.

Further evidence for a Golgi-dependent transport of
reggie-1/flotillin-2 came from EM studies of PC12 cells.
This cell line is derived from a rat phaeochromocytoma
and contains dense core vesicles containing monoamines
(Martin and Grishanin, 2003). Reggie-1/flotillin-2 was
clearly associated with these dense-core vesicles in PC12
cells as shown by immunogold staining and electron
microscopy (Fig. 2C, enrichment factor of 134.7751).
This was further verified by co-localization of chromo-
granin A with reggie-1/flotillin-2 at the light microscopic
level (data not shown). As dense-core vesicles are finally
assembled in the trans-Golgi network, these findings
provide further evidence for trafficking of reggie-1/
flotillin-2 via the Golgi.
Additional localizations of reggie-1/flotillin-2

Endogenous reggie-1/flotillin-2 (data not shown) and
reggie-1/flotillin-2-EGFP partially co-localized with
lysotracker-positive compartments (Fig. 3A). In our



Fig. 3. Reggie-1/flotillin-2 localizes to lysosomes, multivesicular bodies and aggresomes. (A) HeLa cells transiently expressing

EGFP-tagged full-length reggie-1/flotillin-2 were stained with lysotracker. A confocal section (linewise multitracking) is shown,

where partial co-localization of large reggie-1/flotillin-2 vesicles and lysotracker-positive compartments is obvious. (B) EM analysis

of a Jurkat T cell cryo-section showing a multivesicular body with labeling (6-nm gold) of endogenous reggie-1/flotillin-2. (C)

Aggresome showing heavy reggie/flotillin labeling (5-nm gold, endogenous protein) in cryo-sectioned Jurkat T cells. Bars ¼ 10 mm
(A), 0.1 mm (B, C).
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immunogold EM studies, we observed strong labeling of
multivesicular bodies (Fig. 3B, enrichment factor
68.8733.9) and other lysosomes (enrichment factor
111.8742). However, we did not observe any co-
localization of reggie-1/flotillin-2 with EEA1-positive
early endosomes, both at the light and electron
microscopic level. Surprisingly, we occasionally ob-
served localization of endogenous reggie-1/flotillin-2 to
aggresomes in our immunogold EM studies, particularly
in Jurkat T cells (Fig. 3C).
Reggie-1/flotillin-2-positive vesicles define a clathrin-

independent vesicular pathway

Consistent with a vesicular transport of reggie-1/
flotillin-2 to the plasma membrane, we observed
numerous reggie-1/flotillin-2-EGFP-positive vesicles on
their way to and from the plasma membrane in live-cell
imaging experiments in various cell types (HeLa, Jurkat,
PC12). Therefore, we employed total internal reflection
fluorescence (TIRF) microscopy to investigate reggie/
flotillin vesicular trafficking near the plasma membrane
in more detail. Reggie-1/flotillin-2 exhibited a punctate
localization at the basal plasma membrane in HeLa cells
(Fig. 4A), probably reflecting reggie/flotillin microdo-
mains. In addition, we observed numerous brighter
vesicles trafficking to and from the plasma membrane.
After arriving in the thin section illuminated by TIRF
microscopy, these vesicles underwent rapid movements
before they became immobilized. During this immobi-
lization, they exhibited the brightest fluorescence,
suggesting that this stage reflects docking of the vesicles
at the plasma membrane. After docking at the plasma
membrane for several tens of seconds, the vesicles began
to move again and either moved out of the evanescent
field or engaged in a second round of immobilization
(Fig. 4A and supplementary online material, Movie S1).
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Fig. 4. Trafficking of reggie-1/flotillin-2 near the plasma membrane. (A) HeLa cells transiently expressing EGFP-tagged full-length

reggie-1/flotillin-2 were imaged using TIRF microscopy. Reggie-1/flotillin-2 localized in clusters at the plasma membrane and on

many vesicles exhibiting transient ‘‘kiss-and-run’’ interactions with the plasma membrane. (B) R1FL-EGFP-expressing HeLa cells

were preloaded with FM4-64 to label all cellular membranes and individual vesicles approaching the membrane were imaged. After

docking the FM4-64 fluorescence slowly became diffuse suggesting membrane fusion while R1FL-EGFP remained associated with

the vesicle (representative example of three independent experiments with more than 15 cells each) (C) HeLa cells transiently

expressing reggie-1/flotillin-2-EGFP and clathrin-mRFP were imaged using TIRF microscopy, both proteins occupied distinct

membrane domains. (D-E) TIRF sequences of reggie-1/flotillin-2 trafficking were quantified as detailed in ‘‘Material and methods’’.

Cholesterol was extracted using 12mM methyl-b-cyclodextrin (MbCD), microtubules were disrupted by short treatment with 1 mM
nocodazole, and F-actin was disrupted using 1 mM cytochalasin D. Quantitative comparison (D) of 100 control, 33MbCD-treated,

32 nocodazole-treated, and 35 CytD-treated cells from at least three independent experiments are shown. Asterisk (*) indicates

statistical significance (po0.05, Student’s t-test). (E) Nocodazole treatment led to the accumulation of reggie-1/flotillin-2-positive

vesicles in the cytosol. Bars ¼ 10 mm (C, E).
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To test, whether the periods of immobilization at the
plasma membrane involved fusion of the vesicle with the
plasma membrane, we preloaded the cells with the styryl
dye FM4-64 to label the membranes of all vesicles.
When a reggie-1/flotillin-2 vesicle approached the
membrane, both the R1FL-EGFP and FM4-64 chan-
nels showed clear peaks in fluorescence intensity
(Fig. 4B, first image), which persisted until docking of
the vesicle had occurred (Fig. 4B, second image). After
docking, however, the FM4-64 fluorescence gradually
diminished (Fig. 4B, third image) and finally the peak of
FM4-64 fluorescence vanished in the area of the vesicle
(Fig. 4B, last image). This suggests that the membrane
of the vesicle had fused with the plasma membrane, so
that the FM4-64 dye could diffuse from the vesicle
membrane into the surrounding plasma membrane.
However, since we never observed lateral diffusion of
reggie-1/flotillin-2 fluorescence from the vesicle into the
surrounding plasma membrane, we suggest that the
reggie-1/flotillin-2 assembly remains on the vesicle
throughout the docking cycle. These results imply that
reggie-1/flotillin-2 vesicles engage in transient interac-
tions with the plasma membrane only and that exo- and
endocytosis in this pathway are tightly coupled. This is
reminiscent of the kiss-and-run recycling described
recently for caveolin (data not shown and Pelkmans
and Zerial, 2005).

Reggie-1/flotillin-2 vesicle trafficking was independent
of clathrin. Reggie-1/flotillin-2 demarcated plasma
membrane domains which were clearly distinct from
clathrin (Fig. 4C). Moreover, live-cell imaging experi-
ments showed that reggie-1/flotillin-2-EGFP vesicle and
clathrin pit dynamics occurred at distinct cellular sites
(supplementary online material, Movie S2).

To further characterize reggie-1/flotillin-2 vesicle
dynamics, we tested the cholesterol dependence of
reggie-1/flotillin-2 trafficking. Cholesterol depletion
using methyl-b-cyclo-dextrin reduced trafficking density
to less than 60% of control levels (Fig. 4D). Disruption
of microtubules by short incubation with nocodazole
reduced the reggie-1/flotillin-2 trafficking density to less
than 30% of control levels (Fig. 4D). Furthermore,
disruption of microtubules by nocodazole led to a
massive accumulation of reggie-1/flotillin-2-positive
vesicles in the cytosol (Fig. 4E), which was reversed by
Fig. 5. Trafficking of reggie-2/flotillin-1 and stomatin-1 near the pla

tagged full-length reggie-2/flotillin-1 were imaged using TIRF micr

membrane and on many vesicles exhibiting transient ‘‘kiss-and-run

flotillin-2. (B) HeLa cells transiently expressing reggie-1/flotillin-2-E

specific antibodies and imaged using TIRF microscopy. Reggie-1/

plasma membrane. (C, D) HeLa cells transiently expressing stomatin

vesicles exhibited similar trafficking as reggie-1/flotillin-2, but traffi

expressing stomatin-1-EGFP and reggie-1/flotillin-2-HA were fixed

and confocal microscopy. Reggie-1/flotillin-2 and stomatin-1 did not

on intracellular vesicles (F, boxed areas are shown enlarged in G).
nocodazole washout (data not shown). Similar rever-
sible accumulations of intracellular vesicles were ob-
served in Jurkat T cells after disturbance of
microtubules by nocodazole, colchicine or cold shock
(data not shown). Disruption of the actin cytoskeleton
by cytochalasin D treatment also reduced reggie-1/
flotillin-2 trafficking significantly (Fig. 4D), but did not
lead to any accumulation of vesicles in the cell. Thus,
reggie-1/flotillin-2 vesicular trafficking is clathrin-inde-
pendent, but cholesterol and microtubule dependent,
which are characteristics of an unconventional, micro-
domain-mediated trafficking pathway.
Reggie-2/flotillin-1 and stomatin-1 define vesicular

pathways similar to reggie-1/flotillin-2

Reggie-2/flotillin-1 tagged with EGFP at its C-terminus
also showed vesicular cycling again engaging in transient
interactions with the plasma membrane only (Fig. 5A
and supplementary online material, Movie S3), very
similar to reggie-1/flotillin-2. The trafficking density we
observed in TIRF time-lapse sequences was also very
similar to that of reggie-1/flotillin-2 (data not shown).
However, reggie-1/flotillin-2 and reggie-2/flotillin-1 ex-
hibited partial co-localization in HeLa cells. Although
they co-localized in plasma membrane microdomains
(Fig. 5B) and on vesicles inside the cell (data not shown),
some smaller vesicles and some plasma membrane
microdomains were distinctively labeled by only one of
the two reggies/flotillins (Fig. 5C). Reggie-1/flotillin-2 and
reggie-2/flotillin-1 are members of the SPFH-domain
protein family, which include also stomatins, prohibitins,
erlins and podocin (Tavernarakis et al., 1999; Browman et
al., 2006; Rivera-Milla et al., 2006). Stomatin-1-labeled
vesicles also exhibited cycles of transient docking at the
plasma membrane (Fig. 5C), although stomatin-1 vesicles
were less abundant than reggie-1/flotillin-2 vesicles in
steady-state conditions (Fig. 5D). Stomatin-1 microdo-
mains and vesicles at the plasma membrane did not co-
localize with reggie-1/flotillin-2 (Fig. 5E) or reggie-2/
flotillin-1 (data not shown). Inside the cell, however, both
reggie-1/flotillin-2 and stomatin-1 co-localized on larger
vesicles (Fig. 5F). Thus, SPFH-domain proteins like
reggie-1/flotillin-2, reggie-2/flotillin-1 and stomatin not
sma membrane. (A) HeLa cells transiently expressing EGFP-

oscopy. Reggie-2/flotillin-1 localized in clusters at the plasma

’’ interactions with the plasma membrane, similar to reggie-1/

GFP and reggie-2/flotillin-1-HA were fixed, stained with HA-

flotillin-2 and reggie-2/flotillin-1 partially co-localized at the

-1-EGFP were imaged using TIRF microscopy. (D) Stomatin-1

cking density was much lower. (E, F) HeLa cells transiently

, stained with HA-specific antibodies and imaged using TIRF

co-localize at the plasma membrane, but partially co-localized

Bars ¼ 10 mm.
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only form membrane microdomains similar to caveolae
(Langhorst et al., 2005) but they also seem to play a
role in vesicular trafficking like caveolin (Pelkmans and
Zerial, 2005), defining specialized endo- or exocytotic
pathways.
Fig. 6. Reggie-1/flotillin-2 trafficking is stimulated by serum,

EGF and okadaic acid, but inhibited by cell–cell contact

formation. TIRF sequences of reggie-1/flotillin-2 trafficking

were quantified as detailed in ‘‘Material and methods’’. (A, B)

Representative binaries of 51 serum-starved (A) and 53 serum-

stimulated (B) cells from three independent experiments. (C)

Quantitative comparison of the trafficking density in cells

stimulated with serum (n ¼ 53), okadaic acid (100 nM,

n ¼ 29), EGF (30 ng/ml, n ¼ 52), dexamethasone (100 nM,

n ¼ 62), holo-transferrin (50 mg/ml, n ¼ 101) and LDL (50mg/
ml, n ¼ 68) relative to starved control cells (n ¼ 51).

(D) Trafficking was downregulated by cell–cell contact forma-

tion. Cells were transfected with reggie-1/flotillin-2-EGFP and

seeded at different densities. Quantitative comparison of the

trafficking density in 58 cells at low and 58 cells at high density

from three independent experiments are shown. Asterisk (*)

indicates statistical significance (po0.05, Student’s t-test).
Reggie-1/flotillin-2 trafficking is regulated by growth

factors and cell–cell contact formation

Next, we tested whether the cycling of reggie-1/flotillin-
2 vesicles is constitutive or regulated. While we observed
only few vesicular events in serum-starved cells, stimula-
tion with serum significantly increased the number of
vesicles observed in the evanescent field as well as their
mobility (Figs. 6A–C). Inhibition of protein phosphatases
by okadaic acid strongly stimulated reggie-1/flotillin-2
trafficking (Fig. 6C). We tested several serum components
to see whether they are able to stimulate reggie-1/flotillin-2
vesicle trafficking. Epidermal growth factor (EGF)
stimulated reggie-1/flotillin-2 trafficking to a similar extent
as serum (Fig. 6C). The hormone analog dexamethasone,
an agonist of G-protein-mediated signaling did not
significantly change reggie-1/flotillin-2 trafficking (Fig. 6C).
Similarly, lysophosphatidic acid (LPA) stimulation did
also not change reggie-1/flotillin-2 trafficking (data not
shown). As expected, holo-transferrin, a known cargo of
clathrin-coated pits, was without effect on reggie-1/
flotillin-2 trafficking (Fig. 6C). However, incubation
with low-density lipoproteins (LDL), which are known
to be internalized via clathrin-coated pits and represent
a physiological way to load cells with cholesterol, largely
increased reggie-1/flotillin-2 trafficking, again highlight-
ing the cholesterol dependence of reggie-1/flotillin-2
trafficking. Taken together, these data suggest, that
reggie-1/flotillin-2 trafficking is regulated by external
stimuli. This is further supported by our observation
that reggie-1/flotillin-2 trafficking is regulated by cell–
cell contact formation. As described above, we observed
numerous reggie-1/flotillin-2 vesicles in subconfluent
HeLa cell cultures in the presence of serum. However,
in confluent cultures vesicle trafficking was significantly
reduced even in the presence of serum (Fig. 6D),
indicating that upon establishment of cell–cell contacts,
reggie-1/flotillin-2 trafficking is downregulated.

The EGF receptor (EGFR) is normally internalized
via clathrin-coated pits, but temporally resides in
membrane microdomains (Le Roy and Wrana, 2005).
As EGF stimulated reggie-1/flotillin-2 trafficking, we
tested how EGFR internalization and reggie-1/flotillin-2
trafficking are linked. Stimulation of starved cells with
30 ng/ml EGF induced the formation of large EGFR
clusters at the plasma membrane (Fig. 7A) within 5min.
However, these clusters did not significantly overlap
with reggie-1/flotillin-2 microdomains. Within 15min,
EGFR-positive vesicles accumulated inside the cells, but
again, we observed no significant co-localization of
reggie-1/flotillin-2 and EGFR (Fig. 7B). Thus, EGF
stimulates reggie-1/flotillin-2 trafficking indirectly, while
the EGFR is endocytosed via other pathways, i.e.
clathrin-coated pits (Le Roy and Wrana, 2005).
Reggie-1/flotillin-2 vesicles are not involved in

endocytosis of GPI-anchored proteins

So far, our results suggest that reggie-1/flotillin-2 might
be involved in the controlled delivery and retrieval of
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Fig. 7. Reggie-1/flotillin-2 is not involved in EGFR endocytosis. HeLa cells were stimulated with 30 ng/ml EGF for the indicated

times, fixed, stained with EGFR-specific antibodies and imaged using TIRF (A) and confocal (B) microscopy. No significant

co-localization of reggie-1/flotillin-2 and EGFR was observed. Bars ¼ 20mm.
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proteins to and from the plasma membrane by regulated
cycling. We have previously shown that both reggies/
flotillins are closely associated with certain GPI-anchored
proteins (Stuermer et al., 2001, 2004) and a recent
publication implicated reggie-2/flotillin-1 in unconven-
tional endocytosis of GPI-anchored proteins (Glebov
et al., 2006). Therefore, we tested whether reggie-1/
flotillin-2 vesicles are involved in trafficking of GPI-
anchored proteins. Reggie-1/flotillin-2 did not co-localize
with either GPI-CFP(DAF) (CFP fused to the GPI signal
of the decay accelerating factor (DAF)) (Legler et al.,
2005) (data not shown) nor with the differentially localized
GPI-EGFP(PrP) (EGFP fused to the GPI signal of PrPc

from mouse) at the plasma membrane (Fig. 8A) or on
intracellular vesicles (data not shown), ruling out that
reggie-1/flotillin-2 trafficking is generally linked with GPI-
anchored proteins. We have previously shown, that cross-
linking of PrPc in lymphocytes leads to the close
association of PrPc and the reggies/flotillins in plasma
membrane microdomains and to signaling, which is
downregulated by endocytosis of PrPc clusters and the
reggies and transfer to lysosomes (Stuermer et al., 2004).
In some cells, PrPc is thought to be internalized by
caveolae (Peters et al., 2003) which are absent in
lymphocytes, so we tested whether PrPc is endocytosed
via a reggie/flotillin-dependent pathway after cross-linking
in lymphocytes. Immunogold EM of Jurkat T cells after
PrPc cross-linking revealed the accumulation of PrPc in
coated pits (Fig. 8B, enrichment factor 41000) and
vesicles (Fig. 8C) and later in early endosomes identified
by EEA1 labeling (Fig. 8D, enrichment factor 51.4716.2).
In agreement with our results presented above, reggie-1/
flotillin-2 was observed neither in coated pits nor in early
endosomes. PrPc endocytosis after cross-linking was
strongly inhibited by dominant-negative Eps15 (Fig. 8E)
and dynamin (Fig. 8F) mutants as well as by hypotonic
shock (data not shown), proving that in lymphocytes, PrPc

is taken up via clathrin-coated pits, despite its close
association with the reggies/flotillins in plasma membrane
microdomains. The general mechanisms of PrPc endocy-
tosis are still unclear (reviewed in Prado et al. (2004)).
Both, endocytosis via caveolae (Peters et al., 2003), and
uptake via clathrin-coated pits (Shyng et al., 1994;
Sunyach et al., 2003) were described. The absence of
caveolae and the close association of PrPc and the reggies/
flotillins made a reggie/flotillin-mediated uptake of PrPc in
lymphocytes conceivable. But even in lymphocytes, a
reggie/flotillin-mediated PrPc internalization was not ob-
served. Both, reggies/flotillins and PrPc end up in multi-
vesicular bodies (Fig. 8G) after endocytosis from the
signaling macrodomain where PrPc co-clusters with the
reggies/flotillins after cross-linking in lymphocytes, but our
results show that PrPc is taken up via clathrin-coated pits,
while the reggies/flotillins do not enter this pathway. Thus,
both PrPc and the reggies/flotillins must reach the
lysosomal compartments via different pathways.
Discussion

Our data demonstrate, that early trafficking of reggie-
1/flotillin-2 is Golgi-dependent and that signals for



Fig. 8. Reggie-1/flotillin-2 is not involved in endocytosis of GPI-GFP or PrPc. (A) HeLa cells transiently expressing EGFP-

GPI(PrP) and reggie-1/flotillin-2-HA were fixed, stained with HA-specific antibodies and imaged using TIRF microscopy. EGFP-

GPI clustered at the plasma membrane, but occupied domains distinct from those formed by reggie-1/flotillin-2. (B, C) Jurkat T cells

were stimulated by antibody-mediated PrPc cross-linking and processed for immunogold EM as detailed in ‘‘Material and

methods’’. PrPc (10-nm gold, large arrowheads) is endocytosed via coated pits (B) and endocytic vesicles (C), while reggie-1/flotillin-

2 (5-nm gold, small arrowheads) is excluded from these structures. (D) PrPc (10-nm gold, large arrowheads) is then found in early

endosomes marked by EEA1 staining (5-nm gold, small arrowheads). (E) Transient transfection with a dominant-negative Eps-15

mutant (green) inhibits PrPc endocytosis after antibody-mediated cross-linking. PrPc (red) stays clustered at the plasma membrane,

but is readily internalized in control-transfected cells. (F) Transient transfection with a dominant-negative dynamin mutant (green)

similarly inhibits PrPc (red) endocytosis after cross-linking. (G) Both PrPc (10-nm gold, large arrowheads) and reggie-1/flotillin-2 (5-

nm gold, small arrowheads) are associated with the same multivesicular body. Bars ¼ 10 mm (A), 0.1 mm (B–D, G), 5 mm (E, F).
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Golgi association and transit are encoded in the amino
acid sequence of reggie-1/flotillin-2. At the plasma
membrane, reggie-1/flotillin-2 exhibited vesicular cycling
regulated by cell–cell contact formation, cholesterol
loading and growth factors. This pathway was, however,
not involved in endocytosis of the EGFR nor of GPI-
anchored proteins like GPI-EGFP or PrPc, even though
reggie/flotillin is known to closely associate with PrPc
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and other GPI-anchored proteins. The reggie-1/flotillin-
2-related proteins reggie-2/flotillin-1 and stomatin-1
exhibit vesicular behavior similar to reggie-1/flotillin-2,
but at distinct sites of the plasma membrane, suggesting
that regulated vesicular cycling might be a general
feature of SPFH-domain proteins.
Golgi-dependent trafficking of reggie-1/flotillin-2

Our results suggest Golgi-dependent early trafficking
of reggie-1/flotillin-2. Reggie-1/flotillin-2 is myristoy-
lated at Gly2 (Neumann-Giesen et al., 2004). Myristoy-
lation is generally thought to occur co-translationally,
thus rendering the protein prone to membrane interac-
tion early during biosynthesis (Farazi et al., 2001). Thus,
reggie-1/flotillin-2 might associate with membranes of
the secretory pathway co-translationally, explaining the
Golgi-dependent transport of freshly synthesized pro-
tein. Reggie-1/flotillin-2 is additionally palmitoylated
predominantly at Cys4 and to a lower extent at Cys19
and Cys20 (Neumann-Giesen et al., 2004). Palmitoyla-
tion occurs post-translationally and apparently at
different subcellular locations (Huang and El-Husseini,
2005), but many of the DHHC proteins involved in
palmitoylation reside in the Golgi complex (Huang et
al., 2004; Keller et al., 2004; Huang and El-Husseini,
2005; Rocks et al., 2005). Palmitoylation of reggie-1/
flotillin-2 might therefore occur during its transit
through the Golgi. Golgi exit is somehow linked to the
presence of the SPFH domain, as mutants lacking this
domain accumulate at the Golgi complex. Therefore,
protein interactions mediated by the SPFH domain
apparently regulate Golgi exit. We have recently shown
that the SPFH domain of reggie-1/flotillin-2 interacts
with filamentous actin and that this interaction is crucial
for reggie-1/flotillin-2 localization and mobility at the
plasma membrane (Langhorst et al., 2007). One could
envision that interaction with actin is also important for
reggie/flotillin vesicle trafficking and the localization
and mobility of reggie/flotillin-coated vesicles, both at
the Golgi and at the plasma membrane, where we
observed hot-spots of reggie/flotillin trafficking, which
where often aligned along cytoskeletal structures. Our
results are consistent with Golgi-dependent biosynthetic
trafficking of reggie-1/flotillin-2. However, we cannot
formally exclude retrograde trafficking to and retro-
grade accumulation of the deletion mutants at the
Golgi.

Golgi-dependent trafficking of reggie-1/flotillin-2 is in
apparent contradiction to a report on Golgi-indepen-
dent trafficking of reggie-2/flotillin-1. However, reggie-
2/flotillin-1 is not myristoylated, but palmitoylated
mainly at Cys34 (Morrow et al., 2002; Langhorst
et al., 2005). Thus, reggie-2/flotillin-1 interaction with
membranes is regulated post-translationally. Being
anchored to membranes via reversible palmitoylation
opens up non-vesicular pathways for reggie-2/flotillin-1,
which are most probably inaccessible for the irreversibly
myristoylated reggie-1/flotillin-2. In addition, different
localizations and/or expression of palmitoylation en-
zymes might also explain the different trafficking path-
ways reported for reggie-2/flotillin-1 in HeLa (Golgi
dependent) (Gkantiragas et al. (2001) and our own data)
and BHK cells (Golgi independent) (Morrow et al.,
2002).
Regulated vesicular cycling of reggie-1/flotillin-2 at

the plasma membrane

Cycling of reggie-1/flotillin-2 was stimulated by serum
and EGF as well as by phosphatase inhibitors, but
inhibited by cell–cell contact formation, suggesting that
reggie-1/flotillin-2 cycling is regulated by the integration
of cellular signaling pathways. This fits well with a
recent report showing that plasma membrane localiza-
tion of reggie-1/flotillin-2 can be regulated by tyrosine
phosphorylation (Neumann-Giesen et al., 2007). How-
ever, in contrast to the study above, where the EGFR
was found to co-localize with reggie-1/flotillin-2 in
endocytic vesicles, our data suggest that reggie-1/
flotillin-2 vesicles are not involved in EGFR endocy-
tosis. We never observed significant co-localization
between EGFR and reggie-1/flotillin-2. Reggie-1/flotil-
lin-2 trafficking was dependent on cholesterol. Choles-
terol extraction reduced, while cholesterol loading
increased vesicle trafficking. Whether reggie-1/flotillin-
2 vesicles need cholesterol to be functional or whether
they are involved in cholesterol transport through the
cell remains to be investigated.

GPI-anchored proteins in general are proposed to be
a cargo for unconventional, microdomain-mediated
endocytosis (Nichols, 2002). Reggie-2/flotillin-1 was
recently shown to be involved in endocytosis of CD59
(Glebov et al., 2006). However, different GPI-anchored
proteins behave differently and have different prefer-
ences for plasma membrane microdomains (Madore
et al., 1999; Li et al., 2003). We did not observe a general
association of reggie-1/flotillin-2 with either GPI-FPs or
with PrPc, suggesting that the reggies/flotillins are either
not generally involved in the endocytosis of GPI-
anchored proteins or used only by a specific subset of
GPI-anchored proteins.

Reggie-1/flotillin-2, reggie-2/flotillin-1 and stomatin-1
showed similar vesicle dynamics at the plasma mem-
brane. Localization and characteristics of their vesicular
trafficking suggest that the reggies/flotillins define
similar and sometimes distinct membrane domains and
vesicles. Both reggies/flotillins can form homo- as well as
hetero-oligomers (reviewed in Langhorst et al. (2005)).
Thus, while the distinct microdomains and vesicles
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might represent homo-oligomers of either protein, the
mixed domains and vesicles might represent hetero-
oligomers. It is tempting to speculate, that microdo-
mains and vesicles with reggie/flotillin homo- and
hetero-oligomers might serve similar functions but
interact with separate sets of proteins. However, a
recent publication has claimed that co-assembly of both
reggies/flotillins is necessary for membrane invagination
and vesicle budding, suggesting that reggie/flotillin
oligomers actually act as vesicle coat (Frick et al.,
2007). Further studies will be needed to investigate the
role of reggie/flotillin homo- and hetero-oligomers in
trafficking. Stomatin-containing microdomains and
vesicles might serve again similar functions for other
sets of proteins. As stomatin-1 trafficking was quite low
under standard culture conditions, stomatin trafficking
might be important only in special situations. However,
all three pathways partly converged on common
intracellular compartments, again suggesting that they
are variations on a common theme. More work is
needed to clarify the exact role of each of these pathways
alone and in combination.

Regulated cycling of membrane proteins enables cells
to rapidly modulate protein levels at the plasma
membrane. Changes in the cycling rate of a vesicular
pathway will immediately affect the distribution of its
associated proteins between intracellular compartments
and the plasma membrane (Royle and Murrell-Lagnado,
2003). This mechanism enables neurons to rapidly
translocate large numbers of the cation channel TRPC5
from vesicles held in reserve in the cytosol to the plasma
membrane upon growth factor stimulation (Bezzerides et
al., 2004). Another example of a protein regulated by
cycling between the plasma membrane and intracellular
storage vesicles is the glucose transporter Glut4 – insulin
stimulates its insertion into the plasma membrane of
adipocytes or muscle cells from an intracellular vesicular
pool (Dugani and Klip, 2005). Interestingly, reggie-2/
flotillin-1, which exhibits kiss-and-run cycling at the
plasma membrane (our experiments presented above),
was repeatedly implicated in Glut4 trafficking both in
adipocytes (Baumann et al., 2000; Kimura et al., 2001)
and muscle cells (Fecchi et al., 2006). While the work in
adipocytes concentrated on the biochemical character-
ization of a reggie-2/flotillin-1-dependent activation of
TC10 (Baumann et al., 2000; Kimura et al., 2001), a
recent report in muscle cells investigated the subcellular
localization and association of Glut4 and reggie-2/
flotillin-1. This work shows a translocation of reggie-2/
flotillin-1- and Glut4-containing domains to the plasma
membrane upon insulin stimulation (Fecchi et al., 2006),
suggesting that the reggies/flotillins might be involved in
regulating plasma membrane Glut4 levels by regulated
cycling.

The scaffolds provided by the SPFH-domain proteins
reggie-1/flotillin-2, reggie-2/flotillin-1, stomatin-1 and
putatively others might therefore serve a dual function,
similar to the functions assigned to caveolae, i.e. they
not only build stable membrane domains for protein
complex assembly and signaling, but also act as
recruitment factors for specialized vesicular pathways.
Understanding these different pathways in detail may
shed new light on pathogen entry pathways or open up
new routes of drug delivery.
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