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Abstract. Reggie/flotillin proteins are considered to be
components of lipid rafts and are commonly used as
marker proteins for lipid microdomains. Yet almost a
decade after their discovery, the function of reggies/
flotillins is still enigmatic. In this review we summarize
the present state of knowledge on reggie/flotillin structure,
localization and function, and discuss the role of the pro-
teins in development and disease. Based on insights into
reggie/flotillin function and by comparison with relat-
ed proteins of the so-called SPFH (Stomatin/Prohibitin/

Flotillin/HfIK/C) protein family, including stomatin, po-
docin and prohibitin, we propose the existence of specific
types of protein-defined microdomains which are sculpt
by the clustering of individual SPFH proteins. As ‘spe-
cialized rafts’ similar to caveolae, these membrane do-
mains provide platforms for the recruitment of multipro-
tein complexes. Since, under certain circumstances, reg-
gie-2/flotillin-1 translocates to the nucleus, reggie/
flotillin microdomains are not only stable scaffolds but
also dynamic units with their own regulatory functions.
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Discovery of reggie/flotillins

“Third time is a charm’ the saying goes, and accordingly,
reggie/flotillin proteins were independently ‘discovered’
three times. Madeleine Duvic and co-workers were the
very first to discover part of one of the proteins during a
screen for the antigen of the monoclonal antibody ECS-1
in 1994. They identified a complementary DNA (cDNA)
coding for a N-terminally truncated version of reggie-
1/flotillin-2 of 42 kDa (see below), which they called epi-
dermal surface antigen (ESA) [1]. This name was later
abandoned, as it was shown that this protein is not the true
antigen recognized by ECS-1 [2]. In a screen for proteins
upregulated in retinal ganglion cells during axon regener-
ation after optic nerve lesion in goldfish, we identified in
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1997 two proteins of 47 kDa which we called reggie-1
and -2 [3, 4]. In the same year Michael Lisanti’s group
identified two proteins associated with the ‘floating’ lipid
raft fraction from mouse lung tissue which they called
flotillin-1 (= reggie-2) and flotillin-2 (= reggie-1) [5]. Al-
though flotillins became the more commonly used name
for the proteins, we will stick with reggie-1 and -2, since
we believe that our names and numbers are more appro-
priate in light of the physiological relevance of the two
proteins.

Structure of reggies

Reggie proteins are highly conserved, with about 64%
homology between fly and man [6, 7]. Reggie-like pro-
teins even exist in some bacteria, plants and fungi
(8, 9].
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Figure 1. Alignment of reggie-1 and -2 with SPFH proteins and comparison with caveolin. The SPFH and flotillin domains are indicated;
acylation sites, hydrophobic domains and EA repeats are shown as structural features.

In humans, the gene encoding reggie-1 is located on chro-
mosome 17 (17q11-12) [10]. It is a single-copy gene con-
sisting of 11 exons giving rise to a protein of 47 kDa. The
human reggie-2 gene is a single-copy gene located on
chromosome 6 (6p21.3). It encompasses 15 kb with
13 exons coding for a protein of 47 kDa [8]. Reggies are
considered to belong to the SPFH (Stomatin/Prohibitin/
Flotillin/HfIK/C) protein superfamily, whose members
share a domain of similar sequence but unknown func-
tion, the so-called SPFH domain at their N-terminus [11].
In contrast to other SPFH proteins, the C-terminus of reg-
gies harbors a unique flotillin domain, which is charac-
terized by several repeats of glutamic acid and alanine
(EA repeats) and which is predicted to potentially form
coiled coil structures (fig. 1) [1, 5].

In contrast to earlier reports, reggies do not possess a
transmembrane domain. Both C- and N-termini face the
cytosol [12, 13]; the hydrophobic region might interact
with but apparently does not span the membrane. An-
choring to the cytoplasmic leaflet of membranes is ac-
complished by acylation. Reggie-1 is myristoylated at
Gly2 and palmitoylated mainly at Cys4 and to a minor de-
gree at Cys19 and Cys20 [14]. Reggie-2 lacks a myris-
toylation site but is palmitoylated at Cys34 [12] and po-
tentially also at Cys5 and Cysl17.

Recently, the three-dimensional structure of the SPFH
domain of reggie-1 was solved [15] and is available in
MMDB [16]. This structure encompasses the region from
aa 43 to aa 173 and indicates that the SPFH domain of
reggies is a compact, ellipsoid-globular structure con-
taining four to five alpha helices and six beta strands. The
flotillin domain, which has not yet been solved, is pre-
dicted to harbor several alpha helices, some of which
might be involved in coiled coil formation.

The C-terminal part of reggie-1 is essential for the for-
mation of homo- and most probably also hetero-
oligomers ([14] and our own unpublished observations)
which may be mediated by coiled coils in the region of
the EA repeats. Chemical cross-linking experiments
demonstrated that the smallest building block of reggie
oligomers are tetramers; smaller oligomers are not de-
tectable [G. Solis and C. A. O. Stuermer, unpublished ob-
servations].

The initial description of reggie-1 as a 42-kDa cytosolic
protein raises the question whether this and perhaps other
splice variants exist. Indeed, expressed sequence tag
(EST) database searches yield multiple tags for this N-
terminally truncated form lacking the membrane anchor.
However, we and others have not found any major splice
variants of reggie-1 in western blots or reverse transcrip-
tion-polymerase chain reactions (RT-PCRs) of various
mammalian cell lines or tissues [8, 17]. In a recent report,
a splice variant of reggie-2 based on ESTs was proposed,
which lacks exon 4 [18]; but again, a major expression of
such a variant in mammalian cells has so far never been
observed. However, two variants of reggie-1 were re-
cently reported in Drosophila, differing in 39 bp encoded
by a short, alternatively spliced exon. These two splice
variants are differentially expressed during development,
with the longer form being predominantly expressed dur-
ing embryonic and larval development, while the shorter
variant predominates in the adult fly [M. Hoehne, H. G.
de Couet, C. A. O. Stuermer and K. F. Fischbach, unpub-
lished observations].

Due to sequence similarities reggies are considered mem-
bers of the SPFH protein family, including stomatin,
podocin, prohibitin and the bacterial HfIK/HfIC proteins
[11]. A recent analysis of the evolutionary relationships



between all SPFH proteins showed that the observed
sequence similarities in the SPFH domain must have
arisen by convergent evolution [E. Rivera-Milla, C. A. O.
Stuermer and E. Malaga-Trillo, unpublished observa-
tions]. Several structural hallmarks are remarkably simi-
lar among all SPFH proteins (fig. 1). They share a hy-
drophobic domain in their N-terminus which is often pre-
ceeded by a palmitoylation site. In case of reggies,
stomatin and podocin, this hydrophobic domain does not
span the membrane but is suggested to form a horseshoe-
like structure, with both N- and C-termini facing the cy-
tosol [12, 13, 19-21], while prohibitin possesses a trans-
membrane domain. Similarly, all SPFH proteins share a
stretch of EA repeats in their C-termini, which is ex-
tended by the flotillin domain in case of reggies. The first
EA repeat at the end of the SPFH domain (the only EA re-
peat in other SPFH proteins) was shown to be essential
for oligomerization of stomatin [22]. The formation of
oligomers is another hallmark shared by all SPFH pro-
teins. Oligomers were shown for stomatin [22], podocin
[21] prohibitin [23, 24] and reggies [14].

These similar structural features suggest a related func-
tion for all SPFH proteins. Considering their widespread
distribution, their function is supposed to be basic and
important. Interestingly, the structural hallmarks de-
scribed above are reminiscent of an unrelated protein —
caveolin. Although quite different in domain structure,
caveolin is predicted to adopt a hairpin-like structure with
a central hydrophobic domain interacting with but not
spanning the membrane, and both N- and C-termini fac-
ing the cytosol [25]. It is palmitoylated on multiple cys-
teine residues [26], and it forms oligomers [27]. These
oligomers are supposed to form the structural scaffold
of caveolae, a well-defined subtype of lipid microdo-
mains important for signaling, specialized endocytotic
processes and transcytosis [28].

Subcellular localization and trafficking of reggies

In single cells reggies are most prominently found at the
plasma membrane, where they associate with the inner
leaflet via acylations (fig. 2A) [14]. Being insoluble in
Triton-X-100 and other commonly used non-ionic deter-
gents at 4 °C, reggies are considered bona fide raft pro-
teins and are often used as raft markers. But unlike many
other proteins considered to be raft-associated, reggies
form stable clusters at the plasma membrane readily ob-
servable by electron microscopy and immunogold or di-
aminodenzidine (DAB)-based staining (fig. 2B) [4, 29,
30]. Reggie clusters are surprisingly uniform in size, with
an estimated diameter of 100 nm [29, 30], and consist
most probably of reggie-1 and -2 homo- and hetero-
oligomers. They are quite widely spaced along most of
the plasma membrane but become more closely spaced at

cell-cell contact sites and after crosslinking of associated
cell surface molecules such as glycosylphosphatidylino-
sitol (GPI)-anchored Thy-1 or PrP¢ [29, 31].

Although it was repeatedly claimed that reggies reside
within caveolae [5, 32], we and others have convincingly
shown that reggie clusters are distinct from caveolae.
First of all, reggies are expressed and reggie clusters are
detected in cell types which do not express any caveolins
— most importantly neurons and lymphocytes [4, 29];
caveolins and reggies show distinct expression patterns
both in adult tissues [33] and in developing organisms
[34]. Even in cells that do express both caveolin and reg-
gies, reggie microdomains are clearly distinct and located
outside of caveolae [4, 29, 35].

In addition to their preferred localization at the plasma
membrane, reggies can be found at various vesicular
compartments inside the cell. In many cell types, a promi-
nent localization of both reggie proteins at the pericen-
trosomal region is observed, sometimes overlapping with
recycling endosomes (fig 2A) ([17, 36] and our own un-
published observations). Reggies also co-localize with
markers for lysosomes [31] and are found in multi-vesic-
ular bodies [37, 38]. Like other raft-associated proteins,
they also localize to lipid-rich droplets (lipid bodies)
[39, 40].

Although the localization pattern of reggie-1 and -2 is
largely overlapping in many cell types, specific differ-
ences in some cell types and on particular organelles are
observed. In many cells, reggie-2 is found more promi-
nently on intracellular organelles than reggie-1. In 3T3
fibroblasts, reggie-2 is predominantly found on intracel-
lular granules but relocates to the plasma membrane
upon differentiation to adipocytes [41]. Similarly, in
RAW 264.7 macrophages (which despite a contrary re-
port [42] express both reggies), reggie-2 is almost exclu-
sively found on intracellular vesicular organelles while
reggie-1 is found predominantly at the plasma mem-
brane [our own unpublished observations]. In phagocytic
cells reggie-2 was also observed on phagosomes [43],
where it accumulates during maturation of the phago-
some by fusion with endosomes [44]. The most impor-
tant difference concerning the localization of the two
reggies seems to be the translocation of reggie-2 to the
nucleus. In a recent report, Santamaria et al. have de-
scribed a cell-cycle-dependent translocation of reggie-2
and PTOV-1 to the nucleus, the nuclear localization of
both proteins being most pronounced at the beginning of
S-phase [45]. Reggie-1, however, was not observed to
translocate to the nucleus in this study [45]. This matches
our own observation that reggie-2 can sporadically be
found in the nucleus of e.g. PC12 cells [our own unpub-
lished observations]. The function of reggie-2 in the nu-
cleus is currently unclear. It did not localize to any struc-
ture identifiable in the electron microscopy, but reggie
overexpression had a mitogenic effect in PC3 cells [45].
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Figure 2. (4) Confocal image of a PC12 cell stained with monoclonal antibody against reggie-1. Reggie-1 is detected in puncta along the
plasma membrane and additionally at the centrosome (bar, 5 um); (B) grazing section of the plasma membrane of a PC12 cell with double
immunogold labeling of reggie-2 (10-nm gold grains) and GPI-anchored Thy-1 (5-nm gold grains) after in vivo crosslinking of Thy-1. Note
the labeling of =0.1-um-large microdomains, where both proteins are clustered (bar, 0.1 pm, reprinted from Molecular Biology of the Cell
(Mol. Biol. Cell (2001) 12: 3031-3045) with permission by the American Society for Cell Biology); (C) model of reggie scaffolds with as-
sociated proteins. Reggie oligomers serve as stable scaffolds for multiprotein complex assembly. The reggie clusters are anchored to the
actin cytoskeleton but also recruit the machinery for regulation of the cytoskeleton.

Taken together, these data suggest that reggie-1, being ir-
reversibly myristoylated, is the more immobile of the
two, residing predominantly at the plasma membrane.
The reversibly palmitoylated reggie-2, on the other hand,
seems to be more versatile, shuttling between the plasma
membrane and various intracellular organelles. Thus, the
common usage of reggie-2/flotillin-1 as a marker protein
for plasma membrane lipid rafts is questionable.

Conflicting reports exist about the biosynthetic pathway
of reggies. Gkantiragas et al. described sphingomyelin-
enriched microdomains at the Golgi complex in NRK,
CHO and HeLa cells which contained reggie-2 [13]. Reg-
gie-2 localization at the plasma membrane was shown to
be Brefeldin A-sensitive, indicating that reggie-2 travels
through the Golgi in its biosynthetic pathway and be-
comes detergent-resistant on its way. However, Morrow
et al. showed that trafficking of reggie-2 is Brefeldin A-
and Sarl-insensitive in BHK cells [12], suggesting a
Golgi-independent trafficking pathway similar to K-Ras,

F3/Contactin or TC10 [46-48]. Reggie-1 trafficking is
BFA-sensitive in Jurkat T and PC12 cells, and although
overexpressed full-length protein localizes to the Golgi
complex only to a minor extent, mutants with deletions in
the SPFH domain accumulate in the region of the Golgi
complex [our own unpublished observations]. Due to
their relatively small size and lack of transmembrane do-
mains or signal sequences, reggies associate with mem-
branes via co- or post-translational modifications such as
reversible palmitoylation and, in case of reggie-1, myris-
toylation. So it is conceivable that reggies might use both
Golgi-dependent and -independent vesicular or even non-
vesicular pathways to reach the plasma membrane or
other intracellular membranes.

Very little is known about the endocytic trafficking of
reggies. Although they are localized at recycling endo-
somes [36], lysosomes and multivesicular bodies [31, 37,
38], we so far never succeeded in capturing and charac-
terizing the first transient events of a presumptive vesic-



ular endocytosis. They do not localize to clathrin-coated
pits, even after cross-linking of associated cell surface
molecules which are contained in coated pits, and they
are not found in EEA-1-positive early endosomes either
at the electron or light microscopic level in various cell
types [our own unpublished observations]. But given
their prominent localization on vesicular compartments
implicated in recycling, they might use a non-conventio-
nal endocytic pathway.

There are several ways by which reggie localization
might be regulated. The reversibility of palmitoylation
[49] of both reggies can regulate their affinity for mem-
branes, especially in case of reggie-2, which is not myris-
toylated. Moreover, reggie function might be regulated by
proteolytic cleavage, since calpain-mediated cleavage of
reggie-1 but not reggie-2 in platelets was reported [50].

Tissue distribution and expression
during development

All stable cell lines we have tested so far express at least
reggie-1. Reggie-2 exhibits a more restricted expression,
but is still widely expressed. The stability of reggie-2 is
strongly linked to the presence of reggie-1, as downregu-
lation of reggie-1 by specific small interfering RNAs
(siRNAs) in mammalian cell lines reduces protein levels
of reggie-2. On the other hand, siRNAs-mediated knock-
down of reggie-2 does not impair reggie-1 stability [M.
Hoegg, A. Reuter, M. F. Langhorst et al., unpublished ob-
servations]. Furthermore, Drosophila reggie-1 knock-out
mutants lose reggie-2 protein [M. Hoehne, H. G. de
Couet, C. A. O. Stuermer and K. F. Fischbach, unpub-
lished observations]. These observations suggest that the
stability of reggie-2 requires the presence of reggie-1, but
reggie-1 can exist without reggie-2.

Expression of reggies during differentiation was investi-
gated in several cell culture models. In 3T3 fibroblasts
reggie-2 expression is apparently upregulated during
the formation of cell-cell contacts [18]. Differentiation
of osteoclasts induces strong upregulation of reggie-2
expression [51]. Reggie-1 expression is upregulated
during in vitro differentiation of C2C12 skeletal my-
oblasts [32]. During differentiation of 3T3 fibroblasts to
adipocytes, reggie-2 expression is enhanced while reg-
gie-1 expression remains unchanged [5], and reggie-2
translocates from intracellular compartments to the
plasma membrane [41]. In contrast, differentiation of
PC12 cells does not affect the expression of either reg-
gie [32]. Thus, reggie expression seems to increase dur-
ing differentiation of various cells in culture. Moreover,
both reggies are strongly upregulated by retinal ganglion
cells during axon regeneration after optic nerve lesion
[3, 4].

There are only two comprehensive reports on reggie ex-
pression during development in vertebrates. Due to
genome duplication in fish, there are two copies of each
reggie gene in zebrafish [7], but one reggie-1 gene was
rendered non-functional during evolution. In good corre-
lation to the ubiquitous expression in stable cell lines,
reggie-1la, reggie-2a and -2b are expressed ubiquitously
during the early stages of zebrafish development [52].
Upon segmentation, the expression pattern becomes
more restricted. Reggie-2a is expressed in differentiating
neurons in the brain, spinal cord and neurogenic pla-
codes, while reggie-2b is expressed in head mesoderm,
neural crest derivatives and along somite boundaries.
Reggie-1a is highly expressed in domains overlapping
with the expression pattern of both reggie-2 genes, except
at the somites where it complements the pattern of reggie-
2b. Immunostainings using reggie antibodies stain all
fiber tracts in the developing nervous system [52], indi-
cating involvement of reggie-1a and -2a in neuronal dif-
ferentiation as expected, due to their identification in re-
generating axons.

Morpholino knock-down of reggie expression in the de-
veloping zebrafish leads to severe morphological defects
starting early during gastrulation. This emphasizes the
important role of reggies during early development
[E. Riviera-Milla, E. Malaga-Trillo and C. A. O. Stuer-
mer, unpublished observations].

An expression pattern similar to the one observed in ze-
brafish was reported for reggie-2 in the developing Xeno-
pus [34]. Due to the partial duplication of the Xenopus
laevis genome, there are also two copies of the reggie-2
gene in frogs. Both genes are highly and ubiquitously
expressed during early stages of development. During
neural plate formation, expression is enhanced in the
neural ectoderm and later on in the neural tube. From late
tailbud stages on, the two reggie-2 genes are differentially
expressed. Flotillin-1a (reggie-2a) is expressed in several
neural crest derivates, including the olfactory pit and cra-
nial ganglia, and in the dorsal regions of the neural tube,
including the primary neurons in the dorsal spinal cord.
Flotillin-1b (reggie-2b) expression is restricted to small
domains of the dorsal neural tube, and a low level of ex-
pression is found in the branchial arches [34]. Unfortu-
nately, the expression pattern of reggie-1 was not investi-
gated in this study.

In Drosophila, reggie-1 and -2 are highly expressed in the
developing and adult nervous system [6] with particularly
high expression in axons at the root of fiber tracts where
strong fasciculation is required. Misexpression of reggie-
1 and -2 in the eye imaginal disc leads to severe mistar-
geting of specific cell-adhesion molecules of the immun-
globulin superfamily (IgCAMs), resulting in an irregular
ommatidial pattern. Similarly, misexpression in the wing
imaginal disc leads to extension of the wingless signal
and disrupts normal wing development [M. Hoehne,



H. G. de Couet, C. A. O. Stuermer and K. F. Fischbach,
unpublished observations].

There are no comprehensive studies on the expression of
reggies in adult organisms, but reggie-1 is apparently
widely expressed in many different tissues, with particu-
larly high expression in brain, while reggie-2 expression
is slightly more restricted [5, 32, 52].

In summary, reggie expression seems to be essential for
all cells in culture and during early stages of develop-
ment. The available data on interference with reggie func-
tion during development from zebrafish and flies point to
an important role of reggies in regulating formation of
correct cell-cell contacts during morphogenesis. During
later developmental stages and in the adult organism, reg-
gies are still widely expressed but with a particularly high
expression in the central nervous system.

Cellular function of reggie proteins

Despite their ubiquitous expression and their evolutionar-
ily high conservation, the function of reggies is still un-
clear. They have been implicated in signal transduction,
vesicle trafficking and cytoskeleton rearrangement, and a
variety of proteins have been shown to interact with reg-
gies.

Reggies were isolated by co-immunoprecipitation with
the monoclonal antibody M802, which was later shown to
recognize the fish homologue of Thy-1 [3, 4, 53]. Fish
Thy-1 co-localizes with reggies [54]. The close associa-
tion with Thy-1 is conserved in different mammalian cell
types such as PC12 and lymphocytes [29]. Remarkably,
reggies also co-localize and can be co-immunoprecipi-
tated with other GPI-anchored proteins, such as F3/con-
tactin [29] and PrP¢ [31]. This suggests involvement of
reggies in signal transduction by GPI-anchored proteins
across the plasma membrane. Accordingly, reggies seem
to be quite closely associated with the Src-family kinases
Ick and fyn [29, 41, 42], as shown by both co-immuno-
precipitation and co-localization at the light microscopic
(LM) and electron microscopic (EM) level. Several large
transmembrane proteins have also been co-immunopre-
cipitated with reggies, including ABCA1 [55], an ABC
transporter implicated in cholesterol transport to high-
density lipoprotein particles. Co-immunoprecipitation
of the thrombin receptor PAR-1 with reggie-1 from
melanoma cell lines [56] and identification of an interac-
tion between neuroglobin and reggie-2 in a yeast two-hy-
brid screen [57] suggest a function of reggies in G-pro-
tein-coupled receptor signaling.

Considering the identification of reggies as proteins up-
regulated during axon regeneration, control of cytoskele-
tal dynamics seems a good guess for reggie function. In-
deed, overexpression of full-length reggie-1 or of the cy-
tosolic 42-kDa variant induces filopodia formation in

several cell types [2, 14]. A direct link between reggies
and regulation of the actin cytoskeleton was reported by
Kimura et al., who described the direct interaction be-
tween the sorbin homology (SoHo) domain present in
adaptor proteins of the vinexin family and reggie-2 [58].
The vinexin family of adaptor proteins consists of
vinexin-a and -, CAP/ponsin (c-Cbl-associated protein)
and ArgBP2 [59]. These ubiquitously expressed proteins
are characterized by one SoHo domain at their N-termi-
nus and three SH3 domains in their C-terminal region.
While the SoHo domain provides the means of membrane
recruitment via its interaction with reggies, the vinexin
family proteins bind to a variety of proteins via their SH3
domains, e.g. to the ubiquitin-ligase and adaptor protein
c-Cbl, the tyrosine kinase c-Abl and main regulators of
cytoskeletal dynamics such as vinculin, afadin and the
regulators of small GTPases Grb4 and Sos [59]. Thus, via
interaction with vinexin family members, reggies might
recruit multiprotein signaling complexes to membrane
microdomains to direct cytoskeletal dynamics. Reggie-
dependent recruitment of a CAP/c-Cbl complex was
shown to be essential for the insulin-receptor-stimulated
insertion of Glut4 glucose transporters into the plasma
membrane. CAP-mediated recruitment of Cbl into lipid
rafts stimulates the cdc42 family GTPase TC10 via
a CrklI-C3G complex, and this pathway necessarily
amends the well-known phosphatidylinositol-3(PI3)-ki-
nase-dependent signaling pathways downstream of the
insulin receptor [58, 60]. Similarly, the recruitment of a
Cbl/Pyk2 complex to plasma membrane microdomains
was shown to be essential for neuritogenesis in differen-
tiating PC12 cells [61]. A role of reggies in the control of
cytoskeletal remodeling might thus account for the ob-
served upregulation of reggies during differentiation (see
above).

Reggies seem to play an essential role in T cell activation
by controlling the assembly of signaling complexes and
cytoskeletal rearrangements necessary for prolonged sig-
naling to occur after T-cell-receptor (TCR) stimulation.
Both reggies are expressed in B and T lymphocytes [17,
29]. In T cells, reggie-1 and -2 are associated with the
Src-kinases Ick and fyn as shown by co-immunoprecipi-
tation [29, 31, 42, 62]. Reggie-2 binds fyn regardless of
its activity, as it also binds to the kinase-dead mutant [41].
Furthermore, reggies are associated with the adaptor pro-
tein LAT [42]. The association with LAT and Ick appar-
ently increases after CD3/CD28 co-stimulation of the
cell; furthermore vimentin and IKKf associate with reg-
gie complexes after activation of the cell [42, 62]. Both in
stable cell lines and in peripheral lymphocytes, reggie-1
and -2 exhibit a strikingly polarized localization in rest-
ing cells, accumulating in one aspect of the cell forming
a ‘preformed cap’ [31, 63]. Using fluorescence recovery
after photobleaching (FRAP), we recently showed that
reggie-1 is essentially immobilized in the region of the



preformed cap, although it is highly mobile at the rest of
the plasma membrane or at the plasma membrane of other
cells [M. F. Langhorst, A. Reuter, G. Luxenhofer et al.,
unpublished observations]. The preformed reggie cap is
therefore a stable preassembled platform conferring in-
herent polarity to these cells which are widely considered
as unpolarized before activation. Stimulation of the cells
by cross-linking of cell surface components leads to ac-
cumulation of signaling molecules such as Ick, LAT and
the TCR/CD3 complex in the region of the preformed
reggie cap [31, 63], reflecting the increased biochemical
association. The assembly of the TCR signaling machin-
ery is thought to be mediated by fusion of small, dynamic
rafts into one stable macrodomain [64]. Translocation to
the cap region and macrodomain assembly is an active
process regulated by dynamic reorganization of the cy-
toskeleton [65-67]. Expression of a deletion construct
that interferes with reggie oligomerization inhibits
macrodomain assembly and leads to severe defects in cy-
toskeletal rearrangements induced by stimulation of the
cell with a mitogenic lectin [M. E. Langhorst, A. Reuter,
G. Luxenhofer et al., unpublished observations]. Thus,
the preformed caps provided by reggies are an essential
organizing center for T cell activation. They apparently
act as priming platforms for macrodomain assembly and
control the necessary remodeling of the cytoskeleton via
their close association with fyn and potentially members
of the vinexin family.

Reggie proteins in health and disease

Lipid rafts have been implicated in a variety of patholog-
ical conditions ranging from atherosclerosis to Ebola
infection [68]. Entry of different viruses and other
pathogens also occurs via lipid rafts, the most prominent
example being the binding of human immunodeficiency
virus (HIV) gp120 to CD4 and chemokine receptors,
which leads first to raft clustering and then to fusion of
the virus envelope with the plasma membrane. Consider-
ing the proposed functions of reggies, an involvement in
pathogen entry seems very likely. Indeed, several reports
implicate reggies in host cell invasion by Plasmodium.
Invasion of erythrocytes by Plasmodium falciparum can
be inhibited by cholesterol depletion, suggesting that
lipid rafts are the site of invasion [69]. During formation
of the parasitophorous vacuole (PV), several raft-associ-
ated proteins, such as CD59 and Ga,, are recruited from
the plasma membrane of the host cell to the PV mem-
brane [70]. Similarly both reggies are recruited to the PV
in erythrocytes [71]. Preliminary data suggest a similar
translocation of reggie-2 to the PV during infection of he-
patocytes by Plasmodium berghei [V. Heussler, personal
communication]. Considering the vast remodeling of cell
function and membrane trafficking in Plasmodium-in-

fected cells, hijacking reggie scaffolds and their function
might be of particular importance for the parasite.

Some reports hint at a role for reggies in the pathogenesis
of neurodegenerative diseases such as Parkinson’s and
Alzheimer’s disease (AD). The formation of senile pla-
ques is a major hallmark of both diseases, which in the
case of AD consist of the peptide AB. Af is generated
from APP, a transmembrane precursor protein, by succes-
sive cleavage by two proteases. Both the y-secretase com-
plex as well as the f-secretase BACE are concentrated in
lipid microdomains [72, 73], while their substrate, APP, is
largely excluded from lipid rafts [73, 74]. Thus the parti-
tioning of the enzymes responsible for A generation (but
not their substrate APP) into lipid rafts normally prevents
the production of large amounts of A3 [75]. Primitive se-
nile plaques in non-demented persons show strong reg-
gie-2 labeling, and in AD patients both reggies show sig-
nificantly increased staining of the cortex [76]. An ultra-
structural study showed an accumulation of reggie-2 in
lysosomes of neurons having neurofibrillary tangles (a
second hallmark of AD) [77]. Similarly, in neurons of
transgenic mice overexpressing human APP and prese-
nilin-1, AB and reggie-2 accumulated in multivesicular
bodies [38]. Thus, the progression of AD is accompanied
by an accumulation of reggies at sites of Af production
and secretion. Similarly, upregulation of reggie-2 expres-
sion in the substantia nigra of Parkinson’s patients was re-
cently reported [78].

Strong hints link reggie microdomains to the progression
of prion diseases. These diseases (e.g. BSE, CJD and
scrapie) are caused by an aggregation of misfolded cellu-
lar prion protein, a GPI-anchored protein of unknown
function. The conversion of the harmless cellular form of
the prion protein (PrP°) to the aggregating, disease-caus-
ing form, called PrP%, is most probably directed by the
misfolded form itself, thus forming an autocatalytic cycle
[79]. This conversion process probably takes place in
lipid rafts, where the clustering of raft components
strongly favors the conversion and aggregation of PrP
[80]. We have recently shown that PrP¢ and reggie-1 and
-2 are closely associated at the plasma membrane of lym-
phocytes [31] and neurons [our own unpublished obser-
vations] as shown by co-localization at the LM and EM
level and by co-immunoprecipitation. Cross-linking of
PrPe in lymphocytes leads to its clustering in the region of
the preformed reggie cap [31]. Signaling is downregu-
lated by endocytosis of PrP¢ into reggie-positive lyso-
somes. Clustering of PrP¢ in reggie rafts and subsequent
endocytosis into acidic endo-/lysosomes may strongly fa-
vor the conversion and aggregation of PrP. Accordingly, a
recent report showed that PrPS is localized in reggie-2-
positive late endosomes in cells from the central nervous
system [81].

Lymphocytes can reach all tissues in the body; this way
they contribute to the spreading of prion diseases to dif-



ferent organs [82]. Thus, clustering of PrP in reggie mi-
crodomains on lymphocytes might play an important role
in the spread of prion disease throughout the body. Fur-
thermore, both PrP¢ and reggies are contained in lipid
bodies and are apparently also expelled from the cell via
lipid-rich vesicles, which may also contibute to the
spreading of prion disease [39].

A recent report suggests a role of reggie-1 in cancer inva-
sion and metastasis. Hazarika et al. showed that reggie-1
is highly expressed in metastatic melanomas and that
expression of the cytosolic 42-kDa variant of reggie-1 is
sufficient to transform non-metastatic SP-2 cells into ag-
gressive, highly metastatic cells [56].

Mutations of the reggie-related protein podocin are im-
plicated in severe renal disorders. However, so far no
hereditary disease has been linked to any of the reggies.
This means that mutations in reggie genes are either
lethal or that reggie function is redundant and can be res-
cued by other proteins/pathways.

Rivaling caveolae: microdomains scaffolded
by reggie and other SPFH proteins

The concept of lipid rafts providing a basis for the lateral
segregation of different membrane-bound processes is
definitely auspicious. But details are still controversial,
especially concerning the size and protein content of sin-
gle rafts at steady state, which have proven very hard to
characterize [83]. However, the existence and importance
of membrane microdomains organized by a protein scaf-
fold is indisputable. The best-characterized examples are
caveolae, small (50-100 nm) flask-shaped invaginations
of the plasma membrane which are formed by an oligo-
meric scaffold of caveolins (reviewed in [28]). Biochem-
ically, the components of caveolae also partition into the
lipid raft fraction; thus, caveolae might be considered as
specialized rafts. Caveolae have been implicated in the
regulation of numerous signaling pathways [28]. Appar-
ently, caveolae and caveolin are also important regulators
of lipid and particularly cholesterol homeostasis and traf-
ficking [84]. Moreover, caveolae have been shown to be
sites of non-classical endocytosis of GPI-anchored pro-
teins, viruses and other cargo [85], although they are rel-
atively immobile in resting cells due to anchorage to the
actin cytoskeleton [86, 87]. Thus, caveolae are accepted
as caveolin-based membrane microdomains that provide
a laterally constricted environment for specific protein-
protein interactions to take place, with the set of proteins
associating and processes depending on caveolae most
probably being cell type specific [88].

Given the widespread expression of reggies, the localiza-
tion of oligomeric reggie clusters at the plasma mem-
brane, their association with lipid rafts, the functional
data available and structural similarities to caveolin (see

above), a microdomain scaffolding function could also be
envisaged for reggies [89]. Oligomeric reggie clusters of
approximately 50-100 nm would then provide a stable
basis for facilitating, controlling and segregating protein-
protein interactions at cellular membranes (fig. 2C). The
constituents of the protein complexes interacting with
reggie scaffolds might depend on the cell type and/or
physiological state of the cell. This might explain the va-
riety of binding partners reported for both reggies. In T
cells — which are devoid of caveolae — reggie platforms
seem to establish polarity and are essential for assembly
of the TCR signaling machinery, which depends on dy-
namic remodeling of the actin cytoskeleton. In adipo-
cytes reggie microdomains are essential for regulation of
Glut4 trafficking after stimulation of the insulin receptor.
In neurons, reggies are apparently involved in neurite out-
growth and axon formation. Like caveolae, reggie micro-
domains might thus be platforms for regulated assembly
of specific sets of multi-protein complexes.

As for reggies, the exact cellular functions of the other
members of the SPFH protein family remain elusive. The
present state of knowledge about these proteins supports
the notion that stomatin, podocin and prohibitin also
function as specialized microdomain scaffolds.
Stomatin, for example, is widely expressed [90], localizes
predominantly to the plasma membrane and intracellular
vesicles of the endocytic pathway [91], where it forms
oligomers consisting of 9—-12 monomers [22]. At the
plasma membrane it is detected in clusters in the EM [22,
92], and it associates with lipid rafts [91]. Already in
1998 this association led Prohaska and co-workers to sug-
gest that stomatin oligomers might have a function com-
parable to caveolin [22]. Stomatin was shown to interact
with and regulate members of the degenerin/epithelial
Na* channel family in mechanosensory cells of Caeno-
rhabditis elegans [93] and vertebrate neurons [94], and in
immunofluorescence stainings these complexes appear as
regular puncta at the plasma membrane [95] indicative of
microdomains. In other cell types stomatin was impli-
cated in trafficking of Glutl glucose transporters [96],
suggesting again that proteins associating with the mi-
crodomain scaffold provided by stomatin clusters might
be cell type specific. Stomatin and reggies are both ex-
pressed in erythrocytes, although they seem to define dif-
ferent microdomains, as neither can be co-immunopre-
cipitated with the other. Furthermore, in these cells stom-
atin but not reggie is found on shedded microvesicles [97,
98].

Podocin is perhaps the most specialized member of the
SPFH family, being exclusively expressed in podocytes
of the kidney, where it localizes to the glomerular slit di-
aphragma [20]. Like reggies and stomatin, it associates
with lipid rafts [21]. The immunoglobulin (Ig)-superfam-
ily proteins nephrin and neph associate with podocin
oligomers/microdomains and become detergent-insolu-



ble upon association with these complexes [21]. Further-
more, podocin augments nephrin signaling [99]. The
podocin-nephrin complexes are linked to the cytoskele-
ton via the adaptor protein CD2AP, which directly binds
to actin [100]. Mutations of the podocin, nephrin or
CD2AP genes all cause severe proteinuria, emphasizing
the physiological importance of podocin-based mi-
crodomains [101].

The prohibitins are mainly localized at the inner mem-
brane of mitochondria [102]. They form ringlike com-
plexes consisting of hetero-oligomers [23, 24]. In mito-
chondria the prohibitins most probably regulate mem-
brane protein degradation by m-AAA proteases [103,
104], a function very similar to the bacterial members of
the SPFH proteins, HfIK and HfIC, which associate with
and regulate the AAA protease FtsH [105]. In addition to
their localization at mitochondria, there are reports of
prohibitin associating with the B cell receptor in B cells
[106, 107] and with Akt in myogenic cells [108], sug-
gesting extra-mitochondrial functions of the prohibitins.
In B cells prohibitin was found to be associated with lipid
rafts [107]. Furthermore, they apparently translocate to
the nucleus and are implicated in the regulation of gene
expression by interaction with Rb and by regulating E2F
function [109, 110].

Most interestingly, the prohibitins show a mutual depen-
dence similar to that observed for reggies: genetic knock-
out of prohibitin-1 leads to loss of prohibitin-2 protein
and vice versa in yeast [111]. A similar interdependence
is also observed for HfIK and HfIC [105]. This mutual in-
terdependence is another striking similarity between
caveolin and the SPFH proteins. Caveolin-1 knock-out
mice also lack caveolin-2 protein, although the caveolin-
2 messenger RNA (mRNA) is still expressed [112], sug-
gesting that the stability of caveolin-2 is linked to the
presence of caveolin-1 exactly as observed for reggie-2
and -1, the prohibitins and HfIC/HfIK. In all these cases
the stability of one of the proteins seems to critically de-
pend on the formation of hetero-oligomers with the other.
Stomatin, podocin and prohibitin associate — like reggies
—with lipid rafts. Targeting of reggies to the plasma mem-
brane and raft association of reggies was shown to be me-
diated by the SPFH domain [12, 41]. Thus, lipid raft as-
sociation of stomatin, podocin and potentially also pro-
hibitin is most probably mediated by the SPFH domain
shared by all proteins.

The microdomains formed by SPFH proteins at the
plasma membrane are often anchored by interaction
with the actin cytoskeleton. Stabilization of reggies in
lymphocytes is actin-dependent, and reggie associates
closely with cortical actin in many cell types ([41] and
our own unpublished observations). Stomatin associates
with the cortical actin cytoskeleton [92], and podocin in-
teracts with the actin-anchoring adaptor protein CD2AP
[100]. Scaffolds formed by reggies, stomatin and podocin

are thus spatially and temporally stable platforms for the
assembly of multiprotein complexes.

It is well accepted that there must be a variety of different
microdomains at the plasma membrane of eukaryotic
cells, as e.g. a specific association of functionally differ-
ent GPI-anchored proteins with different microdomains
was observed [113, 114]. Recent evidence shows that mi-
crodomains based solely on special lipid compositions
(true ‘lipid rafts”) are small, highly dynamic entities un-
suitable to act as signaling scaffolds [115, 116]. There-
fore, specialized microdomains stabilized by an oligo-
meric protein scaffold might additionally act as guide-
posts for the fusion of small lipid rafts after stimulation of
the cell — as shown for reggies during T cell activation. In
contrast to caveolins, SPFH proteins are widely expres-
sed. Thus, formation of protein-based microdomains by
SPFH proteins is probably a feature of eukaryotic cells
more common than caveolae.

But in addition to just being a scaffold at the membrane,
reggies also have a dynamic, regulatory function. Reggie-
2 can translocate to the nucleus, where it exhibits a mito-
genic, although ill-defined action. Reggie-2 stability is
linked via an unknown mechanism to the presence of reg-
gie-1; thus, the more stable, membrane-bound partner
controlls the stability of the versatile and mobile partner.
The membrane association of reggie-2 via reversible
palmitoylation makes it particularly suited to move be-
tween cellular membranes, the cytosol and the nucleus
without the need for irreversible modifications such as
proteolytic cleavage. It is conceivable that information
about processes happening on reggie-based microdo-
mains are thereby conveyed to the nucleus and the gene
expression machinery. Similarly, the prohibitins, which
also form hetero-oligomers as functional units and ex-
hibit a mutual interdependence of the two proteins, are
apparently able to regulate gene expression in the nucleus
in addition to their function at the mitochondria and the
plasma membrane. Microdomains scaffolded by reggies
or other SPFH proteins might therefore on the one hand
be stable platforms and on the other hand be dynamic reg-
ulatory units with an impact even on gene expression.
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