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Reports on the ultrastructure of cells as well as biochemical data have, for several years, been
indicating a connection between caveolae and the actin cytoskeleton. Here, using a yeast two-
hybrid approach, we have identified the F-actin cross-linking protein filamin as a ligand for the
caveolae-associated protein caveolin-1. Binding of caveolin-1 to filamin involved the N-terminal
region of caveolin-1 and the C terminus of filamin close to the filamin-dimerization domain. In in
vitro binding assays, recombinant caveolin-1 bound to both nonmuscle and muscle filamin,
indicating that the interaction might not be cell type specific. With the use of confocal microscopy,
colocalization of caveolin-1 and filamin was observed in elongated patches at the plasma mem-
brane. Remarkably, when stress fiber formation was induced with Rho-stimulating Escherichia coli
cytotoxic necrotizing factor 1, the caveolin-1–positive structures became coaligned with stress
fibers, indicating that there was a physical link connecting them. Immunogold double-labeling
electron microscopy confirmed that caveolin-1–labeled racemose caveolae clusters were positive
for filamin. The actin network, therefore, seems to be directly involved in the spatial organization
of caveolin-1–associated membrane domains.

INTRODUCTION

Caveolins are an evolutionarily conserved family of 16- to
25-kDa cholesterol-binding integral membrane proteins
functionally implicated in caveolae biogenesis, endocytic
events, cholesterol transport, and various signal transduc-
tion processes (Parton, 1996; Anderson, 1998; Okamoto et al.,
1998). The best characterized member of the family, caveo-
lin-1, a 21- to 24-kDa protein, was independently cloned as
the main protein of the caveolar coat (Glenney and Soppet,
1992) and as the trans-Golgi network–derived vesicle-asso-
ciated protein VIP21 (Kurzchalia et al., 1992). Caveolin-1 is a
marker protein for caveolae, 50- to 80-nm V-shaped plasma
membrane invaginations, and can be found on the trans-
Golgi network and vesicles as well. Caveolae represent cho-
lesterol- and sphingolipid-rich membrane domains (Schroe-
der et al., 1991; Rothberg et al., 1992; Mukherjee et al., 1998).
Caveolin-1 and the related caveolin-2 are associated with
morphologically identifiable caveolae, which in polarized

epithelial cells are formed at the basolateral, but not the
apical, membrane (Scherer et al., 1997; Scheiffele et al., 1998;
Vogel et al., 1998).

Attempts to isolate caveolar membrane fractions with the
use of different methods have achieved ambiguous results
with regard to protein composition (Sargiacomo et al., 1993,
1995; Chang et al., 1994; Schnitzer et al., 1995; Smart et al.,
1995; Stan et al., 1997). A major problem is verifying that no
other sphingolipid-rich membrane domains contaminate the
genuine caveolar fraction. The seemingly most promising
report at this time uses an immunoisolation procedure for
endothelial caveolae (Oh and Schnitzer, 1999). Proteins that
can be copurified with caveolae comprise caveolin-1 and -2,
annexin II, and several known caveolin-1 ligands: G-pro-
teins (Li et al., 1995), src family kinases (Li et al., 1996), eNOS
(Garcia-Cardena et al., 1996), and PKCa (Oka et al., 1997). A
stretch of 20 amino acids in the N-terminal part of caveolin-1
(amino acids 82–101) seems to be responsible for a large part
of these caveolin–protein ligand interactions and has been
termed the “caveolin scaffolding domain” (Li et al., 1996).
Furthermore, screenings of phage display libraries with the
caveolin-1 scaffolding domain have revealed a general
caveolin-1–binding consensus sequence (fXfXXXXfXXf,* Corresponding author. E-mail address: b.v.deurs@mai.ku.dk.
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where f indicates a hydrophobic amino acid and X indicates
any amino acid) (Couet et al., 1997).

Caveolin-1 expression is highest in white adipose and
lung tissue and can be detected in other tissues as well as in
many cell lines (Glenney, 1989; Scherer et al., 1996, 1997).
Upon oncogenic transformation, caveolin-1 is down-regu-
lated in fibroblasts, and heterologous expression of caveo-
lin-1 in transformed fibroblasts leads to abrogation of an-
chorage-independent growth (Koleske et al., 1995; Engelman
et al., 1997). Caveolin-1 and caveolae are also down-regu-
lated in response to angiogenic growth factors in vascular
endothelial cells, an effect that can be counteracted by an-
giogenic inhibitors (Liu et al., 1999).

Two alternatively translated isoforms, caveolin-1a and
caveolin-1b, distinguished by the lack of 31 N-terminal
amino acids in the latter, have been detected (Scherer et al.,
1995). Both isoforms have the ability to oligomerize into
high-molecular-weight complexes of 14 or more monomers,
resulting in molecular masses of up to 600 kDa (Monier et al.,
1995; Sargiacomo et al., 1995). Furthermore, hetero-oli-
gomers containing caveolin-1 and -2 can be formed (Scherer
et al., 1997). Because of an unusual hairpin-like membrane
domain, both the N and C termini of caveolin-1 are exposed
to the cytoplasm (Dupree et al., 1993).

Ultrastructural and biochemical analyses have implicated
the actin cytoskeleton in caveolae function (Rohlich and
Allison, 1976; van Deurs et al., 1982; Petersen et al., 1989;
Parton et al., 1994; Fujimoto et al., 1995). However, the mo-
lecular basis for binding of caveolae to the actin cytoskeleton
has not been established. Here, using a yeast two-hybrid
screen, we have identified the actin-binding protein filamin
as a novel ligand for caveolin-1. The two-hybrid interaction
could be validated by in vitro binding assays, and partial
colocalization of filamin and caveolin-1 could be detected
with the use of confocal microscopy and immunoelectron
microscopy. Furthermore, caveolin-1 was present in filamin-
positive patches at the plasma membrane, and it became
dramatically coaligned with actin stress fibers upon Rho
stimulation.

MATERIALS AND METHODS

Construction of Plasmids
pVIP21 encoding canine caveolin-1 (courtesy of Dr. K. Simons,
EMBL, Heidelberg, Germany) served as a template for the PCR
amplification of four caveolin cDNA fragments with the use of Pfu
polymerase (Stratagene, La Jolla, CA). The primer pair CTAG-
GATCCGCATGTCTGGGGGCAAATACG (MS501)/CTCCTCCTC-
GAGTCAGCGGTAAAACCAGTA (MS307) was used for caveolin-
1-1–303 (encoding amino acids 1–101), CTAGGATCCCCATGGC-
GGAGGAGATGAGC (MS502)/MS307 was used for caveolin-1-94–
303 (encoding amino acids 32–101), MS501/CTCCTCCTCGAGC-
TAGGTTTCTTTCTGC (MS304) was used for caveolin-1-1–534 (en-
coding amino acids 1–178), and MS502/MS304 was used for caveo-
lin-1-94–534 (encoding amino acids 32–178) cDNA amplification.
The fragments were cut with BamHI/XhoI and subcloned into the
BamHI/XhoI sites of pACT-2 (Clontech, Palo Alto, CA). The result-
ing plasmids were designated pTc1-1–303, pTc1-94–303, pTc1-1–
534, and pTc1-94–534, respectively. They encoded Gal4-activation
domain (Gal4-AD)–caveolin-1 hybrid proteins. Caveolin-1-1–303
and caveolin-1-94–303 fragments were cut with BamHI/XhoI from
the plasmids pTc1-1–303 and pTc1-94–303, respectively, and sub-
cloned into the BamHI/SalI sites of pAS2-1 (Clontech). This resulted
in the plasmids pSc1-1–303 and pSc1-94–303, respectively, encoding

Gal4 DNA–binding domain (Gal4-BD)–caveolin-1 hybrid proteins.
pSc1-1–303 was used as the bait in a yeast two-hybrid screen. The
plasmid pTfilamin-28 was obtained from the two-hybrid screening
(see below).

GST–canine caveolin-1 fusion protein expression vectors were
constructed by subcloning BamHI/XhoI caveolin-1 cDNA fragments
derived from the pTc1 plasmids into the BamHI/SalI sites of pGEX-
5X-2 (Amersham Pharmacia Biotech, Uppsala, Sweden). Histidine-
tagged expression vectors were constructed with the use of the pQE
series (Qiagen, Hilden, Germany). pQE32-filamin-28 was made by
subcloning the 1260-base pair BamHI/XhoI fragment from pTfil-
amin-28 into the BamHI/SalI sites of pQE32 (Qiagen). The histidine
tag, containing six consecutive histidine residues, was at the N
terminus of the filamin fragments.

Expression vectors encoding the caveolin-2 N terminus or sub-
fragments of the filamin-28 fragment were made by subcloning the
appropriate PCR-amplified or restriction fragments into the plas-
mids with the use of standard techniques. The correctness of the
ORFs was confirmed in all cases by sequencing with the Thermo-
Sequenase system (Amersham Pharmacia Biotech).

Yeast Two-Hybrid Techniques
Strains Y187(a) and Y190(a), supplied by the Matchmaker 2 two-
hybrid system (Clontech), were grown in complete or appropriate
minimal synthetic dropout (SD) medium. Y187 was used only for
the mating control assay to verify true two-hybrid interactions. All
transformations followed a high-efficiency transformation protocol
(Gietz and Schiestl, 1995).

Transformants were grown for 3–7 d at 30°C on either minimal
medium agar lacking Trp and Leu (SD/2W/2L) or minimal me-
dium agar lacking His, Trp, and Leu and containing 25 mM 3-ami-
notriazole (SD/2H/2W/2L/25) to suppress residual histidine
synthesis in the strain Y190.

For colony-lift filter assays of lacZ reporter gene expression,
yeasts were grown on SD/2W/2L agar. After freezing and thaw-
ing of replica filters, they were incubated with 0.3 mg/ml X-gal
(Advanced Biotechnologies, Surrey, England) in 100 mM sodium
phosphate, pH 7.0, 10 mM KCl, 1 mM MgSO4, and 0.27% (vol/vol)
b-mercaptoethanol for several hours.

Quantitative determinations of b-galactosidase activities were
performed on Y190 cells grown in SD/2W/2L with the use of
o-nitrophenyl-galactopyranoside (Sigma-Aldrich, St. Louis, MO)
as the substrate, according to the instructions in the Matchmaker
2 manual.

Purification of GST and His6 Fusion Proteins
Overnight cultures of the Escherichia coli strain BL21 carrying the
appropriate GST expression vector were diluted 1:10 into pre-
warmed Luria-Bertani medium containing 100 mg/ml ampicillin
(Pierce, Rockford, IL) and incubated at 37°C until the OD600 was
between 0.7 and 0.9. Expression of the GST fusion proteins was
subsequently induced with 1 mM isopropyl-thio-galactopyranoside
(Amersham Pharmacia Biotech). Cells were harvested after 3 h
(GST), 2 h (GST–caveolin-1-1–101 and GST–caveolin-1-32–178), or
1 h (GST–caveolin-1-1–178). Cell pellets were frozen at 220°C.
Fusion proteins were batch purified with the use of lysozyme and
N-lauroylsarkosine as described (Frangioni and Neel, 1993). In brief,
bacteria were thawed on ice and incubated in STE buffer (150 mM
NaCl, 10 mM Tris-HCl, 1 mM EDTA, pH 8.0) containing 100 mg/ml
lysozyme. N-Lauroylsarkosins was added to a final concentration of
1.5% (wt/vol) to lyse the cells. After addition of DTT to 5 mM, cells
were sonicated briefly with a microprobe (IKA, Staufen, Germany).
Debris and insoluble proteins were pelleted at 15,000 3 g, and the
supernatant was adjusted to 2% (vol/vol) Triton X-100.

To the supernatant, glutathione–Sepharose (Amersham Pharmacia
Biotech) was added and incubated at room temperature for 30 min.
The resin was rinsed five times with STE buffer and stored at 4°C.
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Histidine-tagged proteins were expressed in the F9 episome-carrying
bacterial strain M15 with the use of 29 mg/ml kanamycin (Merck,
Darmstadt, Germany) and 100 mg/ml ampicillin. A protocol similar to
that used for GST fusion proteins was used. However, lysozyme was
used at 1 mg/ml, and detergents, DTT, and EDTA were omitted from
the buffers. Ni-NTA–agarose (Qiagen) was used as the affinity matrix.
Bound protein was rinsed five times with 50 mM sodium phosphate,
300 mM NaCl, 10% (vol/vol) glycerol, pH 6.0, and His6–filamin-28
eluted with 500 mM imidazole in PBS, pH 7.2.

Protein concentrations were determined with the use of the DC
assay (Bio-Rad, Hercules, CA).

Binding Assays
Sixty micrograms of GST or GST–caveolin-1-1–101 prebound to
glutathione–Sepharose was incubated with 60 mg of His6–filamin-28
in 500 ml of PBS, pH 7.2, at room temperature for 1 h. The resin was
sequentially rinsed with PBS/0.1% Triton X-100 and PBS/0.5% Tri-
ton X-100, and bound proteins were dissolved in SDS-PAGE sample
buffer.

Purified chicken muscle filamin (1.8 mg; Sigma-Aldrich) was in-
cubated with 5 mg of the appropriate GST fusion protein (GST alone,
GST–caveolin-1-1–101, GST–caveolin-1-1–178, or GST–caveolin-1-
32–178) in 100 ml of STE/1% Triton X-100 for 2 h at 4°C. The resin
was rinsed three times with 1 ml of STE/1% Triton X-100, and
bound proteins were dissolved in sample buffer.

Antibodies
The polyclonal anti-caveolin-1 antibody (pac) was from Transduc-
tion Laboratories (Lexington, KY) and was diluted 1:10,000 for
Western blotting and 1:200 for immunohistochemistry. The mono-
clonal anti-filamin antibody mab1680 (diluted 1:20–1:40 for immu-
nohistochemistry), donkey serum, and double-labeling-certified flu-
orescein-conjugated donkey anti-mouse and rhodamine-conjugated
donkey anti-rabbit antibodies were from Chemicon (Temecula, CA).
The fluorescent antibodies were diluted 1:50.

A polyclonal antiserum against chicken filamin was from Sigma-
Aldrich and was diluted 1:1500. The anti-GST antibody was from a
GST-detection kit (Boehringer Mannheim/Roche, Hvidovre, Den-
mark) and was diluted 1:1000. The anti-penta-histidine antibody
was from Qiagen and was diluted 1:2000. Peroxidase-coupled swine
anti-rabbit and rabbit anti-goat secondary antibodies were from
DAKO (Roskilde, Denmark). The peroxidase-coupled donkey anti-
mouse antibody was from Amersham Pharmacia Biotech. These
antibodies were diluted according to the recommendations of the
manufacturers.

Because the tested commercially available anti-filamin antibodies
did not recognize mouse filamin, a polyclonal antiserum against the
histidine-tagged mouse filamin fragment isolated in the two-hybrid
screen was raised in rabbits (pab228). The antiserum was diluted
1:3000 for Western blotting and 1:500 for immunohistochemistry.

SDS-PAGE and Western Blotting
Proteins were separated on 4–20% Tris-glycine precast gels (Novex,
San Diego, CA). Proteins were electrotransferred onto Hybond P
membranes (Amersham Pharmacia Biotech). Unspecific binding
sites were blocked in 5% skim milk (Bio-Rad, Copenhagen, Den-
mark) in Dulbecco’s PBS/0.05% Tween-20 (MPBST). The primary
antibody was applied for 1 h at room temperature in MPBST,
followed by three rinses with Dulbecco’s PBS/0.05% Tween-20
(PBST). The peroxidase-coupled secondary antibody was then ap-
plied for 1 h at room temperature in MPBST followed by three rinses
with PBST. Immunoreactivity was detected with the use of the ECL
reagent and ECL hyperfilm (Amersham Pharmacia Biotech). Histi-
dine-tagged proteins were detected in a similar way with the use of
1% casein in Tris-buffered saline, pH 7.5, instead of MPBST. The

washing buffer contained 0.05% Tween-20, 0.2% Triton X-100, and
350 mM NaCl in Tris-buffered saline.

Immunodetection of GST fusion proteins was performed accord-
ing to the manual with the use of components of the GST-detection
kit (Boehringer Mannheim/Roche), with the exception of the chemi-
luminescence substrate, for which ECL was used.

Cell Culture
NIH/3T3 fibroblasts (obtained from the Fibiger Institute, Copenha-
gen, Denmark) and the SV40-immortalized trophoblast cell line T4.5
(courtesy of Dr. Ulla Wewer, Institute of Molecular Pathology,
Copenhagen, Denmark) were cultured in DMEM containing 10%
(vol/vol) FBS (Life Technologies, Albertslund, Denmark), penicillin,
and streptomycin. T4.5 cells also received 50 mg/ml G418 (Life
Technologies). Media and antibiotics except for G418 were obtained
from the Department of Microbiology, Panum Institute (Copenha-
gen, Denmark). Cytotoxic necrotizing factor 1 (CNF-1; kindly pro-
vided by Dr. P. Boquet, Nice, France) was used at a concentration of
1 3 10210 M for the indicated times. Cytochalasin D (CD) (Sigma-
Aldrich) was used at 10 mg/ml for 15 min.

Immunofluorescence and Confocal Microscopy
NIH/3T3 cells or T4.5 cells grown on fibronectin-coated glass slides
(Becton-Dickinson, Meylan, France) or glass coverslips were rinsed
with PBS and fixed with 2% formaldehyde in PBS, pH 7.2, for 15
min. Cells were rinsed twice with PBS and permeabilized with 0.1%
Triton X-100 in PBS for 10 min. Cells were rinsed once with PBS, and
unspecific binding was blocked with 5% donkey serum in PBS for 30
min. Primary antibodies were incubated in 5% donkey serum in PBS
for 60 min at room temperature. Cells were rinsed three times for 10
min with PBS and incubated with the secondary antibodies for 30
min in 5% donkey serum in PBS. Cells were rinsed four times for 10
min, all fluid was removed, and samples were mounted with the
use of Fluoromount-G antibleaching medium (Southern Biotechnol-
ogy Associates, Birmingham, AL). Samples were viewed and eval-
uated with the use of an LSM510 confocal microscope (Zeiss, Jena,
Germany) with 403 or 633 Zeiss C-Apochromat water immersion
objectives (numerical aperture 1.2). For rhodamine, a 543-nm
He–Ne laser combined with a 560-nm long-pass filter was used, and
for fluorescein, a 488-nm Ar laser combined with a 505-nm long-
pass filter or a 505- to 530-nm band-pass filter (dual-channel record-
ings) was used.

Electron Microscopy
T4.5 trophoblasts were grown to semiconfluence on 60-mm Petri
dishes (Nunc, Roskilde, Denmark) and treated with CNF-1 for 24 h.
Cells were fixed in 25 mM HEPES, pH 7.2, 150 mM NaCl, 3 mM
picric acid, 3% formaldehyde (Smart et al., 1994). Cells were scraped
from the dishes, sedimented at room temperature for 30 min, and
pelleted for 1 min at 8000 rpm in an Eppendorf centrifuge. The
pellet was rinsed with PBS and embedded in 7.5% gelatin (Oetker,
Bielefeld, Germany) in PBS for 30 min at 37°C. After cooling on ice
and trimming, cell pellets were infused first with 2.1 M sucrose for
30 min and then with 2.3 M sucrose for 30 min. Specimens were then
mounted on aluminum stubs and frozen in liquid nitrogen. Eighty-
nanometer sections were cut with the use of a Reichert Ultracut S
microtome (Leica, Glostrup, Denmark), collected in 2.3 M sucrose,
and mounted on Formvar-coated copper grids. Grids were incu-
bated with pac (1:50) followed by protein A conjugated to 10-nm
gold (purchased from Dr. G. Posthuma, Department of Cell Biology,
Medical School, Utrecht, The Netherlands), and subsequently with
mab1680 (1:20) followed by anti-mouse immunoglobulins conju-
gated to 5-nm gold (Amersham Pharmacia Biotech), according to a
standard method (Slot et al., 1991). After contrasting with uranyl
acetate, sections were analyzed in an electron microscope (model
100 CM, Philips, Eindhoven, The Netherlands).
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RESULTS

Identification of Two Filamin Isoforms as Ligands
for Caveolin-1 in a Two-Hybrid Screen
The unusual hairpin-like topology of caveolins exposes both
their N and C termini to the cytosol. The caveolin-1 mem-
brane domain is believed to span amino acids 102–134 (Kur-
zchalia et al., 1992). We chose the N-terminal 101 amino acids
of caveolin-1 (caveolin-1-1–101; Figure 1A) as the “bait” for
a two-hybrid screening, because (a) this part of the protein is
involved in certain protein–protein interactions (shown for
the caveolin scaffolding domain [amino acids 82–101]), and
(b) it is not subject to lipid modifications, as is the C termi-
nus, which could prevent hybrid protein translocation into
the yeast nucleus necessary for reporter gene activation. The
caveolin-1-1–101-Gal4-BD hybrid protein (apparent molecu-
lar weight, 38,000) could be detected in pSc1-1–303-trans-
formed yeast cell lysates by an anti-caveolin-1 antibody. A

commercial cDNA expression library, constructed in pACT2
from mRNA derived from NIH/3T3 cells, was the source of
the “prey.” A total of 1.2 3 106 clones was screened after
cotransformation of the Y190 yeast strain with pSc1-1–303
and the NIH/3T3 cDNA library.

Fourteen truly positive clones were identified. Sequencing
of the Gal4-AD plasmids revealed that five of the cDNAs
coded for fragments of the constitutively expressed heat-
shock protein Hsp84, three showed homology to nuclear
helicases, one encoded a lim domain, another encoded a J
domain of a murine DnaJ homologue, a third represented an
ORF present in GenBank with no homology to known pro-
teins, and two were short ORFs with unclear significance.
The coding region of one clone (clone 28) was fully se-
quenced and found to represent nonmuscle filamin
(ABP280, a-filamin), hereafter called filamin (Figure 1B)
(Gorlin et al., 1990). Sequencing of the first 350 bases of the
coding region of another clone (clone 8) allowed unequivo-

Figure 1. (A) Domain organiza-
tion of caveolin-1. Amino acids
1–101 represent the N-terminal do-
main, amino acids 102–134 repre-
sent the membrane domain (MD),
and amino acids 135–178 represent
the C-terminal domain. Two vari-
ants of the N-terminal domain
(caveolin-1-1–101 and caveolin-1-
32–101) and the full-length proteins
caveolin-1a (caveolin-1-1–178) and
caveolin-1b (caveolin-1-32–178)
were analyzed. Caveolin-1-1–101
was used as the bait in the two-
hybrid screen. (B) Domain organi-
zation of filamin and comparison
of the sizes of caveolin-1 and fil-
amin. (Top) The N terminus (black)
of caveolin-1a was used as the bait
in the two-hybrid screen. The
membrane domain and the C-ter-
minal domain of caveolin-1 are in-
dicated by a line and an oval, re-
spectively. (Bottom) The rod-like
filamin molecule has an N-terminal
actin-binding domain followed by
24 homologous repeats of 96 amino
acids each. The fragment of filamin
obtained in the two-hybrid screen
(prey) is shown in black. Two
hinges are present at the connec-
tions between repeats 15–16 and
23–24. (C) Alignment of the amino
acid sequences of the human fil-
amin and b-filamin isoforms and
the two amino acid sequences of
the filamin fragments isolated in
the two-hybrid screening. Over
the sequenced region, human fil-
amin (GenBank accession number
P21333) and human b-filamin (Gen-
Bank accession number AF042166)
are 95 and 96% identical to clones 28
and 8, respectively. Clone 28 is 76%
identical to clone 8. The high homol-

ogies clearly identified clones 28 and 8 as fragments of mouse filamin and b-filamin, respectively. Species-specific differences in the amino acid sequences
in the two-hybrid clones are underlined.
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cal identification of the protein product as b-filamin (Taka-
futa et al., 1998). These two cDNAs coded for amino acids
2357–2647 of filamin and amino acids 2310–2602 of b-fil-
amin, respectively. Sequence alignments showed that the
first amino acid in clone 28 corresponded to the third amino
acid in clone 8 (Figure 1C). Thus, the two clones represented
nearly identical regions of the homologous filamins.

The isolated cDNAs encoded the very C-terminal regions
of the ;280-kDa rod-like proteins. Filamins form ho-
modimers and contain an N-terminal actin-binding domain
that is followed by 24 repeats each of 96 amino acids. Repeat
24 is required for filamin dimerization. Thus, the isolated
fragments were at a long distance from the actin-binding site
and included the dimerization domain.

Filamin seems to be highly conserved among species,
because the translations of the mouse cDNA sequences were
95% identical to the published human sequences. The simi-
larity of clone 28 to clone 8 was somewhat less (75% iden-
tity), corresponding well to the overall identity of human
filamin to human b-filamin (70%).

Y190 double transformed with pSc1-1–303 and pTfil-
amin-28 grew on minimal agar lacking histidine, trypto-
phan, and leucine in the presence of 25 mM 3-aminotriazole,

an inhibitor of histidine biosynthesis required to suppress
leakiness of the histidine deficiency in strain Y190 (Figure 2).
Y190 double transformed with negative control combina-
tions of plasmids did not grow on this medium. These
controls comprised the combinations pAS2-1 (Gal4-BD
alone)/pACT2 (Gal4-AD alone), pAS2-1/pTfilamin-28,
pSc1-1–303 (caveolin-1-1–101)/pACT2, and pLAM59-1 (hu-
man lamin C66–230)/pTfilamin-28. The established interac-
tion between the murine p53 C terminus and the SV40
T-antigen with the use of the plasmid combination pVA3-
1/pTD1-1 served as a positive control.

Quantification of the Two-Hybrid Interaction of
Caveolin-1 with Filamin
With the use of a colony-lift filter assay, Trp1Leu1 Y190
colonies expressing caveolin-1 and filamin fragments
stained blue with X-gal. To obtain information about the
strength of the caveolin-1–filamin interaction, b-galactosi-
dase reporter gene activities of various Y190 double trans-
formants were measured with the use of a fluid-phase en-
zyme assay (Figure 3). Binding affinities between caveolin-1
and filamin were significantly greater than those of the
negative controls (p , 0.005; two-tailed t test for samples
with unequal variances). The caveolin-1-1–101-filamin-28 in-
teraction produced 2.3 mU of b-galactosidase activity, and
the caveolin-1-32–101-filamin-28 interaction produced 3.8
mU of b-galactosidase activity, whereas negative controls
scored ,0.55 mU. Apparently, the N-terminal 31 amino
acids of caveolin-1 were not necessary for the filamin–
caveolin-1 interaction. Moreover, caveolin-1-32–101 scored
consistently greater reporter gene activities than caveolin-1-
1–101 in the interaction with filamin. Statistical analysis of
the data, with the one-tailed t test for samples with unequal
variances, indicated that the affinities of caveolin-1-1–101
and caveolin-1-32–101 for filamin were significantly different
(p 5 0.037). Also, the nonparametric Mann-Whitney U test
estimated a significant difference between the binding data
for caveolin-1-1–101 and caveolin-1-32–101 fragments (U ,
0.05). These quantifications indicated that the 31 N-terminal
amino acids of caveolin-1 might be able to negatively mod-
ulate the caveolin-1–filamin interaction.

Figure 2. Growth of Y190 clones on SD/2H/2W/2L minimal
medium containing 25 mM 3-aminotriazole. Yeast strain Y190 was
transformed with the indicated combinations of plasmids. Only
yeast cells coexpressing caveolin-1-1–101 and filamin-28 (pSc1-1–
303/pTfilamin-28) and p53 and large T-antigen hybrid proteins
(pVA3-1/pTD1-1; positive control), but not clones cotransformed
with negative control combinations of plasmids, grew on this strin-
gent selection medium, indicating true two-hybrid interactions.

Figure 3. Quantitative analysis of
the binding strength between
caveolin-1 and filamin hybrid pro-
teins. Double-transformed yeast
strain Y190 was grown in minimal
medium lacking tryptophan and
leucine and lysed, and b-galactosi-
dase reporter gene activity was
measured in a fluid-phase assay.
The binding strengths of the two
caveolin-1 hybrid proteins to the fil-
amin-28 hybrid protein (6 and 7)
were significantly greater (p , 0.005)
than the binding strengths of the con-
trol interactions (1–5) and corre-
sponded to approximately one-third
of the strength of the interaction between p53 and T-antigen hybrid proteins (8). The interaction of caveolin-1-1–101 with the filamin hybrid protein
was significantly weaker than the caveolin-1-32–101-filamin interaction (*p 5 0.037; one-tailed t test for samples with unequal variances). The data
show the averaged means of four independent experiments performed in triplicate for each plasmid combination. Bars show SEM (n 5 4).
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The established interaction of the p53 C terminus with the
SV40 T-antigen produced 9.4 mU of b-galactosidase activity.
Only the caveolin-1-1–101-filamin-28 interaction, but not the
caveolin-1-32–101-filamin-28 interaction, was judged signif-
icantly lower than this positive control (p , 0.05).

Next, we mapped the caveolin-1–binding site in filamin
by constructing expression vectors encoding smaller filamin
fragments. We also included the N terminus of caveolin-2 in
the analysis to determine if binding was specific for the
caveolin-1 isoform. Table 1 summarizes the results. Apart
from the originally isolated fragment, only a fragment con-
taining filamin repeats 22 and 23 and the hinge region, but
not repeats 22, 23, or 24 alone, was able to bind to caveolin-1.
Again, binding to caveolin-1-32–101 was stronger than bind-
ing to caveolin-1-1–101. Caveolin-2-1–86 did not bind any of
the filamin fragments. However, caveolin-2-1–86 bound to
caveolin-1-32–101, and in another control experiment, fil-
amin repeat 24 was shown to have dimerization capacity,
indicating the functionality of these constructs (our unpub-
lished results).

Thus, filamin interacted specifically with caveolin-1, but
not with caveolin-2, and the interaction involved a region
within repeats 22 and 23 and the hinge of filamin.

Visualization of b-galactosidase activity by probing
caveolin-1 interactions with b-filamin (clone 8) took more
time than visualization with clone 28, implying a weaker
interaction with caveolin-1. Therefore, clone 28 was selected
for further investigation.

Characterization of Fusion Proteins and a New
Anti-Filamin Antiserum
To confirm the two-hybrid interaction with a different bind-
ing assay, three different GST–caveolin-1 fusion proteins
(GST–caveolin-1-1–101, GST–caveolin-1-1–178, and GST–
caveolin-1-32–178) and a hexa-histidine–tagged variant of
the filamin-28 fragment (His6–filamin-28) were constructed.

Figure 4A shows a Western blot detecting the four GST
fusion proteins. GST alone migrated as a single band at 26
kDa. GST–caveolin-1-1–101 was present as a major band at
38 kDa, corresponding well to the calculated 11-kDa in-
crease in molecular mass caused by the fused caveolin-1
fragment. GST–caveolin-1-1–178 migrated close to the ex-
pected 49 kDa, whereas GST–caveolin-1-32–178 migrated at
48 kDa. A few degradation products, mainly around 26 kDa,
were also detectable in all GST–caveolin fusion protein

preparations. A polyclonal anti-caveolin antibody recog-
nized all three GST–caveolin-1 fusion proteins, but not GST
alone (Figure 4B).

It turned out that most commercially available antibodies
to filamin did not recognize the His6–filamin-28 protein.
Therefore, we raised an antiserum, pab228, in a rabbit with
the use of the purified His6–filamin-28 protein as the im-
munogen. pab228 recognized a dominant band of ;250 kDa
in human, murine, canine, and chicken cell lines. Further-
more, purified chicken muscle filamin was detected (Figure
4C). The size of the recognized proteins, as well as the
recognition of nanogram amounts of purified chicken mus-
cle filamin, were good indications that the antiserum recog-
nized filamin from four different species. The lower bands
probably represented calpain-mediated degradation prod-
ucts of filamin (Gorlin et al., 1990). pab228 also seemed to be
useful for immunocytochemistry (see below).

Four major bands were detected in bacteria expressing
His6–filamin-28, the largest one migrating at 35 kDa, close to
the expected 34 kDa for His6–filamin-28 (Figure 4C, His-fila).
The second largest band (31 kDa) should represent a C-

Figure 4. Characterization of fusion proteins and antibodies. Sam-
ples were separated by SDS-PAGE and electrotransferred onto poly-
vinylidene difluoride membranes. (A) Detection of GST fusion pro-
teins with the use of an anti-GST antibody. GST appears as a single
band at 26 kDa, whereas full-length and several degradation prod-
ucts are seen with GST–caveolin-1 fusion proteins. (B) Detection of
the same GST fusion proteins as in A with the use of a polyclonal
anti-caveolin-1 antibody. GST is not recognized. In contrast, the
caveolin-1–containing proteins show strong immunoreactivity. (C)
Specificity and cross-reactivity of the antiserum pab228. In cell
lysates from human fibroblasts (HF), human endothelial cells
(HEC), mouse 3T3-RSV fibroblasts (MF), Madin-Darby canine kid-
ney cells (MDCK), and chicken embryonic fibroblasts (CEF), bands
around 250 kDa and some smaller bands probably representing
degradation products of filamin are recognized. Purified chicken
filamin (ChF; 13 ng) is also recognized. The position of full-length
filamin is indicated with “f.” Four bands in the hexa-histidine–
tagged filamin-28 isolate are detected (His-fila). The two upper
bands probably reflect full-length and C-terminally shortened His6–
filamin-28 protein. Apparent molecular weights are indicated to the
right in each panel.

Table 1. Interaction of caveolin-1 and caveolin-2 N termini with
various fragments of filamin in two-hybrid experiments

Filamin repeats
Caveolin-1
(aa 1–101)

Caveolin-1
(aa 32–

101)
Caveolin-2
(aa 1–86)

22-23-hinge-24 (aa 2357–2647) 111 1111 2
22-23-hinge (aa 2357–2649) 11 111 2
24 (aa 2550–2647) 2 2 2
23 (aa 2421–2516) 2 2 2
22 (aa 2357–2490) 2 2 2

aa, amino acids.
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terminally shortened fragment of His6–filamin-28, because it
was detected by an anti-penta-His antibody as well (Figure
5A). The nature of the smaller 10- to 14-kDa fragments was
not investigated.

Binding of Caveolin-1 to Filamin In Vitro
To probe the specificity of the caveolin-1-1–101 fragment for
the binding to filamin in vitro, GST or GST–caveolin-1-1–
101, prebound to glutathione–Sepharose, was incubated
with His6–filamin-28, and the retained proteins were sepa-
rated by SDS-PAGE. An anti-penta-His antibody detected a
single band of 35 kDa in the GST–caveolin-1-1–101 (Figure
5A, lane 3) but not in the GST control sample (Figure 5A,
lane 2). Interestingly, the 31-kDa band of His6–filamin-28
was observed only in the nonbound fractions (Figure 5A,
lanes 4 and 5). This was in contrast to the result from our
two-hybrid experiments showing that the caveolin-1 N ter-
minus was able to interact with a filamin fragment lacking
repeat 24. Thus, in vitro, the integrity of filamin repeat 24
seemed to be important for caveolin-1 binding.

Probing the fractions with pab228 confirmed the result
obtained with the anti-penta-His antibody. In the fraction of

proteins bound to GST–caveolin-1-1–101, only the 35-kDa
band, but not the 31-kDa band, of His6–filamin-28 was de-
tected (Figure 5B, upper panel). The lower panel of Figure
5B shows that approximately equal amounts of GST and
GST–caveolin-1-1–101 were present in the eluates.

For the interaction between caveolin-1 and filamin to have
any biological significance, it would be important to test not
only protein fragments, but also the full-length proteins, for
the capability to bind to each other. Because of the uncer-
tainty regarding whether full-length caveolin-1 would work
in the two-hybrid system and negative results from the
oligomerization of full-length caveolin-1 with this system,
GST fusion proteins containing caveolin-1-1–101, caveolin-
1-1–178, or caveolin-1-32–178 were tested in a second bind-
ing assay. Purified chicken gizzard filamin was incubated
with the GST fusion proteins under physiological salt con-
ditions. Chicken gizzard filamin was easily detectable in the
protein fractions bound to GST–caveolin-1-1–101, GST–
caveolin-1-1–178, and GST–caveolin-1-32–178, but not when
incubated with GST alone (Figure 6).

Thus, two in vitro binding assays confirmed the two-
hybrid interaction between filamin and the N terminus of
caveolin-1. Moreover, not only did filamin bind to the
N-terminal domain of caveolin-1, it also bound to full-
length caveolin-1a and -1b. Interestingly, both nonmuscle
and muscle filamin were able to bind to caveolin-1, sug-
gesting that the interaction might not be restricted to
nonmuscle cells.

Immunolocalization of Caveolin-1 and Filamin
Confocal microscopy was used to localize filamin and caveo-
lin-1. The antiserum pab228 and mab1680 were used to
detect filamin in mouse NIH/3T3 fibroblasts and human
T4.5 trophoblasts. Filamin immunoreactivity was dominant
along stress fibers and in the cell periphery (Figure 7, A and

Figure 5. In vitro binding assay of GST–caveolin-1-1–101 to His6–
filamin-28. Samples were separated by SDS-PAGE and electrotrans-
ferred onto polyvinylidene difluoride membranes. (A) Immunode-
tection of His6–filamin-28 with the use of the anti-penta-His
antibody. The histidine tag is recognized in proteins of 35 and 31
kDa in the original His6–filamin-28 fraction. No immunoreactivity is
observed in the fraction bound to GST. The fraction bound to
GST–caveolin-1-1–101 retains the full-length His6–filamin-28 pro-
tein of 35 kDa, but not the C-terminally shortened protein of 31 kDa.
Nonbound fractions contain both His6–filamin-28 fragments (ar-
rows). (B, upper panel) A pattern similar to that in A is observed
with the use of the filamin-specific antiserum pab228. Four His6–
filamin-28 fragments are detected in the starting material (His-fila).
Only the 35-kDa fragment is retained by GST–caveolin-1-1–101,
whereas no His6–filamin-28 protein is detected in the eluate con-
taining GST. (B, lower panel) Detection of GST and GST–caveolin-
1-1–101 in each eluate with the use of the anti-GST antibody. Ap-
parent molecular weights are indicated to the left, and arrows
designate the positions of full-length His6–filamin-28 and a C-ter-
minally shortened fragment in A and B.

Figure 6. In vitro binding of GST–caveolin-1 fusion proteins to
chicken muscle filamin. Samples were separated by SDS-PAGE and
electrotransferred onto polyvinylidene difluoride membranes. (Up-
per panel) A chicken filamin-specific polyclonal antiserum recog-
nizes filamin immunoreactivity of purified chicken muscle filamin
(ChF) and in fractions containing GST–caveolin-1-1–101, GST–
caveolin-1-1–178, and GST–caveolin-1-32–178. In the control eluate
containing GST, only weak, residual binding is detected. (Lower
panel) Immunoblot of the GST fusion proteins present in the eluates
with the use of an anti-GST mAb. These results extend the data of
filamin-28–caveolin-1 binding, showing that full-length caveolin-1
isoforms are able to bind to a muscle filamin isoform. Apparent
molecular weights are indicated to the right. f, filamin.
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B, arrows). Filamin staining in lamellipodia was patchy and
somewhat blurry compared with the strong, string-like im-
munoreactivity underlying other membrane regions (Figure
7A, open arrowheads). Some diffuse cytoplasmic staining
was also observed. The monoclonal anti-filamin antibody
mab1680 and our polyclonal anti-filamin antiserum pab228
labeled the same structures in T4.5 cells, confirming the
specificity of the antiserum (Figure 7, compare C and D).

In T4.5 trophoblasts, caveolin-1 was concentrated at the
plasma membrane in elongated patches (Figure 7, E and F,
large arrows). In addition, some caveolin-1 appeared to be
intracellular, probably in a region reflecting the trans-Golgi
network (Figure 7F, asterisks). Some cellular processes were
also labeled for caveolin-1 (Figure 7F, small arrow). In a
subpopulation of cells, virtually all caveolin-1 immunoreac-
tivity was apparently cytoplasmic and no caveolin-1–posi-
tive patches at the membranes were observed (Figure 7E,
arrowhead). The polyclonal anti-caveolin-1 antibody and the
mAb 2234, raised against the 31 N-terminal amino acids of
caveolin-1, produced highly similar staining patterns (Fig-
ure 7, compare E and F).

The observations in these immunolocalization experi-
ments were in accordance with earlier reports on the local-

ization of filamin and caveolin in various cell types (Dupree
et al., 1993; Provance et al., 1993).

To determine if the filamin-positive regions of the plasma
membrane also contained caveolin-1, trophoblasts were
double labeled for these two proteins (Figure 8). Indeed, in
many cases, the peripheral patchy or punctuate caveolin-1
structures appeared to be very close to the filamin-positive
actin cables underlying the plasma membrane (Figure 8, A
and B, arrows). A similar situation was seen in caveolin-1–
positive cellular processes (Figure 8, C and D, arrowheads).
Higher magnification showed coalignment of caveolin-1–
positive patches with cortical filaments decorated with fil-
amin (Figure 8A, detail, arrowheads). Larger patches lay
between these filaments and apparently contacted them at
their peripheries (Figure 8A, detail, arrow). These observa-
tions indicated that a part of the caveolin-1–positive plasma
membrane domains, probably reflecting clusters of caveolae,
could associate with filamin-decorated fibers.

It should be noted that there were generally only one or
two major caveolin-1–positive patches per cell. Thus, a large
part of the filamin-positive submembrane regions or pro-
cesses were devoid of caveolin-1. Likewise, most intracellu-
lar caveolin-1 appeared to be spatially separated from fil-
amin-positive filaments.

Rho Activation Reorganizes Caveolin-1-positive
Membranes
Stress fibers are under the control of the small GTPase Rho
(Ridley and Hall, 1992). The bacterial toxin CNF-1 constitu-
tively activates Rho by deamidating glutamine 63, leading to
increased stress fiber formation (Aktories, 1997). T4.5 tro-
phoblasts grown on fibronectin in normal growth medium
possessed some stress fibers and showed small, nonpolar-
ized intracellular membrane domains of caveolin-1 (Figure
9A). After CNF-1 stimulation, large caveolin-1 patches were
seen not only in the cellular cortex but also in patches
following the orientation of certain stress fibers (Figure 9, B
and C, arrowheads). These caveolin-1–positive assemblies
along stress fibers were very large at the 3-h time point.
After 24 h, the patches had developed into more numerous
and generally slimmer assemblies than after 3 h (Figure 9,
compare B and C). Furthermore, the amount of caveolin-1
seemed to increase. In the cell periphery, filamin and caveo-
lin-1 were still found together in elongated patches in the
presence of CNF-1 (Figure 9, A–C, large arrows). Treatment
of the CNF-1–stimulated cells with CD disrupted stress fi-
bers, and cell morphology changed rapidly to a spiky phe-
notype (Figure 9D). At the same time, the polarized, patchy
cytoplasmic distribution of caveolin-1 was completely abol-
ished, and only small, dispersed patches could be observed
(Figure 9D, small arrows).

Thus, caveolin-1–positive membrane domains were re-
markably reorganized after Rho activation, leading to a
coalignment of these domains with filamin-decorated
stress fibers. This organization could be abolished with
CD. These observations strongly implied that caveolin-1–
positive structures were physically linked to the actin
filament system via filamin.

Figure 7. Confocal images of NIH/3T3 fibroblasts (A) and T4.5
trophoblasts (B–F) stained for filamin (A–D) or caveolin-1 (E and F).
Filamin immunoreactivity was dominant on stress fibers (A and B,
small arrows) and at the cell periphery (A and B, large arrows).
Blurry immunoreactivity was seen in lamellipodia (A, open arrow-
heads). The labeling produced by antibodies mab1680 and pab228 is
identical (compare C and D). Caveolin-1 was detected in patches or
in a punctate pattern at the plasma membrane (E and F, large
arrows) and along cellular processes (F, small arrow). The arrow-
head in E designates a cell apparently showing only intracellular
caveolin-1 immunoreactivity. Antibodies used were pab228 (A and
C), mab1680 (B and D), and polyclonal anti-caveolin-1 (E and F).
Bars, 10 mm.
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Colocalization of Filamin with Clusters of Caveolae
by Immunoelectron Microscopy
Because the optical resolution obtainable by confocal micros-
copy is two to three times the size of caveolae, it could not be
determined whether the caveolin-1–positive membranes close
to filamin-decorated filaments were single caveolae, groups of
caveolae, or other kinds of immunoreactive structures. There-
fore, we prepared ultracryosections of CNF-1–treated tropho-
blasts and double labeled them with antibodies against filamin
and caveolin-1. The anti-caveolin-1 antibody specifically la-
beled plasma membrane caveolar invaginations. Generally,

single caveolin-1–labeled caveolae were rare at the plasma
membrane. Instead, they formed clusters of various sizes, often
appearing as large racemose aggregates of caveolae (Figure 10).
These were often deeply invaginated into the cell without
losing surface contact (Figure 10B). Filamin labeling was some-
times seen very close to caveolae and the caveolar clusters at
the cell surface. In contrast, filamin labeling was never found
associated with clathrin-coated pits.

Thus, filamin seemed to colocalize with a fraction of clus-
tered caveolae at the plasma membrane, an observation that
fits well with the confocal microscopy data. Our findings thus

Figure 8. Confocal images of T4.5 trophoblasts double labeled for filamin and caveolin-1. (Left panels) Anti-filamin; (middle panels)
anti-caveolin-1; (right panels) merged channels. (A and B) Filamin and caveolin-1 colocalize in patches at the cell periphery (large arrows).
In addition, some caveolin-1 labeling appears to be intracellular (asterisk in B). The enlarged field in A shows a region of distinct coalignment
of filamin and caveolin-1–positive structures at the plasma membrane. Caveolin-1 is present on (arrowheads) and between (small arrow) two
filamin-positive fibers. (C and D) Codistribution of caveolin-1 and filamin in patches on cellular processes (arrowheads). Antibodies used
were mab1680/polyclonal anti-caveolin-1 (A–C) and pab228/mab2234 (D). Bars, 10 mm (A–C), 1 mm (detail of A), and 5 mm (D).
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provide strong evidence for the existence of an association of
caveolin-1 and filamin not only in vitro but also in intact cells.

DISCUSSION

We have for the first time identified a cytoskeleton-associ-
ated protein, the actin cross-linking protein filamin, as a
ligand for caveolin-1. With the use of a yeast two-hybrid
screen, fragments of two isoforms of filamin, nonmuscle
filamin and b-filamin, were isolated. Both fragments
spanned about 300 amino acids of the filamin C terminus.

These comprised the second half of filamin repeat 22, repeat
23, a hinge region, and the dimerization domain in repeat 24.
Mapping of the filamin–caveolin-1 interaction in two-hybrid
experiments revealed that the dimerization domain alone
did not bind to caveolin-1. In contrast, the fragment span-
ning repeats 22 and 23 and the hinge was still able to bind to
caveolin-1. Therefore, it seems likely that dimerization of
filamin is not required for caveolin-1 binding. Because nei-
ther filamin repeat 22 or 23 alone bound to caveolin-1, the
hinge region between repeat 23 and 24 seems to be a good
candidate for the caveolin-1 binding site. Quantification of

Figure 9. Reorganization of caveolin-1–positive structures in response to CNF-1 in T4.5 trophoblasts. (Left panels) anti-filamin; (middle
panels) anti-caveolin-1; (right panels) merged channels. Compared with control conditions (A), 3 h after incubation with CNF-1 cells
possessed very large clusters of caveolar membranes (B). These clusters became slimmer and more numerous after 24 h (C). In addition, more
stress fibers were observed at both time points (B and C, left panels). Arrowheads in B and C indicate corresponding positions in the images
showing filamin and caveolin-1, respectively, where caveolin-1 clusters coalign with stress fibers. Patches of caveolin-1 colocalized with
filamin at the plasma membrane, as observed in control cells (A and Figure 8), could still be seen after treatment with CNF-1 (A–C, large
arrows). Treatment of the cells with CD after a 3-h incubation with CNF-1 abolished stress fibers and the polarized distribution of caveolin-1
in the cytoplasm (D, small arrows). Bar, 10 mm.
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the two-hybrid interaction revealed that the short N termi-
nus of caveolin-1b (amino acids 32–101) was able to bind
more strongly to filamin than the N terminus of caveolin-1a
(amino acids 1–101), indicating a possible modulating influ-
ence of the 31 N-terminal amino acids on the strength of the
interaction.

The binding to caveolin-1-1–101 could be reproduced in
vitro with the use of a GST fusion protein and the recombi-
nant histidine-tagged filamin fragment. In our in vitro bind-
ing assays, we observed that a C-terminally shortened fil-
amin fragment was not able to bind to the GST–caveolin-1-
1–101 fusion protein. Calculated from the mass difference
between the 35- and 31-kDa fragments, the missing region
should constitute about one-third of repeat 24 (35 amino
acids). Thus, this deletion might destroy the conformation of
repeat 24 and the neighboring hinge in a way that prevents
caveolin-1 binding.

Unfortunately, the two-hybrid system could not be used
to establish whether caveolin-1b interacted more strongly
with filamin than caveolin-1a. Reporter genes were not ac-
tivated, even when probing the well-known full-length
caveolin-1–caveolin-1 interaction. This might be explained

by a potential membrane association of full-length caveo-
lin-1, a condition prohibiting the required translocation of
two-hybrid complexes into the yeast nucleus. However,
with another approach, the binding of full-length caveolin-1
to filamin could be confirmed. GST–full-length caveolin-1
fusion proteins bound to chicken muscle filamin in vitro.
These binding experiments confirmed our initial findings
with the two-hybrid system and indicated that caveolin-1
might be able to interact with the three filamin isoforms:
nonmuscle filamin, muscle filamin, and b-filamin.

Confocal and electron microscopy showed that part of
caveolin-1 and filamin was present in the same patches at
the plasma membrane. In cells treated with CNF-1, intracel-
lular caveolin-1–positive membranes apparently were reor-
ganized and coaligned with filamin-decorated fibers. In cells
with a few stress fibers, filamin immunoreactivity is par-
tially observed between these actin bundles (Provance et al.,
1993). The fraction of filamin decorating stress fibers seems
to increase upon Rho stimulation (this study). Therefore, we
favor the explanation that the concomitant redistribution of
caveolin-1–positive membrane domains to actin stress fibers
is evoked by a caveolin-1–filamin interaction.

Our findings are similar to ultrastructural results by
Senda et al. (1997) showing caveolae-like membrane do-
mains adjacent to stress fibers in cells treated with Bordetella
bronchiseptica dermonecrotic toxin (DNT). DNT, like CNF-1,
activates Rho, a key regulator of the actin cytoskeleton
(Fiorentini et al., 1988; Horiguchi et al., 1995). Interestingly,
DNT also increases the amount of caveolae at the membrane
facing the substratum (Senda et al., 1997).

The dimensions of caveolae are smaller than the spatial
resolution of the confocal microscope. Therefore, immuno-
electron microscopy was applied to determine whether
caveolae and filamin were tightly associated. In electron
micrographs of trophoblasts stimulated with CNF-1, we
found numerous small and large racemose clusters of caveo-
lae, some of which were labeled for filamin. This supported
our notion that actin filaments are connected to caveolar
membranes via filamin.

We also noticed that there were few, if any, intracellular
caveolin-1–positive vesicles in our electron microscopy spec-
imens. This indicated that most of the apparently intracel-
lular fluorescent signal for caveolin-1 might actually repre-
sent very deeply invaginated racemose caveolar clusters.
Trophoblasts are flat and well-spread cells, and deep (a few
hundred nanometers) invaginations would be difficult to
distinguish from truly intracellular structures by confocal
microscopy.

Together, the confocal and immunogold studies con-
firmed that caveolae and filamin could indeed associate in
cells. Moreover, these data were perfectly compatible with a
direct binding of caveolin-1 to filamin. At the same time,
they showed that the extent of the detectable caveolae/
caveolin-1–filamin interaction was limited. Considering our
quantitative binding data from the two-hybrid experiments,
it seems possible that caveolin-1b is the primary ligand for
filamin. Western blotting revealed that trophoblasts, com-
pared with NIH/3T3 fibroblasts, contained only minor
amounts of caveolin-1b. This might account for the rela-
tively sparse colocalization of filamin and caveolin-1.

Our findings fit well with previous reports describing
relations of caveolae with the actin cytoskeleton. In an ear-

Figure 10. Localization of caveolin-1 and filamin in CNF-1–stim-
ulated (24 h) T4.5 trophoblasts with the use of immunoelectron
microscopy. (A) A small cluster of two caveolae is positive for
caveolin-1 (10-nm gold). Filamin (5-nm gold; arrows) is present at
the caveolar membrane. (B) Large racemose cluster of caveolae
labeled for caveolin-1 (10-nm gold) and filamin (5-nm gold; arrows).
The caveolae cluster invaginates deeply into the cell but is still
surface connected. Bar, 100 nm.
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lier report (Izumi et al., 1988), it was shown that the striped
coat of caveolae could be decorated with myosin subfrag-
ment 1 and phalloidin, implying an association of actin with
caveolae. In another study, the caveolar inositol 1,4,5-
trisphosphate receptor–like protein was shown to coalign
with actin filaments, and caveolae distribution was altered
in response to treatment with CD (Fujimoto et al., 1995).
Biochemical evidence for the importance of the actin cy-
toskeleton in caveolar functions was provided in a report
showing that the internalization of clustered caveolae, stim-
ulated by okadaic acid, could be blocked by CD (Parton et
al., 1994). Furthermore, filamin is thought to play a role in
cell locomotion and mechanoprotection, and it functions as
a cytoskeletal linker for transmembrane proteins such as
integrins and the glycoprotein I complex in platelets (Cun-
ningham et al., 1992; Meyer et al., 1997; Glogauer et al., 1998;
Loo et al., 1998; Pfaff et al., 1998). Similarly, our results
indicate that caveolin-1 is tethered to the cortical actin cy-
toskeleton via filamin.

It can only be speculated which function the caveolin-1–
filamin interaction might have in cells. Filamin has been
found to play a regulatory role in the endocytosis of the
proprotein-processing proteinase furin. Filamin-deficient
cells showed an increase in furin internalization and re-
duced furin sorting to the trans-Golgi network (Liu et al.,
1997). Although it is still not clear whether caveolae play any
major role in clathrin-independent endocytosis (van Deurs et
al., 1993; Parton, 1996; Anderson, 1998), it is possible that fil-
amin might also be involved in the regulation of caveolae
internalization. This, in turn, could be important for signaling.
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