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The relationship between glycosylphosphatidyl inositol (GPI)-linked proteins and caveolins remains con-
troversial. Here, we derived fibroblasts from Cav-1 null mouse embryos to study the behavior of GPI-linked
proteins in the absence of caveolins. These cells lack morphological caveolae, do not express caveolin-1, and
show a �95% down-regulation in caveolin-2 expression; these cells also do not express caveolin-3, a muscle-
specific caveolin family member. As such, these caveolin-deficient cells represent an ideal tool to study the role
of caveolins in GPI-linked protein sorting. We show that in Cav-1 null cells GPI-linked proteins are prefer-
entially retained in an intracellular compartment that we identify as the Golgi complex. This intracellular pool
of GPI-linked proteins is not degraded and remains associated with intracellular lipid rafts as judged by its
Triton insolubility. In contrast, GPI-linked proteins are transported to the plasma membrane in wild-type
cells, as expected. Furthermore, recombinant expression of caveolin-1 or caveolin-3, but not caveolin-2, in
Cav-1 null cells complements this phenotype and restores the cell surface expression of GPI-linked proteins.
This is perhaps surprising, as GPI-linked proteins are confined to the exoplasmic leaflet of the membrane,
while caveolins are cytoplasmically oriented membrane proteins. As caveolin-1 normally undergoes palmitoyl-
ation on three cysteine residues (133, 143, and 156), we speculated that palmitoylation might mechanistically
couple caveolin-1 to GPI-linked proteins. In support of this hypothesis, we show that palmitoylation of
caveolin-1 on residues 143 and 156, but not residue 133, is required to restore cell surface expression of
GPI-linked proteins in this complementation assay. We also show that another lipid raft-associated protein,
c-Src, is retained intracellularly in Cav-1 null cells. Thus, Golgi-associated caveolins and caveola-like vesicles
could represent part of the transport machinery that is necessary for efficiently moving lipid rafts and their
associated proteins from the trans-Golgi to the plasma membrane. In further support of these findings,
GPI-linked proteins were also retained intracellularly in tissue samples derived from Cav-1 null mice (i.e., lung
endothelial and renal epithelial cells) and Cav-3 null mice (skeletal muscle fibers).

Over the past 10 years, increasing evidence has suggested
that the plasma membrane is not a homogenous “sea of lipids”
in which the proteins freely diffuse but instead is composed of
distinct membrane microdomains characterized by the local
accumulation of different lipids and proteins (29). In particu-
lar, recent studies support the existence of cholesterol- and
sphingolipid-rich membrane domains, which have been termed
lipid rafts (29, 87).

The close packing of cholesterol and sphingolipids makes
these microdomains more ordered and less fluid than the rest
of the bulk plasma membrane and confers upon these mem-
brane domains special biophysical properties, making them
resistant to solubilization with nonionic detergents at low tem-
peratures (1, 6, 9). Moreover, the existence of lipid rafts helps
to regulate the lateral diffusion of proteins and dictates ener-
getic rules so that the segregation of lipid-modified proteins
(either exoplasmic GPI-linked proteins or cytoplasmically ori-

ented acylated proteins, such as Src-family kinases) is favored
(8).

These lipid raft domains can exist by themselves or can be
enriched in one particular structural protein which can dra-
matically modify their form and function (29). The first integral
membrane protein identified as a lipid raft modifier was caveo-
lin (52, 75, 78); when the caveolin protein is integrated into the
microenvironment of a lipid raft, a caveolar vesicle is gener-
ated (29, 42). As a consequence, several discrete classes of
microdomains exist within the plane of the plasma membrane,
i.e., non-caveolar lipid rafts and caveolar lipid rafts, among
others (29, 87). Lipid rafts are localized mainly at the level of
the plasma membrane, but they can also form within internal
membrane compartments, such as the Golgi (31). Therefore,
the partitioning of caveolins into these lipid raft domains may
begin to occur at the level of the Golgi apparatus (31), initi-
ating the biogenesis of caveolae.

Caveolin is only the first of a three-member gene family, and
as a consequence, caveolin has been retermed caveolin-1 (82,
92). Caveolin-1 and -2 are coexpressed and show nearly iden-
tical tissue distributions, whereas caveolin-3 is expressed in a
muscle-specific fashion (70, 82, 89, 92). As a result of its cho-

* Corresponding author. Mailing address: Department of Molecular
Pharmacology, The Albert Einstein Cancer Center, Albert Einstein
College of Medicine, 1300 Morris Park Ave., Bronx, NY 10461. Phone:
(718) 430-8828. Fax: (718) 430-8830. E-mail: lisanti@aecom.yu.edu.

3905



lesterol-binding activity (43, 61, 94), caveolin-1 is thought to
play a central role in the formation of plasmalemmal caveolae,
morphologically defined as 50- to 100-nm diameter invagina-
tions of the plasma membrane.

In the process of the formation of caveolae, caveolin-1 and
caveolin-2 hetero-oligomerize to form high-molecular-mass
structures (15, 57, 77, 81). The interaction of these caveolin
oligomers with cholesterol and sphingolipids may play a critical
role at this stage by inducing the clustering and recruitment of
certain lipid-modified membrane proteins while excluding
other transmembrane proteins and lipid components (52, 87).

Caveolae were first independently described by two pioneers
in the field of electron microscopy, Yamada and Palade, in the
early 1950s (66, 95). Omega-shaped invaginations occurring
singly or in clusters, caveolae are found in many different cell
types, but are most abundant in fibroblasts, adipocytes, endo-
thelial cells, type I pneumocytes, epithelial cells, and smooth
muscle cells. Although they were first described as endocytic
structure for the transport of both small and large molecules
across endothelial cells (86), they are now considered a com-
plex membrane system that participates in many cellular func-
tions. Most notably, caveolae are dramatically enriched in lip-
id-modified cytoplasmic signaling molecules, including Src
family tyrosine kinases, heterotrimeric G proteins, and nitric
oxide synthase, among others (14, 52). As a consequence,
caveolae are believed to act as message centers that coordinate
signal transduction processes at the plasma membrane (52, 87).

Over the last decade, much attention has been focused on a
class of proteins which are attached to the external surface of
the plasma membrane through a C-terminal lipid moiety,
termed glycosylphosphatidyl inositol (GPI). In polarized epi-
thelial cells, GPI-linked proteins are selectively transported to
the apical surface through the exocytic pathway while prefer-
entially excluded from the basolateral membrane (7, 44, 47, 49,
51, 91). The GPI-linked family of proteins shows a wide func-
tional diversity of members that includes molecules that par-
ticipate in cell-cell adhesion, cell surface interactions, and sig-
nal transduction (23, 50).

What is known about the biogenesis of GPI-anchored pro-
teins? Although side chain modifications and the fatty acid
composition of the GPI anchor may vary, all GPI anchors
contain a conserved core glycan structure. Precursor proteins
that are destined to be GPI anchored contain a GPI attach-
ment signal at their extreme C terminus that is cleaved and
replaced with a GPI moiety within the lumen of the ER (11, 12,
60). At the level of the trans-Golgi network, GPI-linked pro-
teins then begin to partition into lipid raft microdomains and
become resistant to solubilization by the detergent Triton
X-100 (6). In this regard, it is thought that the GPI anchor acts
as a targeting signal for the association of this class of proteins
with lipid rafts. However, it remains unknown how GPI-an-
chored proteins are then transported from lipid rafts at the
trans-Golgi to lipid rafts at the cell surface. It has been pro-
posed that caveola-like vesicles located at the level of the Golgi
might act as exocytic vesicular carriers to transport GPI-linked
proteins to the cell surface (45, 54, 78). However, evidence to
directly support this hypothesis is lacking. Thus, the exact bio-
synthetic functional relationship between GPI-anchored pro-
teins, caveolae, and the caveolin proteins remains controver-
sial.

Here, we investigate whether a loss of caveolin protein ex-
pression and caveolae directly affects the cellular distribution
of GPI-anchored proteins. For this purpose, we studied the
membrane trafficking of GPI-linked proteins in caveolin-defi-
cient mouse models (28, 73). Using standard homologous re-
combination techniques, we recently generated caveolin-1 null
mice and derived mouse embryo fibroblasts (MEFs) from
these animals (72). These cells lack morphological caveolae, do
not express caveolin-1, and show a �95% down-regulation in
caveolin-2 expression; these cells also do not express caveo-
lin-3, a muscle-specific caveolin family member. As such, these
caveolin-deficient cells represent the ideal tool to study the
role of caveolins in GPI-linked protein sorting. In order to
visualize endogenous GPI-linked proteins as a general class of
molecules, we employed a lectin-like bacterial toxin, aerolysin,
which selectively recognizes the core glycan structure of the
GPI anchor only when it is attached to proteins (5, 16, 62).
Consequently, aerolysin does not discriminate between the
different GPI-anchored proteins (16). Similar experiments
were carried out using skeletal muscle tissue samples derived
from caveolin-3 null mice (28, 30).

We now show that expression of palmitoylated caveolin-1 is
normally required for the efficient transport of GPI-linked
proteins from the Golgi complex to the plasma membrane.
Our current results are entirely consistent with the original
identification of caveolin-1 as VIP-21 (vesicular integral mem-
brane protein with a molecular mass of 21 kDa), a prominent
component of trans-Golgi-derived transport vesicles (reviewed
in references 29, 52, and 73).

MATERIALS AND METHODS

Materials. Antibodies and their sources were as follows: anti-caveolin-1 mono-
clonal antibody (MAb) (clone 2297), anti-caveolin-2 MAb (clone 65), and anti-
caveolin-3 MAb (clone 26) (81, 83, 89) (gifts of Roberto Campos-Gonzalez, BD
Transduction Laboratories, Inc.); anti-caveolin-1 poloclonal antibody (PAb)
N-20 (Santa Cruz Biotechnology); anti-caveolin-2 PAb and anti-caveolin-3 PAb
(Affinity Bioreagents, Inc.); anti-�-dystroglycan (mouse MAb; Novocastra); anti-
Cab45 PAb (gift of Philipp E. Scherer); proaerolysin and anti-aerolysin MAb
(Protox Biotech); anti-aerolysin rabbit PAb (16, 62) (Buckley laboratory); anti-
T-cadherin PAb H-126 (Santa Cruz Biotechnology); anti-Tamm-Horsfall glyco-
protein sheep PAb (Chemicon, Inc.); anti-Src MAb (Upstate Biotechnology);
anti-�-actin MAb (clone AC-15) (Sigma); anti-carbonic anhydrase-IV PAb (CA-
IV; gift of William S. Sly, St. Louis University School of Medicine). A variety of
other reagents were purchased commercially as follows: cell culture reagents and
the Lipofectamine liposomal transfection reagent were from Gibco/BRL.

Expression vectors. The cDNAs encoding full-length caveolin-1, caveolin-2,
and caveolin-3 were subcloned into pCB7, a mammalian expression vector driven
by the cytomegalovirus promoter (15, 81–83, 92). The cDNAs encoding the
wild-type caveolin-1 and the caveolin-1 palmitoylation mutants (17) were not
epitope tagged and were subcloned into the pCAGGS vector, as we previously
described (38, 39). The cDNA encoding human c-Src in the pUSE-Amp cyto-
megalovirus-based vector was purchased from Upstate Biotechnology, Inc.

Immunoblot analysis. Mouse tissues were harvested, minced with a scissors,
homogenized in a Polytron tissue grinder for 30 s at a medium-range speed, and
solubilized with lysis buffer (10 mM Tris, pH 8; 150 mM NaCl; 1% Triton X-100,
60 mM octyl glucoside) containing protease inhibitors (Boehringer Mannheim).
In order to prepare cell lysates, cells were cultured in their respective media and
allowed to reach �80 to 90% confluency. Subsequently, they were washed with
phosphate-buffered saline (PBS) and incubated with lysis buffer containing pro-
tease inhibitors. Protein concentrations were quantified using the bicinchoninic
acid reagent (Pierce), and the volume required for 10 �g of protein was deter-
mined. Samples were separated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) (10% acrylamide) and transferred to nitrocellu-
lose. The nitrocellulose membranes were stained with Ponceau S (to visualize
protein bands), followed by immunoblot analysis. All subsequent wash buffers
contained 10 mM Tris (pH 8.0)–150 mM NaCl–0.05% Tween-20, which was
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supplemented with 1% bovine serum albumin (BSA) and 4% nonfat dry milk
(Carnation) for the blocking solution and 1% BSA for the antibody diluent.
Primary antibodies were used at a 1:1,000 dilution. Horseradish peroxidase-
conjugated secondary antibodies (1:5,000 dilution; Pierce) were used to visualize
bound primary antibodies with the Supersignal chemiluminescence substrate
(Pierce).

Proaerolysin overlay assays. GPI-linked proteins were visualized using the
proaerolysin overlay assay (5, 16, 62). Briefly, samples were separated by SDS-
PAGE (10% acrylamide) and transferred to nitrocellulose. Membranes were
blocked with 4% lowfat dried milk and 1% BSA in PBST (PBS–0.5% Tween 20).
Blots were then incubated at room temperature for 1 h with 20 nM proaerolysin
in PBST, washed three times, and incubated with a 1:4,000 dilution of an anti-
aerolysin MAb probe. After washing for 15 min, membranes were incubated with
an anti-mouse antibody conjugated to horseradish peroxidase (Pierce). Bound
immunoglobulin G (IgG) was detected using a chemiluminescent substrate
(Pierce).

Purification of caveola-enriched membrane fractions. Caveola-enriched mem-
brane fractions were purified essentially as we previously described (53, 78).
Briefly, 200 mg of lung tissue was placed in 2 ml of MBS (25 mM MES [mor-
pholineethanesulfonic acid], pH 6.5, 150 mM NaCl) containing 1% Triton X-100
and solubilized by using rapid 10-s bursts of a rotor homogenizer and passing 10
times through a loose-fitting Dounce homogenizer. The sample was mixed with
an equal volume of 80% sucrose (prepared in MBS lacking Triton X-100),
transferred to a 12-ml ultracentrifuge tube, and overlaid with a discontinuous
sucrose gradient (4 ml of 30% sucrose, 4 ml of 5% sucrose, both prepared in
MBS lacking detergent). The samples were subjected to centrifugation at 200,000
� g (39,000 rpm in a Sorval rotor TH-641) for 16 h. A light-scattering band was
observed at the 5/30% sucrose interface. Twelve 1-ml fractions were collected,
and 10 �g of each fraction were subjected to SDS-PAGE and either to immu-
noblotting or to the proaerolysin overlay assay.

Immunostaining of paraffin sections. Tissue sections derived from wild-type
and Cav-1 null mice were deparaffinized in xylene for 4 min and rehydrated
through a graded series of ethanol and placed in PBS. Antigen retrieval was
performed by microwave irradiation in 0.01 M trisodium citrate buffer, pH 6.
Sections were preblocked in PBS supplemented with 1% BSA, 10% horse serum,
and 0.1% Triton X-100 for 1 h at room temperature. The sections were then
labeled with a given polyclonal primary antibody at room temperature for 1 h.
After a 15-min wash in PBS, rhodamine-conjugated secondary antibodies were
added to the sections for 30 min. The sections were then washed in PBS for 15
min. Slow-Fade antifade reagent was added to prevent bleaching of the fluoro-
chrome. Samples were imaged with an Olympus inverted microscope. For the
nuclear counterstaining, before mounting the slides, DAPI was added for 15 min
at room temperature.

3T3 MEF culture and transfection. MEFs were obtained from day 13.5 em-
bryos and immortalized using the 3T3 protocol, as we previously described (72).
Immortalized MEF cells were grown in Dulbecco minimal essential medium
supplemented with 10% fetal bovine serum (FBS), 2 mM glutamine, 100 U of
penicillin/ml, and 100 �g of streptomycin (Gibco/BRL)/ml. Cells (�40 to 50%
confluent) were transiently transfected with a given cDNA by using the Lipo-
fectamine liposomal transfection reagent, per the manufacturer’s instructions,
and analyzed 36 to 48 h posttransfection.

Immunofluorescence microscopy. The procedure was performed essentially as
we have previously described, with minor modifications (40, 72). MEFs (either
untransfected or transfected) were fixed for 30 min in PBS containing 2%
paraformaldehyde and rinsed with PBS. The cells were then incubated in per-
meabilization buffer (PBS, 0.2% BSA, 0.1% Triton X-100) for 10 min, washed
with PBS, and labeled with 10�8 M proaerolysin. After washing with PBS (three
times), cells were incubated with a 1:500 dilution of an anti-aerolysin MAb. The
bound primary antibody was visualized with a tagged secondary antibody (fluo-
rescein isothiocyanate [FITC]-conjugated goat anti-mouse IgG [Jackson Immu-
nochemicals]). Cells were then washed with PBS (three times), and slides were
mounted with Slow-Fade anti-fade reagent (Molecular Probes). A cooled
charge-coupled device camera attached to an Olympus microscope was used for
detection of bound secondary antibodies. For double-labeling experiments, the
appropriate primary polyclonal antibody was incubated along with the anti-
aerolysin MAb and detected with a lissamine-rhodamine-conjugated goat anti-
rabbit secondary antibody (Jackson Immunochemicals).

Biochemical detection of cell surface GPI-linked proteins. Wild-type and
Cav-1 null 3T3 MEFs were grown to confluence on 10-cm-diameter dishes,
washed twice with ice-cold PBS containing CaCl2 (0.1 mM) and MgCl2 (1 mM)
[PBS-C/M], and subjected to cell surface biotinylation with sulfo–N-hydroxysuc-
cinimide (NHS)–biotin (0.5 mg/ml; Pierce), essentially as we have described
previously (51, 76). Then, the cells were scraped into 1 ml of ice-cold lysis buffer

containing 10 mM Tris, pH 8.0, 0.15 M NaCl, 1% Triton X-114, and protease
inhibitors and homogenized with a Dounce (five strokes). After 30 min on ice,
the samples were briefly warmed to 37°C (for 2 to 3 min); this step allows the
solubilization of GPI-linked proteins and causes the detergent Triton X-114 to
undergo phase separation (45, 51). The detergent phase was collected by cen-
trifugation in the Microfuge (14, 000 � g for 30 s) at room temperature; hydro-
phobic integral membrane proteins (including GPI-linked proteins) are known to
partition almost exclusively into the lower Triton X-114 detergent phase (46, 49).
The detergent phase (�100 to 150 �l) was then diluted with 900 �l of ice-cold 10
mM Tris, pH 8.0, 0.15 M NaCl, 60 mM octyl-glucoside, and protease inhibitors.
After dilution of the detergent phase, the samples were then subjected to cen-
trifugation in the Microfuge (14, 000 � g for 10 min) at 4°C to remove any
material that was not solubilized. The resulting lysates were precleared with
protein A-Sepharose. Then, streptavidin-agarose beads (50 �l of a slurry) were
added to each tube to collect the biotinylated cell surface integral membrane
proteins (48) (including GPI-linked proteins) and the samples were incubated for
4 to 6 h at 4°C rotating in the cold room. After washing the streptavidin-beads
(three times) with ice-cold 10 mM Tris, pH 8.0, 0.15 M NaCl, 60 mM octyl-
glucoside, and protease inhibitors, the bound material was eluted by boiling in
SDS-PAGE sample buffer. After SDS-PAGE and transfer to nitrocellulose,
GPI-linked proteins were visualized using the proaerolysin overlay assay, as
described above. Two 10-cm-diameter plates of cells were used for each exper-
imental condition.

Triton X-100 insolubility. MEFs were washed twice with ice-cold PBS; then, a
buffer containing 25 mM MES, pH 6.5, 0.15 M NaCl, 1% Triton X-100, and
protease inhibitors was gently added to the cells (90). After 30 min of incubation
at 4°C without agitation, the soluble fraction was collected. The insoluble frac-
tion was extracted using 1% SDS. Equal volumes of the soluble and insoluble
fractions were resolved by SDS-PAGE (10% acrylamide) and analyzed by
proaerolysin overlay or by immunoblotting.

Immunostaining of skeletal muscle sections. Gastrocnemius muscles were
isolated from wild-type and Cav-3 null mice, rapidly frozen in liquid nitrogen-
cooled isopentane, and stored in liquid nitrogen. Unfixed frozen sections (6 �m
thick) of skeletal muscle were prepared and then blocked with 1% BSA, 10%
horse serum, and 0.1% Triton X-100 for 1 h at room temperature. Sections were
incubated with a given primary antibody diluted in PBS containing 1% BSA.
After three washes with PBS, sections were incubated with the appropriate
secondary antibody (FITC-conjugated goat anti-mouse antibody or lissamine-
rhodamine-conjugated goat anti-rabbit antibody). Finally, the sections were
washed three times with PBS and the slides were mounted with the Slow-Fade
antifade reagent. For proaerolysin staining, sections were blocked as described
above and labeled with 10�8 M proaerolysin. After washing with PBS (three
times), cells were incubated with a 1:500 dilution of an anti-aerolysin rabbit PAb.
The bound primary antibody was visualized with a rhodamine-conjugated anti-
rabbit secondary antibody. Slides were then washed with PBS (three times) and
mounted with the Slow-Fade antifade reagent.

Cholera toxin uptake studies. Wild-type and Cav-1 null 3T3 MEFs were grown
on glass coverslips, and the cells were washed twice with ice-cold PBS containing
CaCl2 (0.1 mM) and MgCl2 (1 mM) (PBS-C/M). Cholera toxin B subunit (CT-B;
Sigma) was then diluted into ice-cold PBS-C/M for a final concentration of 1
�g/ml. The diluted CT-B solution was then applied to the cells. After 30 min on
ice, the cells were then washed twice with ice-cold PBS-C/M and normal media
(prewarmed to 37°C) was added. The cells were then incubated at 37°C for
various times (5, 15, 30, and 45 min) to allow CT-B internalization. Internaliza-
tion of CT-B was then stopped by placing the cells on ice, washing with ice-cold
PBS-C/M (two times), and fixation with 2% para-formaldehyde. Immunofluo-
rescent detection of the CT-B was performed using a rabbit polyclonal anti-CT-B
antibody (Sigma). The bound primary antibody was visualized with a rhodamine-
conjugated anti-rabbit secondary antibody.

RESULTS

In lung tissue from Cav-1-deficient mice, GPI-anchored pro-
teins are expressed at normal levels and are correctly targeted
to lipid rafts but are retained in an intracellular perinuclear
compartment. In order to understand the effect of a caveolin-1
deficiency on the phenotypic behavior of GPI-linked proteins,
we first analyzed lung tissue samples from Cav-1 null mice as
the caveolin-1 protein is normally highly expressed in the lung,
an endothelial-rich tissue source. Lysates were prepared from
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wild-type and Cav-1 null lung tissue and subjected to SDS-
PAGE/proaerolysin overlay analysis. Figure 1A shows that,
surprisingly, GPI-anchored proteins were expressed at normal
levels in Cav-1 null mice.

Previous studies have shown that GPI-anchored proteins are

normally targeted to lipid rafts which are membrane microdo-
mains that are enriched in cholesterol and sphingolipids (1, 6).
The cholesterol/sphingolipid-rich composition of lipid rafts
makes them more ordered than the rest of the plasma mem-
brane and confers upon them special biochemical properties.

FIG. 1.
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In particular, lipid rafts are resistant to solubilization with
nonionic detergents at low temperatures, thereby facilitating
their purification (8, 9). When the caveolin-1 protein is ex-
pressed, it is targeted to lipid rafts, where it induces the trans-
formation of lipid rafts into caveolar microdomains (29, 87).

To determine if GPI-anchored proteins are correctly tar-
geted to lipid rafts in Cav-1 null mice, lung tissue samples were
next subjected to extraction with ice-cold Triton X-100 and
sucrose density gradient ultracentrifugation, an established
procedure that allows the purification of lipid rafts/caveolae
(53, 55, 78, 90); fractions 4 and 5 contained caveolin-1 and
represented the lipid raft/caveola-enriched fractions, while
fractions 8 to 12 contained the bulk of cellular membranes and
cytosolic proteins. To visualize the distribution of GPI-linked
proteins across the gradient, an aliquot of each gradient frac-
tion was subjected to SDS-PAGE and proaerolysin overlay
analysis. Figure 1B and C shows that GPI-linked proteins are
correctly targeted to lipid rafts in Cav-1 null mice (Fig. 1C),
compared to normal wild-type controls (Fig. 1B). These results
indicate that caveolin-1 expression is clearly not required for
maintaining the association of GPI-linked proteins with lipid
rafts.

We next investigated the subcellular localization of GPI-
anchored proteins. For this purpose, we immunostained lung
paraffin sections from wild-type and Cav-1 null mice with rab-
bit PAbs directed against carbonic anhydrase IV (CA-IV).
CA-IV is a GPI-linked enzyme originally purified from lung
tissue, and CA-IV is prominently expressed on the luminal side
of the alveolar capillary endothelium (24). Samples were also
subjected to nuclear counterstaining with DAPI (4,6-dia-
midino-2-phenylindole), which emits blue fluorescence upon
binding to AT-rich DNA regions.

Figure 1D shows that in wild-type mice, CA-IV was ex-
pressed on the plasma membrane, as expected. In striking
contrast, CA-IV was retained in an intracellular perinuclear
compartment in Cav-1 null mice. Thus, the trafficking of lipid
rafts/GPI-linked proteins may be altered in Cav-1 null mice.

Intracellular retention of GPI-linked proteins within lipid
rafts at the Golgi complex in Cav-1-deficient 3T3 MEFs. To
better understand the altered localization of GPI-linked pro-
teins in lung tissue samples, we next analyzed the behavior of
GPI-linked proteins in MEFs derived from Cav-1�/� and Cav-
1�/� animals (72). These cells constitute an ideal model for
studying how caveolin-1 may affect the trafficking of various
endogenously expressed proteins, such as GPI-anchored pro-
teins, under physiological conditions.

Two different MEF clones for each genotype (wild-type and
Cav-1 null) were generated in our laboratory and immortalized
using a defined 3T3-passaging protocol (72). Here, we present
the first characterization of these 3T3-immortalized wild-type
and Cav-1 null MEF clones. These four new cell lines (�35
passages) will be extremely useful in studying the role of caveo-
lae and caveolin-1 in membrane protein trafficking, as they
provide a highly transfectable mammalian complementation
system for studying caveolin-1-dependent cell function(s). Im-
munoblot analysis of protein lysates from wild-type and Cav-1
null 3T3 MEFs revealed a complete absence of caveolin-1
expression and a dramatic reduction of caveolin-2 expression
in Cav-1 null 3T3 MEFs (Fig. 2A). These findings are consis-
tent with our previous results using primary cultures of wild-
type and Cav-1 null MEFs (passages 1 to 5) (72). Equal protein
loading was assessed by immunoblotting with anti-�-actin IgG.

FIG. 1. Phenotypic behavior of GPI-anchored proteins in lung tis-
sue from Cav-1 null mice. (A) GPI Western blot analysis. The expres-
sion levels of lung GPI-anchored proteins remain unchanged in Cav-1
null mice compared with those of wild-type control mice. Lung tissue
samples from wild-type and Cav-1 null mice were homogenized in lysis
buffer, and 20 �g of lysate from each sample was separated by SDS-
PAGE. After transfer to nitrocellulose, the blots were subsequently
subjected to proaerolysin overlay to visualize GPI-linked proteins or to
caveolin-1 immunoblotting. (B and C) Cellular fractionation. GPI-
anchored proteins were targeted to lipid rafts/caveola-enriched frac-
tions in lung tissue from wild-type and Cav-1 null mice. Lipid rafts/
caveola microdomains were separated from other cellular constituents
by using sucrose flotation gradients (see Materials and Methods). Lung
tissue from wild-type and Cav-1 null mice was homogenized thor-
oughly in lysis buffer containing 1% Triton X-100 and subjected to
sucrose gradient centrifugation. Twelve 1-ml fractions were collected,
and 10 �g of each fraction was separated by SDS-PAGE and trans-
ferred to nitrocellulose. The distribution of GPI-anchored proteins was
analyzed by proaerolysin overlay. Note that GPI-anchored proteins
cofractionate with caveolin-1 (fractions 4 and 5) in lung tissue from
wild-type mice (B). However, GPI-anchored proteins are still targeted
to lipid rafts (fractions 4 and 5) in lung tissue from Cav-1 null mice (C).
(D) CA-IV immunostaining. GPI-linked proteins show differences in
their localization patterns in lung tissue from Cav-1 null mice. Lung
paraffin sections from wild-type and Cav-1 null mice were labeled with
an antibody directed against an abundant lung endothelial GPI-an-
chored protein, CA-IV. Bound primary antibodies were detected with
a fluorescently labeled secondary antibody. Nuclear counterstaining
was performed using DAPI. Top, CA-IV localizes at the plasma mem-
brane in wild-type lung endothelial cells (see arrows). Bottom, GPI-
anchored CA-IV shows a perinuclear localization pattern in Cav-1 null
lung endothelial cells (see arrowhead); arrows point to the cell surface.
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FIG. 2.
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We first assessed the localization of GPI-linked proteins by
cell surface staining using wild-type and Cav-1 null MEFs.
Cells were fixed in the absence of any detergents and subjected
to labeling with proaerolysin. Figure 2B (lower panel) shows
that little or no GPI surface staining was detectable in Cav-1
null cells. On the contrary, in wild-type MEFs, GPI-anchored
proteins showed their normal characteristic punctate distribu-
tion at the cell surface (Fig. 2B, upper panel). Identical results
were obtained with both Cav-1 null 3T3 MEF clones.

We next performed immunolocalization after permeabiliza-
tion with detergent to allow the detection of a potential intra-
cellular pool of GPI-linked proteins with proaerolysin. In wild-
type MEFs, GPI-linked proteins were efficiently targeted to the
plasma membrane, and in fact, they often showed a polarized
distribution; two exposures are shown to better illustrate this
point (Fig. 2C). However, in Cav-1 null MEFs, GPI-linked
proteins were primarily retained at the level of a perinuclear
compartment and were not able to efficiently reach the plasma
membrane (Fig. 2D). This finding is consistent with the ob-
served intracellular retention of GPI-linked proteins in the
lung tissue samples (Fig. 1D). We identified this perinuclear
compartment as the Golgi complex (Fig. 3A) by performing
double-labeling experiments with antibodies directed against a
Golgi marker protein, Cab45, that is endogenously expressed
(80).

Given the observed intracellular retention of GPI-linked
proteins, we wondered if such localization might affect their
stability or their expression levels. To our surprise, however,
GPI-anchored proteins were expressed at normal levels in
Cav-1 null MEFs, as seen by proaerolysin overlay (Fig. 3B).
Note the two major GPI-linked proteins of proteins �35 and
�60 kDa (see arrows).

To biochemically detect only cell surface GPI-anchored pro-
teins, we next used cell surface biotinylation and concentrated
the biotinylated GPI-linked proteins by phase separation using
the detergent Triton X-114 and precipitation with streptavidin
agarose beads (see Materials and Methods). The recovered
biotinylated GPI-linked proteins were then visualized via the
proaerolysin overlay assay. We anticipated that only a subset of
GPI-anchored proteins would be detected via this method, as
they also must be lysine-rich proteins in order to be labeled by
sulfo-NHS-biotin, which reacts only with free amino groups at
the cell surface. Interestingly, using this approach in wild-type
MEFs, we successfully detected the two major endogenous
GPI-linked proteins (�35 and �60 kDa; compare with Fig.

3B) at the cell surface (Fig. 3C, arrows). Importantly, visual-
ization of these GPI-linked proteins was strictly dependent on
cell surface biotinylation, as they were not observed if cell
surface biotinylation was omitted (compare � and � lanes). In
striking contrast, no cell surface GPI-linked proteins were de-
tected in Cav-1 null MEFs (Fig. 3C), consistent with our find-
ings from immunofluorescence microscopy (Fig. 2B). These
data provide clear biochemical evidence that the two major
endogenous GPI-linked proteins are not located at the cell
surface in Cav-1 null MEFs.

To examine if this intracellular pool of GPI-linked proteins
remains associated with lipid rafts, we also assessed their Triton
solubility profile. Figure 3D shows that GPI-anchored proteins
are predominantly Triton insoluble and that their distribution
pattern is essentially identical both in wild-type and Cav-1 null
MEFs.

Thus, we conclude that a loss of caveolin-1 expression does
not affect the expression levels or raft-association of GPI-
linked proteins. However, loss of caveolin-1 does result in the
preferred intracellular retention of GPI-linked proteins in both
lung tissue and cultured 3T3 fibroblasts.

Recombinant expression of caveolin-1 or caveolin-3 restores
cell surface expression of GPI-linked proteins in Cav-1 null
MEFs. Given that the absence of caveolin-1 expression causes
the intracellular retention of GPI-linked proteins at the level of
the Golgi, we speculated that we could rescue this trafficking
defect by recombinantly expressing caveolin-1 in Cav-1 null
MEFs. For this purpose, Cav-1 null MEFs were transiently
transfected with the cDNA encoding caveolin-1.

Figure 4A shows that recombinant expression of caveolin-1
leads to the cell surface expression of GPI-linked proteins in
Cav-1 null MEFs, successfully complementing the defect in
their transport. Interestingly, caveolin-1 and GPI-linked pro-
teins showed colocalization at the cell surface in caveolin-1-
transfected cells. The same micrograph also shows two un-
transfected Cav-1 null MEFs in which GPI-anchored proteins
are retained in the Golgi complex.

Currently, the caveolin gene family consists of caveolin-1, -2,
and -3 (21). Caveolin-1 and -2 are coexpressed and form hetero-
oligomeric complexes in many cell types (79, 81), while caveolin-3
is exclusively expressed in muscle cells (including skeletal, cardiac,
and smooth muscle) (70, 89, 92). Therefore, we next examined
whether transient expression of either caveolin-2 or caveolin-3
could rescue the cell surface expression of GPI-linked proteins.

FIG. 2. Intracellular retention of GPI-linked proteins in Cav-1-deficient 3T3 MEFs. (A) Caveolin Western blot analysis. 3T3 MEFs from Cav-1
knockout (KO) mice show an absence of caveolin-1 and severely reduced caveolin-2 levels. Samples containing 10 �g of lysates from wild-type
(WT) and Cav-1 null MEFs were loaded in each lane, subjected to SDS-PAGE, and immunoblotted with an anti-Cav-1 MAb (clone 2297) or with
an anti-Cav-2 MAb (clone 26). Equal protein loading was assessed using an anti-�-actin MAb. Results for two independent clones of each genotype
are shown. (B) GPI cell surface labeling. Wild-type and Cav-1 null MEFs were grown on coverslips at a density of �70 to 80% confluency. After
fixation, the cells were not permeabilized. Instead, they were directly labeled with 10�8 M proaerolysin and then incubated with an anti-aerolysin
MAb. Bound primary antibodies were visualized with an FITC-conjugated anti-mouse antibody (see Materials and Methods). Note that in
wild-type MEFs, GPI-anchored proteins show a punctate pattern of cell surface staining, as expected. In striking contrast, Cav-1 null MEFs show
little or no detectable cell surface labeling of GPI-linked proteins. (C and D) GPI staining after detergent permeabilization. Wild-type and Cav-1
null MEFs were grown on coverslips at a density of �70 to 80% confluency. After fixation, the cells were permeabilized and then labeled with 10�8

M proaerolysin. Bound proaerolysin was visualized as described above in the legend for panel B. (C) In wild-type MEFs, GPI-anchored proteins
were targeted to the plasma membrane and often assumed a polarized distribution. Arrows point at the cell surface. A longer exposure is also
shown in the lower panel to illustrate the overall shape and contour of the cells. (D) In Cav-1 null MEFs, GPI-anchored proteins were primarily
retained intracellularly in a perinuclear compartment (arrowheads). N, nucleus.
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For this purpose, Cav-1 null MEFs were transiently transfected
with the cDNAs encoding caveolin-2 or caveolin-3.

Figure 4B shows that recombinant expression of caveolin-2
could not compensate for caveolin-1’s absence, as the GPI-linked
proteins are still retained intracellularly. This is perhaps not sur-
prising in light of recent evidence showing that in the absence of
caveolin-1 expression, the stability and proper folding of the
caveolin-2 protein is compromised. For example, in the absence
of caveolin-1, caveolin-2 expression is greatly reduced via protea-
somal degradation, residual caveolin-2 is trapped intracellularly at
the level of the Golgi, and thus, caveolin-2 lacks the ability to
induce caveola formation at the plasma membrane (59, 67, 72).

In contrast, Fig. 4C shows that recombinant expression of
caveolin-3 rescued the ability of GPI-linked proteins to exit
from the Golgi complex and to properly reach the cell surface.
In this regard, it is interesting to note that caveolin-3, which
has the highest homology to caveolin-1, is necessary and suf-
ficient to induce the morphological formation of caveolae in
muscle cells (28, 41). Thus, we conclude that expression of
either caveolin-1 or caveolin-3 is required for the efficient
transport of GPI-anchored proteins to the plasma membrane.

Expression of palmitoylated caveolin-1 is required for effi-
cient transport of GPI-linked proteins to the plasma mem-
brane in Cav-1 null MEFs. How does cytoplasmically oriented
caveolin-1 interact with luminal GPI-linked proteins if they
reside on opposite sides of the Golgi lipid bilayer? As caveo-
lin-1 normally undergoes palmitoylation on three cysteine res-
idues (133, 143, and 156) within its C-terminal domain (17),
one possibility is that this interaction is mediated by the trans-
bilayer association of the two or three fatty acyl groups on the
GPI anchor with the three palmitoyl moieties attached to
caveolin-1. The acyl group-dependent association of caveolin-1
with cholesterol (94) may also link the cytoplasmic and exo-
plasmic leaflets of the lipid bilayer, as cholesterol is present in
both leaflets and can potentially form dimers that span the
membrane, acting as a bridge (33) (Fig. 5A). Alternatively,
palmitoylation of caveolin-1 may simply affect the global orga-
nization of lipid rafts, thereby facilitating the recruitment of
GPI-linked proteins.

To test this hypothesis, we next examined the ability of a

panel of four palmitoylation-deficient caveolin-1 mutants to
rescue the cell surface expression of GPI-linked proteins in
Cav-1 null MEFs. In these mutants, each caveolin-1 palmitoyl-
ation acceptor site is mutated from cysteine to serine (C133S,
C143S, C156S, and the triple mutant C133, 143, 156S-Pal Mi-
nus) (Fig. 5B).

Importantly, palmitoylation-deficient caveolin-1 correctly
forms high-molecular-mass oligomers and is correctly targeted
to the plasma membrane/caveolae, behaving as wild-type
caveolin-1 (17, 56, 94). However, this occurs despite the fact
that palmitoylation-deficient caveolin-1 fails to recruit choles-
terol to caveolar membranes (94). Similarly, it has been pre-
viously shown that all four of the caveolin-1 palmitoylation
mutants used here correctly reach the plasma membrane and
are correctly targeted to lipid rafts/caveolae (17, 94).

Figure 5C shows that palmitoylation-deficient caveolin-1
(C133, 143, 156S-Pal Minus) completely fails to rescue the cell
surface transport of GPI-linked proteins. In order to further
dissect this phenomenon, we next transiently transfected each
caveolin-1 single mutant and analyzed the distribution of GPI-
linked proteins by proaerolysin immunofluorescence. Interest-
ingly, recombinant expression of caveolin-1 (C133S) was suf-
ficient to recruit GPI-anchored proteins to the plasma
membrane, although with a lower efficiency than wild-type
caveolin-1 (Fig. 5D). In contrast, recombinant expression of
caveolin-1 (C143S) or caveolin-1 (C156S) failed to rescue the
cell surface expression of GPI-linked proteins (Fig. 5E and F).
Thus, palmitoylation of caveolin-1 at cysteine residues 143 and
156 is most critical for caveolin-1 to functionally facilitate the
cell surface transport of GPI-linked proteins. These results
support the hypothesis that caveolin-1 palmitoyl groups some-
how facilitate the clustering of GPI-linked proteins in Golgi-
associated caveola-like vesicles that are then transported to the
plasma membrane. Thus, palmitoylated caveolin-1 normally
functions as a molecular escort to allow the efficient cell sur-
face transport of GPI-linked proteins.

In Cav-3 null mice, GPI-anchored proteins are expressed at
normal levels but display an abnormal localization pattern
and are retained intracellularly. Our previous studies have
demonstrated that Cav-3 null mice show various alterations in

FIG. 3. GPI-linked proteins are preferentially retained within lipid rafts at the level of the Golgi complex in Cav-1 null MEFs. (A) Double
labeling with a Golgi marker protein. Formaldehyde-fixed and permeabilized Cav-1 null MEFs were double labeled with proaerolysin to visualize
GPI-linked proteins and with Cab45, an endogenous Golgi marker protein. Bound primary antibodies were visualized with distinctly tagged
secondary antibodies (see Materials and Methods). Note that the distributions of GPI-anchored proteins and Cab-45 precisely coincide, identifying
the perinuclear region as the Golgi complex (arrowhead). N, nucleus. (B) GPI Western blot analysis. The expression levels of GPI-anchored
proteins remained unchanged in Cav-1 null MEFs, compared with wild-type (WT) control MEFs. A 10-�g sample of cell lysate was loaded in each
lane and separated by SDS-PAGE. The blots were subsequently subjected to proaerolysin overlay analysis to visualize GPI-linked proteins. Note
the two major GPI-linked proteins with molecular masses of �35 and �60 kDa (see arrows). KO, knockout. (C) Biochemical detection of cell
surface GPI-linked proteins. To detect only cell surface GPI-anchored proteins, we used cell surface biotinylation and concentrated the
biotinylated GPI-linked proteins by phase separation using the detergent Triton X-114 and precipitation with streptavidin agarose beads (see
Materials and Methods). The recovered biotinylated GPI-linked proteins were then visualized via the proaerolysin overlay assay. Note that by using
this approach, we successfully detected the two major endogenous GPI-linked proteins (�35 and �60 kDa; see arrows) at the cell surface in
wild-type MEFs. Importantly, visualization of these GPI-linked proteins was strictly dependent on cell surface biotinylation, as they were not
observed if cell surface biotinylation was omitted. In striking contrast, no cell surface GPI-linked proteins were detected in Cav-1 null MEFs. �,
samples subjected to cell surface biotinylation with sulfo-NHS-biotin; �, the biotinylation step was omitted (a critical negative control). (D) GPI
detergent insolubility. GPI-anchored proteins are detergent insoluble both in wild-type and knockout MEFs. After incubation of wild-type and
Cav-1 null MEFs with a buffer containing 1% Triton X-100, the soluble fraction was collected. Then, the insoluble fraction was extracted using
1% SDS. Equal volumes of the soluble fraction and insoluble fraction were resolved by SDS-PAGE (10% acrylamide) and analyzed by proaerolysin
overlay or caveolin-1 immunoblotting. Note that a caveolin-1 deficiency did not affect the detergent solubility of the GPI-anchored proteins; they
remain predominantly Triton insoluble, indicative of their association with lipid rafts.
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FIG. 4. Recombinant expression of caveolin-1 or caveolin-3 re-
stores the robust cell surface expression of GPI-linked proteins in
Cav-1 null MEFs. Cav-1 null MEFs were transiently transfected with
full-length cDNAs encoding either caveolin-1, caveolin-2, or caveo-
lin-3. Thirty-six hours posttransfection, cells were formaldehyde fixed
and doubly immunostained with proaerolysin and with either anti-
Cav-1, anti-Cav-2 or anti-Cav-3 PAb. (A) Caveolin-1. Recombinant
expression of caveolin-1 rescues the ability of GPI-anchored proteins
to reach the plasma membrane. Note that both GPI-linked proteins
and caveolin-1 colocalized to the plasma membrane in caveolin-1-
transfected cells (arrows). In the same field, two untransfected cells
that did not express caveolin-1 showed the retention of GPI-anchored
proteins in the Golgi complex (arrowheads). N, nucleus. (B) Caveo-
lin-2. Recombinant expression of caveolin-2 failed to restore the cell
surface expression of GPI-linked proteins. Note that both GPI-an-
chored proteins and caveolin-2 were colocalized to the Golgi complex
(arrowheads). The image shown is that of a caveolin-2-transfected cell.
N, nucleus. (C) Caveolin-3. Recombinant expression of caveolin-3
rescued the ability of GPI-anchored proteins to reach the plasma
membrane. Note that both GPI-linked proteins and caveolin-3 colo-
calized to the plasma membrane in the caveolin-3-transfected cell
(arrows). In the same field, an untransfected cell that did not express
caveolin-3 showed the retention of GPI-anchored proteins in the Golgi
complex (arrowhead). N, nucleus.
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their skeletal muscle fibers, with a loss of sarcolemmal caveo-
lae, a biochemical defect in the targeting of the dystrophin-
dystroglycan complex to lipid rafts, and an immature disorga-
nized T-tubule system (28). As we show here that recombinant
expression of caveolin-3 in Cav-1 null MEFs is sufficient to
rescue the cell surface expression of GPI-linked proteins, we
wondered whether Cav-3 null mice also show defects in the
trafficking of GPI-linked proteins in vivo.

Lysates from skeletal muscle tissue biopsies from wild-type
and Cav-3 null mice were subjected to SDS-PAGE and
proaerolysin overlays to detect GPI-linked proteins. Figure 6A
shows that GPI-linked proteins are expressed at normal levels
in skeletal muscle from Cav-3 null mice. Western blot analysis
of the same samples was also performed using a caveolin-3-
specific MAb probe to confirm that caveolin-3 expression is
indeed absent in skeletal muscle from Cav-3 null mice.

Next, frozen sections were prepared from skeletal muscle
biopsies taken from wild-type and Cav-3 null mice. These fro-
zen sections were first stained with proaerolysin to visualize the
distribution of GPI-linked proteins. A rabbit PAb directed
against aerolysin was then used to detect bound proaerolysin in
order to minimize secondary antibody cross-reactivity. Figure
6B shows that in skeletal muscle tissue sections from wild-type
mice, GPI-linked proteins were localized to the sarcolemma
(i.e., muscle cell plasma membrane), as expected. Interestingly,
skeletal muscle fibers from Cav-3 null mice displayed signifi-
cant changes in the distribution of GPI-anchored proteins.
Note the intracellular retention of GPI-linked proteins in
Cav-3 null skeletal muscle fibers; in contrast, the neighboring
endothelial cells which express caveolin-1 showed a normal
labeling pattern.

We next immunostained these skeletal muscle frozen sec-
tions with antibodies to T-cadherin, an endogenously ex-
pressed GPI-linked protein that plays a role in cell-cell adhe-
sion in muscle. In contrast to the classical cadherins,
T-cadherin does not possess transmembrane and cytosolic do-
mains and is instead attached to the cell membrane by a GPI
anchor (2). Recent studies have shown that T-cadherin local-
izes within caveolin-rich membrane domains in vascular
smooth muscle cells (71). Interestingly, staining either with
proaerolysin or with a specific PAb directed against T-cadherin
showed a similar immunostaining pattern (Fig. 6C). Note that
in Cav-3 null mice, the skeletal muscle fibers show significant
intracellular retention of T-cadherin. As expected, T-cadherin
was localized to the muscle cell plasma membrane in wild-type
muscle fibers.

As an important internal control, we also assessed the im-
munoreactivity of our samples by using antibodies to �-dystro-
glycan. We chose �-dystroglycan since it is a ubiquitous mem-
brane protein that we have previously shown to be expressed at
normal levels at the sarcolemma in Cav-3 null mice (28). Note
that, as expected, the overall sarcolemmal localization of
�-dystroglycan is not affected in caveolin-3 null mice (Fig. 6D).

We conclude that in Cav-3 null mice, GPI-anchored proteins
are expressed at normal levels but display an abnormal local-
ization pattern and are retained intracellularly. These results
directly support our observations obtained with Cav-1 null
MEFs.

Intracellular retention of GPI-linked protein in the renal

tubules of Cav-1 null mice. As GPI-linked proteins are selec-
tively targeted to the apical surface of polarized renal epithelial
cells in culture (7, 44, 49, 51), we next examined the expression
and the distribution of GPI-anchored proteins in the renal
tubules of the kidney in vivo. First, the kidneys were harvested,
and lysates were prepared to examine the expression levels of
GPI-linked proteins by SDS-PAGE and proaerolysin overlays.
Interestingly, no changes in the expression of GPI-linked pro-
teins were observed in kidneys derived from Cav-1 null mice
(Fig. 7A). Western blot analysis of the same samples was also
performed using a caveolin-1-specific PAb probe to confirm
that caveolin-1 expression was indeed absent in kidney from
Cav-1 null mice.

Kidney paraffin sections from wild-type and Cav-1 null mice
were generated and immunostained with antibodies directed
against a specific renal tubule GPI-anchored protein, Tamm-
Horsfall, which is also known as the major urinary glycoprotein
(13, 74). Figure 7B shows that the Tamm-Horsfall protein was
properly localized at the apical surface of renal tubular epithe-
lial cells and shows a ring-like staining pattern in the wild-type
mice, as expected. In contrast, the Tamm-Horsfall protein is
largely excluded from this location and is mainly found intra-
cellularly in Cav-1 null mice.

Thus, it appears that caveolin-deficient mice show a pleio-
tropic defect in the cell surface transport of GPI-linked pro-
teins.

Perinuclear retention of c-Src in Cav-1-deficient MEFs: re-
combinant expression of caveolin-1 restores the normal
plasma membrane distribution of c-Src. As GPI-linked pro-
teins are retained in lipid rafts at the level of the Golgi complex
in Cav-1 null MEFs, we wondered whether other lipid raft
marker proteins might suffer a similar fate. Thus, we next
examined the distribution of c-Src, a member of the Src family
of tyrosine kinases and a cytoplasmic lipid raft marker protein
(88) in Cav-1 null MEFs. If c-Src is retained in an intracellular
compartment as well, this might suggest that lipid rafts them-
selves may be preferentially retained intracellularly in Cav-1
null MEFs.

To facilitate the detection of c-Src, wild-type and Cav-1 null
MEFs were transiently transfected with the cDNA encoding
the human c-Src protein and were subjected to analysis by
immunofluorescence microscopy using anti-Src IgG. Figure 8A
shows that in wild-type MEFs, c-Src resided at the plasma
membrane, as expected. In contrast, in Cav-1 null MEFs, c-Src
was preferentially retained at an intracellular perinuclear site
that we identified as the Golgi complex (Fig. 8A; data not
shown).

Importantly, the intracellular retention of c-Src could be
rescued by the recombinant expression of caveolin-1 in Cav-1
null MEFs (Fig. 8B). However, palmitoylation-deficient caveo-
lin-1 (C133, 143, 156S-Pal Minus) showed little or no ability to
rescue the plasma membrane targeting of c-Src (Fig. 8C and
D). Thus, we conclude that palmitoylation of caveolin-1 is
normally required for the efficient cell surface transport of
lipid rafts that contain GPI-linked proteins and Src family
kinases. In this regard, Golgi-associated caveolins and caveola-
like vesicles could represent part of the transport machinery
that is necessary for efficiently moving lipid rafts and their
associated proteins from one cellular compartment to the
next—in this case, from the Golgi to the plasma membrane.
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Consistent with these findings, we have previously shown
that palmitoylation of caveolin-1 is required for caveolin-1 to
be tyrosine phosphorylated by c-Src in transiently transfected
Cos-7 cells (38); however, we did not evaluate the subcellular
distribution of c-Src in these transfected Cos-7 cells. Thus, our

current findings using caveolin-1-deficient fibroblasts provide a
novel molecular explanation for this uncoupling event, as we
now show that c-Src is retained in the Golgi, while palmitoy-
lation-deficient caveolin-1 localizes to the plasma membrane.

Clustering and internalization of CT-B is impaired in Cav-1

FIG. 5.
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null MEFs. Since the other lipid raft markers that we tested
were retained intracellularly in Cav-1 null MEFs (GPI-linked
proteins and c-Src), we searched for a lipid raft marker that
still remained at the cell surface. This would then allow us to
assess the effect of a loss of caveolin-1 on the clustering and
internalization of lipid rafts at the cell surface. Interestingly,
the binding of CT-B to the cell surface of Cav-1 null cells was
essentially the same as in wild-type MEFs. CT-B specifically
binds GM1, an abundant cell surface glycosphingolipid, and is

normally internalized via plasmalemmal caveolae, as visualized
by electron microscopy (58, 69). As such, CT-B has been ex-
tensively used by fluorescence microscopy as a cell surface lipid
raft marker to follow the internalization of GM1 (34, 64). In
addition, in vivo chemical cross-linking studies with an iodin-
ated derivative of GM1 showed that GM1 interacts directly
with caveolin-1 in intact cells, despite the fact that GM1 (exo-
plasmic) and caveolin-1 (cytoplasmic) are on opposite sides of
the lipid bilayer (25). Furthermore, the efficiency of the chem-

FIG. 5. Expression of palmitoylated caveolin-1 is required for efficient transport of GPI-linked proteins to the plasma membrane in Cav-1 null MEFs.
(A) Schematic diagram. GPI-linked proteins are confined to the exoplasmic leaflet of the membrane, while caveolins are cytoplasmically oriented
membrane proteins. As caveolin-1 normally undergoes palmitoylation on three cysteine residues (133, 143, and 156), we speculate that caveolin-1
palmitoylation might mechanistically serve to couple caveolin-1 to GPI-linked proteins. In direct support of this hypothesis, in vivo chemical cross-linking
studies with an iodinated derivative of GM1 (a glycosphingolipid) showed that GM1 interacted directly with caveolin-1 in intact cells, despite the fact that
GM1 (exoplasmic) and caveolin-1 (cytoplasmic) are on opposite sides of the lipid bilayer (25). The acyl group-dependent association of caveolin-1 with
cholesterol (94) may also link the cytoplasmic and exoplasmic leaflets of the lipid bilayer, as cholesterol is present in both leaflets and can potentially form
dimers that span the membrane-acting as a bridge (33). Alternatively, palmitoylation of caveolin-1 may simply affect the global organization of lipid rafts,
thereby indirectly facilitating the recruitment of GPI-linked proteins. (B) Palmitoylation-deficient caveolin-1 mutants. A representation of the N-terminal,
membrane-spanning, and C-terminal domains of caveolin-1 is shown. Each cysteine residue within caveolin-1 that is normally palmitoylated was mutated
to a serine, either individually or in combination. (C to F) GPI staining after detergent permeabilization. Cav-1 null MEFs were transfected with each of the
full-length cDNAs encoding the above indicated caveolin-1 palmitoylation mutants. Thirty-six hours posttransfection, cells were formaldehyde fixed and doubly
immunostained with proaerolysin and with an anti-caveolin-1 PAb (N20). Note that palmitoylation-deficient caveolin-1 (C133, 143, and 156S-Pal Minus)
completely failed to rescue the cell surface transport of GPI-linked proteins. However, recombinant expression of caveolin-1 (C133S) was sufficient to recruit
GPI-anchored proteins to the plasma membrane, although with a lower efficiency than wild-type caveolin-1. In contrast, recombinant expression of caveolin-1
(C143S) and caveolin-1 (C156S) failed to rescue the cell surface expression of GPI-linked proteins. Thus, palmitoylated caveolin-1 normally functions as a
molecular escort to allow the efficient cell surface transport of GPI-linked proteins. (C to F) Arrows point at the cell surface, while arrowheads point at the Golgi
complex. N, nucleus.
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ical cross-linking of photoreactive GM1 to caveolin-1 is in-
creased by �5-fold by the addition of CT-B, a pentameric
molecule (25).

Figure 9 shows the behavior of cell surface-bound CT-B in
wild-type and Cav-1 null MEFs. In wild-type cells, the cluster-
ing and internalization of CT-B was apparent after 15 to 30
min and was nearly complete by 45 min. After 45 min, CT-B
accumulated intracellularly in a perinuclear compartment (Fig.
9A and B, left), as expected. In contrast, Cav-1 null MEFs
clearly showed impaired clustering and internalization of
CT-B. Little or no clustering of CT-B occurred at 15 to 30 min,
and by 45 min, there was little or no accumulation in a perinu-
clear compartment. The efficient internalization of CT-B in
Cav-1 null cells was rescued by recombinant expression of the
caveolin-1 cDNA (data not shown). Thus, caveolin-1 is also
required for the efficient internalization of lipid raft markers at
the cell surface.

The present findings for cholera toxin, a membrane-bound
ligand, are consistent with our previously published studies
showing that the internalization of the protein albumin, a sol-
uble ligand, is blocked in (i) primary cultures of Cav-1 null
MEFs in vitro (72) and (ii) Cav-1 null endothelial cells in vivo
(84). In addition, they support the hypothesis that caveolin-1-
containing vesicles function both in the endocytic and exocytic
transport of certain lipid raft-associated molecules. Further-
more, these studies make it highly unlikely that the intracellu-
lar retention of GPI-linked proteins that we observed for Cav-1
null 3T3 MEFs is due to their rapid endocytosis from the cell
surface.

In addition, other groups have suggested that the internal-
ization of cholera toxin is independent of caveolin-1 and caveo-
lae, but they have used overexpression systems or highly trans-
formed cell lines (3, 65, 85, 93). Thus, our experiments
presented here were conducted under more physiologically
relevant circumstances and clearly demonstrate that the inter-
nalization of cholera toxin is a caveolin-dependent process.

DISCUSSION

The mechanisms underlying the sorting and vesicular trans-
port of GPI-anchored proteins are largely unknown. It has
been observed that GPI-linked proteins partition into lipid
rafts at the level of the trans-Golgi, as revealed by their resis-
tance to solubilization by nonionic detergents at low temper-
atures. However, it remains unknown how these lipid raft-
associated GPI-linked proteins are clustered, packaged, and
transported to the plasma membrane. One attractive hypoth-
esis is that lipid rafts containing GPI-linked proteins are incor-
porated into Golgi-associated caveola-like vesicles for trans-

port to the plasma membrane. This hypothesis was first
proposed in the early 1990s (45, 54, 78); however, it remained
untested until now.

Here, we exploited a new experimental model system that
allowed us to test this hypothesis directly. Recently, we and
others generated Cav-1 null mice (72). Fibroblasts derived
from their embryos (MEFs) represent the ideal tool to study
the role of caveolins in GPI-linked protein sorting. These
Cav-1 null MEFs lack morphological caveolae, do not express
caveolin-1, and show a �95% down-regulation in caveolin-2
expression (72); these cells also do not express caveolin-3, a
muscle-specific caveolin family member (72). As such, these
cells are truly deficient in caveolins and caveolae.

Using these Cav-1 null MEFs, we show that GPI-linked
proteins are expressed at normal levels and are still associated
with lipid rafts, as judged by their resistance to solubilization by
Triton X-100 at low temperature. However, these GPI-linked
proteins are retained intracellularly in a perinuclear compart-
ment that we identify as the Golgi complex. Interestingly, the
recombinant expression of caveolin-1 in Cav-1 null MEFs can
correct this phenotype and rescue the ability of GPI-linked
proteins to reach the cell surface. Thus, expression of caveo-
lin-1 is normally required for the efficient transport of GPI-
linked proteins to the cell surface. These results directly sup-
port the hypothesis that lipid rafts containing GPI-linked
proteins are normally incorporated into Golgi-derived caveola-
like vesicles and transported to the plasma membrane. Our
present results are also entirely consistent with the original
identification of caveolin-1 as a component of trans-Golgi de-
rived transport vesicles (19, 37). They also suggest that caveo-
lin-1 may move among various membranous compartments
because it has affinities for several distinct lipid microenviron-
ments.

As caveolin-1 is only the first member of a gene family, we
tested whether recombinant expression of the other two mem-
bers of this family, namely caveolin-2 and -3, can exert a similar
effect. And indeed, caveolin-3 expression, but not that of
caveolin-2, can restore the cell surface expression of GPI-
anchored proteins in Cav-1 null MEFs. Further evidence is
provided by our analysis of Cav-3 null mice, as skeletal muscle
fibers derived from these mice displayed an altered pattern of
GPI-linked protein localization, with the accumulation of a
significant intracellular pool of GPI-linked proteins. Based on
these findings, we can conclude that caveolin-1 and caveolin-3,
but not caveolin-2, are both independently required for the
efficient cell surface transport of GPI-anchored proteins, de-
pending on the tissues where they are expressed. Several in-
dependent lines of evidence also now indicate that expression

FIG. 6. In Cav-3 null mouse skeletal muscle fibers, GPI-anchored proteins are expressed at normal levels but display an abnormal localization
pattern and are retained intracellularly. (A) GPI Western blot analysis. Protein lysates were prepared from skeletal muscle biopsies taken from
wild-type (WT) and Cav-3 null (KO) mice. After SDS-PAGE and transfer to nitrocellulose, the blots were subjected to proaerolysin overlay to
detect GPI-linked proteins or to caveolin-3 immunoblotting. Note that the GPI-anchored proteins were expressed at normal levels in the skeletal
muscle of Cav-3 null mice, compared to those of wild-type control mice. (B to D) Immunohistochemistry. Skeletal muscle tissue frozen sections
were prepared from wild-type and Cav-3 null mice. These frozen sections were then immunostained with (i) proaerolysin to reveal the distribution
of GPI-linked proteins (B), (ii) a PAb directed against T-cadherin, an endogenous GPI-linked protein that is prominently expressed in skeletal
muscle (C), or (iii) a MAb directed against �-dystroglycan (D). Note the intracellular retention of GPI-linked proteins (B and C) in Cav-3 null
skeletal muscle fibers; in contrast, the neighboring endothelial cells (arrows) which express caveolin-1 showed a normal labeling pattern.
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FIG. 7. Intracellular retention of GPI-linked proteins in the renal tubules of Cav-1 null mice. (A) GPI Western blot analysis. Protein lysates
were prepared from kidneys harvested from wild-type (WT) and Cav-1 null (KO) mice. After SDS-PAGE and transfer to nitrocellulose, the blots
were subjected to proaerolysin overlay to detect GPI-linked proteins or to caveolin-1 immunoblotting. Note that the GPI-anchored proteins were
expressed at normal levels in the kidneys of Cav-1 null mice, compared to those of wild-type control mice. (B) Tamm-Horsfall immunostaining.
Kidney paraffin sections prepared from wild-type and Cav-1 null mice were immunostained with a polyclonal sheep antibody directed against the
Tamm-Horsfall protein, a GPI-anchored protein endogenously expressed in the renal tubules. Note that in wild-type mice, the Tamm-Horsfall
protein was properly localized at the apical cell surface of renal tubular epithelial cells and showed a ring-like staining pattern, as expected. In
contrast, in Cav-1 null mice, the Tamm-Horsfall protein was largely excluded from the apical plasma membrane and was found mainly
intracellularly in a vesicular perinuclear compartment that was proximal to the apical cell surface. N, nucleus.

FIG. 8. Perinuclear retention of c-Src in Cav-1-deficient MEFs: recombinant expression of caveolin-1 restores the normal plasma membrane
distribution of c-Src. (A) c-Src immunostaining. Wild-type (WT) and Cav-1 null (KO) MEFs were transiently transfected with the cDNA encoding
c-Src. Cells were then fixed, permeabilized, and immunolabeled with a specific antibody directed against c-Src. Note that in wild-type MEFs, c-Src
resided at the plasma membrane, as expected. In contrast, in Cav-1 null MEFs, c-Src was preferentially retained at an intracellular perinuclear site.
(B) Wild-type caveolin-1. Cav-1 null MEFs were cotransfected with the cDNAs encoding c-Src and wild-type caveolin-1. c-Src expression was
detected with a specific mouse MAb; caveolin-1 expression was detected with a rabbit PAb (N-20). Bound primary antibodies were visualized by
incubation with distinctly tagged fluorescent secondary antibodies. Cells expressing both transfected gene products were selected for imaging. Note
that expression of wild-type caveolin-1 restored the normal plasma membrane distribution of c-Src. (C and D) Palmitoylation-deficient caveolin-1.
Cav-1 null MEFs were cotransfected with the cDNAs encoding c-Src and palmitoylation-deficient (C133, 143, and 156S-Pal Minus) caveolin-1. The
recombinant expression of c-Src and caveolin-1 was detected as described above for panel B. Note that palmitoylation-deficient caveolin-1 showed
little (C) or no (D) ability to rescue the plasma membrane targeting of c-Src. Thus, we conclude that palmitoylation of caveolin-1 is normally
required for the efficient cell surface transport of lipid rafts that contain GPI-linked proteins and Src-family kinases. (A to C) Arrows point at the
cell surface, while arrowheads point at the Golgi complex. N, nucleus.
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FIG. 9. Clustering and internalization of CT-B is impaired in Cav-1 null MEFs. Wild-type and Cav-1 null 3T3 MEFs were incubated with CT-B for
30 min on ice, unbound material was removed, and the cells were then warmed to 37°C to allow clustering and internalization to occur. CT-B binding
and internalization were visualized by immunostaining with anti-CT IgG. (A) MEFs after 5, 15, and 30 min of internalization. Note that the cell surface
clustering and internalization of CT-B was clearly impaired in Cav-1 null (KO) MEFs. Arrows point at areas of cell surface clustering and internalization
in wild-type (WT) MEFs. (B) MEFs after 45 min of internalization. Note that little or no cell surface clustering and internalization was apparent in Cav-1
null MEFs. In contrast, by 45 min, internalization of CT-B in wild-type MEFs was virtually complete, with a high concentration of CT-B accumulating
in a perinuclear compartment (arrows).
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of either caveolin-1 or caveolin-3, but not of caveolin-2, is
sufficient to drive formation of caveolae (18, 20, 26, 28, 32, 41,
42, 59, 72). These results strongly suggest a functional inter-
dependence between caveolin expression, formation of caveo-
lae, and GPI-anchored protein transport to the cell surface.

In order to dissect the mechanisms underlying the intracel-
lular retention of GPI-linked proteins in Cav-1 null MEFs, we
explored the hypothesis that lipid-lipid interactions between
caveolin-1 and GPI-anchored proteins could play a prominent
role in the biosynthetic targeting of GPI-linked proteins to the
cell surface. Lipid modification of certain proteins, for exam-
ple, c-Src but surprisingly not caveolin-1 itself, is an essential
feature for caveolar targeting (10, 17, 88). Nevertheless, pal-
mitoylation of caveolin-1 is required for its coupling to the
c-Src tyrosine kinase (39) and for cholesterol binding (94). In
the present study, we show that palmitoylation of caveolin-1 at
Cys-143 and Cys-156 is required for caveolin-1 to complement
the defect in the cell surface transport of GPI-linked proteins
in Cav-1 null MEFs. Thus, we speculate that the lipid moiety of
the GPI anchor and the caveolin-1 palmitoyl groups somehow
interact with each other across the bilayer to allow the cluster-
ing of GPI-linked proteins in Golgi-associated caveola-like ves-
icles that are then transported to the plasma membrane. The
acyl group-dependent association of caveolin-1 with choles-
terol (94) may also link the cytoplasmic and exoplasmic leaflets
of the lipid bilayer, as cholesterol is present in both leaflets and
can potentially form dimers that span the membrane (33), thus
acting as a bridge (Fig. 5A). Alternatively, palmitoylation of
caveolin-1 may simply affect the global organization of lipid

rafts, thereby indirectly facilitating the recruitment of GPI-
linked proteins.

We then speculated that perhaps Golgi-associated caveola-
like vesicles could act as vesicular carriers for “shipping” other
lipid raft-associated “cargo” molecules to the cell surface. To
test this hypothesis, we next examined the trafficking of c-Src in
Cav-1 null MEFs. c-Src and other Src family tyrosine kinases
undergo lipid modifications, such as myristoylation and palmi-
toylation, that act as targeting signals for partitioning cytoplas-
mic signaling molecules into lipid rafts and caveolae. Using
Cav-1 null MEFs, we show that, like GPI-anchored proteins,
c-Src is preferentially retained at an intracellular perinuclear
site that we identified as the Golgi complex. Interestingly,
intracellular retention of c-Src was rescued by recombinant
expression of caveolin-1. However, palmitoylation-deficient
caveolin-1 showed little or no ability to rescue the plasma
membrane targeting of c-Src. Thus, Golgi-associated caveolins
and caveola-like vesicles may represent part of the transport
machinery that is necessary for efficiently moving lipid rafts
and their associated proteins from the Golgi to the plasma
membrane.

These findings are consistent with our recent observation
that palmitoylation of caveolin-1 is required for its coupling to
the c-Src tyrosine kinase at the cell surface, as assessed using
the tyrosine phosphorylation of caveolin-1 (pY14) as an in vivo
measure of this association (39). Importantly, the Src-mediated
tyrosine phosphorylation of caveolin-1 could be competitively
uncoupled by the antibody-induced clustering of GPI-linked
proteins within caveolae at the cell surface (39). As GPI-acyl

FIG. 9—Continued.
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groups are restricted to the exoplasmic leaflet of the lipid
bilayer, while caveolin-1 palmitoyl groups and the c-Src myr-
istoyl group reside within the cytoplasmic leaflet of the lipid
bilayer, these results provide further evidence that there is
communication between lipid moieties within the exoplasmic
and cytoplasmic leaflets of the lipid bilayer. Thus, similar in-
teractions operating at the cell surface or within the Golgi
complex could possibly mediate the association of GPI-linked
proteins with caveola-like vesicles and the caveolin proteins.

Our present results may also explain the effects of activated
Ras proteins on the trafficking of endogenous GPI-linked pro-
teins in fibroblastic cells. At least two previous reports have
documented the loss of cell surface expression of GPI-linked
proteins in H-Ras-transformed NIH 3T3 cells (4, 35). In addi-
tion, we have previously shown that caveolin-1 protein expres-
sion and caveolae are dramatically down-regulated or absent in
H-Ras (G12V)-transformed NIH 3T3 cells (20, 36); constitu-
tive activation of the Ras-p42/44-MAP kinase pathway leads to
substantial decreases in caveolin-1 mRNA levels and directly
inhibits caveolin-1 gene transcription, as shown using caveo-
lin-1 promoter–luciferase reporter constructs (22). Thus, loss
of cell surface expression of GPI-linked proteins in Ras-trans-
formed NIH 3T3 cells may be due to the down-regulation of
caveolin-1 protein expression and caveolae in these cells.

Finally, although the expression of caveolins 1 and 2 is rel-
atively ubiquitous, clearly not all cells express the caveolin
proteins. For example, it has been shown that T lymphocytes
possess cell surface pools of GPI-linked proteins that partici-
pate in signal transduction, but T cells fail to express any
known caveolin family members and lack caveolae (26, 27, 68).
Thus, other functional homologues of the caveolins must exist
to direct the cell surface transport of GPI-linked proteins and
other lipid raft components in cells that normally do not ex-
press caveolin gene family members. The search for such func-
tional homologues of the caveolins will be greatly facilitated by
the use of the 3T3–Cav-1–null MEF complementation system
that we describe herein. By analogy with the caveolins, we
predict that such functional homologues will be oligomeric
lipid-modified integral membrane proteins that partition into
lipid rafts.

Recently, Nichols et al. (63) demonstrated that rapid cycling
of a transiently transfected minimal GPI-linked protein (GPI-
green fluorescent protein) between the Golgi apparatus and
the cell surface may occur. However, the caveolin-1-depen-
dence of this phenomenon was not tested. In addition, we did
not detect a cell surface pool of endogenous GPI-linked pro-
teins in caveolin-1 deficient fibroblasts—in contrast to the work
of Nichols and colleagues, who used an exogenous GPI-an-
chored protein (63). This may be due to their use of a transient
overexpression system rather than the study of endogenous
GPI-linked proteins (this report). As we show that the uptake
of cholera toxin (which binds to the glycolipid-GM1) is blocked
in caveolin-1-deficient cells, it is highly unlikely that GPI-
linked proteins (which are also tethered through a glycolipid
linkage) are being rapidly endocytosed in our cell system. In
addition, we and others have previously shown that the endo-
cytosis of endogenous GPI-linked proteins (such as decay-
accelerating factor [DAF]) is an extremely slow and inefficient
process (see Fig. 4A in reference 45). Similarly, Nichols and
colleagues concluded that the rate of transfer of GPI-green

fluorescent protein from the Golgi to the plasma membrane
(exocytosis) was �22 times faster than the rate of transfer from
the plasma membrane to the Golgi (endocytosis); as such, they
calculated an average residence time of �200 min at the
plasma membrane and an average residence time of �9 min
within the Golgi complex. Thus, their data fit well with the
notion of a Golgi-retention-driven pathway in caveolin-defi-
cient cells that is dependent on the expression of palmitoylated
caveolins.
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