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Caveolin-1 has a segment of hydrophobic amino acids com-
prising approximately residues 103—122. We have performed an
in silico analysis of the conformational preference of this seg-
ment of caveolin-1 using PepLook. We find that there is one
main group of stable conformations corresponding to a hydro-
phobic U bent model that would not traverse the membrane.
Furthermore, the calculations predict that substituting the
Pro''° residue with an Ala will change the conformation to a
straight hydrophobic helix that would traverse the membrane.
We have expressed the P110A mutant of caveolin-1, with a
FLAG tag at the N terminus, in HEK 293 cells. We evaluate the
topology of the proteins with confocal immunofluorescence
microscopy in these cells. We find that FLAG tag at the N termi-
nus of the wild type caveolin-1 is not reactive with antibodies
unless the cell membrane is permeabilized with detergent. This
indicates that in these cells, the hydrophobic segment of this
protein is not transmembrane but takes up a bent conformation,
making the protein monotopic. In contrast, the FLAG tag at the
N terminus of the P110A mutant is equally exposed to antibod-
ies, before and after membrane permeabilization. We also find
that the P110A mutation causes a large reduction of endocytosis
of caveolae, cellular lipid accumulation, and lipid droplet for-
mulation. In addition, we find that this mutation markedly
reduces the ability of caveolin-1 to form structures with the
characteristic morphology of caveolae or to partition into the
detergent-resistant membranes of these cells. Thus, the single
Pro residue in the membrane-inserting segment of caveolin-1
plays an important role in both the membrane topology and
localization of the protein as well as its functions.

Caveolae are specialized domains of the plasma membrane
found in most cell types and particularly abundant in highly differ-
entiated cells, such as endothelial cells, adipocytes, or muscle cells.
They were described as invaginations of the plasma membrane (1,
2). Caveolae appear to have a number of functions, including roles
in signal transduction, lipid exchange, cell entry, and intracellular
delivery of bacterial toxins, viruses, and growth factors (3—13), but
the molecular aspects of their formation and functions are still
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being unraveled (14). Electron microscopy allows the visualization
of caveolae as 50-100-nm flask-shaped invaginations of the
plasma membrane or as circularized single or clustered vesicles
underneath the plasma membrane. Caveolae are specialized
membrane microdomains enriched in sphingolipids, choles-
terol, and receptor proteins. It is also the site of NO produc-
tion and of cholesterol efflux from the cell. Several isoforms
of caveolin are characteristic proteins of caveolae (15, 16).

Caveolin inserts into membranes of phosphatidylcholine in
a cholesterol-dependent manner (17) and is anchored to the mem-
brane with a hydrophobic segment comprising residues 105-125
as well as with three palmitoyl chains attached to Cys residues.
Palmitoylated proteins are known to translocate into cholesterol-
rich domains (18), and this may contribute to the partitioning
of caveolin to the cholesterol-rich domain of caveolae. However,
a mutant form of caveolin with the three palmitoylation sites
removed still translocates to caveolae (19). Thus, the protein itself
must promote the interaction of caveolin-1 with cholesterol-rich
domains. There is a CRAC domain adjacent to the hydrophobic
segment of caveolin. CRAC domains have been suggested to be
important in facilitating the translocation of peptides and pro-
teins to cholesterol-rich domains (20, 21), and there is evidence
that the CRAC domain of caveolin facilitates translocation of
the protein into caveolae (22, 23).

Another feature of the interaction of caveolin with mem-
branes is that the hydrophobic segment is thought to form a
U-shaped, re-entrant helix rather than a transmembrane helix
(15, 24, 25). The finding that the sequence of this hydrophobic
segment of caveolin-1 is well conserved in evolution (22) sug-
gests that it plays an important functional role.

The protein caveolin-1 is the major isoform of the caveolin
family and is expressed in most cell types. Caveolin-1 expres-
sion is related to caveolar formation. There are no caveolae in
caveolin-1 null cells (26), and expression of caveolin-1 in such
cells results in the de novo formation of caveolae (27).

In the current study, we chose to use HEK 293 cells that
express virtually no endogenous caveolin-1 and lack the most
common putative fatty acid transport protein, FAT/CD36
(28, 29). Expression of caveolin-1 in these cells caused lipid
uptake (28). In addition, the uptake of BODIPY-labeled lacto-
sylceramide (LacCer)* and globoside are selectively internal-
ized by a caveola-related process (30 —34) in human skin fibro-

4 The abbreviations used are: LacCer, lactosylceramide; FLAG, an epitope tag with
the sequence DYKDDDDK; OlAc, oleic acid; PFA, paraformaldehyde; EtOH, eth-
anol; NGS, normal goat serum; 6 m1, monosialotetrahexosylganglioside.
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blasts through a mechanism that is dynamin-dependent and
clathrin-independent. These labeled lipids as well as labeled
albumin can be used as markers for the caveolar endocytic
pathway (11, 12).

We have previously shown that the Pro residue in the hydro-
phobic segment of diacylglycerol kinase-€ is important in al-
lowing this segment to form a bend in a membrane, resulting
in a re-entrant helix (35). In addition, we found that substi-
tution of the Pro residue in the hydrophobic segment of this
enzyme with Ala resulted in it converting to a transmem-
brane helix. Caveolin-1 also has a Pro residue in the hydro-
phobic segment at position 110. We determined if substitu-
tion of this residue in caveolin with Ala would allow it to
become a transmembrane helix and what effect this would
have on caveolar structure and function. To determine the
membrane topology of caveolin-1 and its P110A mutant, we
expressed an N-terminal FLAG tag-labeled form of these pro-
teins in HEK 293 cells. If the hydrophobic segment formed a
transmembrane helix, the FLAG epitope would be exposed to
the cell exterior. However, if the hydrophobic segment formed
a re-entrant helix, the protein would remain monotopic and be
located on the cytoplasmic face of the plasma membrane. It is
conceivable that the presence of the polar FLAG tag at the N
terminus inhibits the formation of a re-entrant helix after pas-
sage of the protein through the translocon. However, this
would seem unlikely, a priori, because of the separation of the
membrane inserting segment from the N terminus and because
of our finding that the same FLAG tag does not prevent the wild
type caveolin-1 from forming a re-entrant helix. In addition, to
know if substitution of Pro''® with Ala influenced the ability of
caveolae to be endocytosed, wild type and mutant caveolin-1
were expressed in cells and analyzed for the uptake of BODIPY-
LacCer and BODIPY-BSA. Another of the multiple functions of
caveolae is to mediate the uptake of long-chain fatty acids,
resulting in the formation of lipid droplets (36, 37). We
observed the formation of lipid droplets and their localization
in cells transfected with either the wild type or the P110A
mutant form of caveolin-1, to determine the importance of the
topology of caveolin for this function. In addition, the effects of
the mutation for caveolae formation were investigated with
immunoelectron microscopy.

Our studies with caveolin-1 were supplemented with in silico
calculations that are in accord with several of the experimental
findings and provide a thermodynamic basis for the experimen-
tal observations.

EXPERIMENTAL PROCEDURES

Construction of FLAG Epitope-tagged Caveolin-1 Expression
Vectors—Mouse caveolin-1 DNA fragment was amplified from
pcDNA3.1 hygro vector constructed with the fragment of inter-
est (we are grateful to Dr. Pilch’s research group, Boston Uni-
versity (28) for generously providing this material) by PCR. The
following primers were used: forward, 5'-CCAAGCTTATGT-
CTGGGGGCAAATA-3'; reverse, 5'-CGGGATCCTCATAT-
CTCTTTCTGC-3'. The fragments of interest were subcloned
into the corresponding site of a p3XFLAG-CMV-7.1 mamma-
lian vector (Sigma-Aldrich), which attaches a FLAG epitope at
the N terminus of the protein. The P110A mutant of the FLAG-
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tagged caveolin-1 was designed using the QuikChange protocol
(Stratagene, La Jolla, CA). A mutated DNA plasmid was ampli-
fied from an N-terminal caveolin-1 by 18 cycles using Pfu DNA
polymerase (Fermentas) and the following mutagenic primers:
forward, 5'-ACGATCTTCGGCATCGCCATGGCACTCAT-
CTGG-3'; reverse, 5'-CCAGATGAGTGCCATGGCGATGC-
CGAAGATCGT-3'. After digestion of the nonmutated paren-
tal DNA with Dpnl restriction enzyme, the resulting PCR mix,
containing the mutated DNA plasmid, was transformed into
competent cells. DNA was purified from the bacterial culture
using the QIAprep miniprep kit (Qiagen). The presence of the
desired mutation was verified by sequencing analysis.

Cell Culture and Transfection of Caveolin-1 in HEK 293
Cells—HEK 293 cells were maintained in Dulbecco’s modified
Eagle’s medium (DMEM) (Invitrogen) containing 10% fetal
bovine serum (Invitrogen) and 1% penicillin/streptomycin
(Lonza) at 37 °C in an atmosphere of 5% CO,. The p3XFLAG
constructs were transiently transfected into HEK 293 cells
using Lipofectamine 2000 according to the manufacturer’s
instructions (Invitrogen). Cells were transfected in parallel with
the p3XFLAGCMV-7.1 vector as a control.

Western Blotting and Antibodies—In confluent 6-well plates,
HEK 293 cells transfected with FLAG-tagged caveolin-1 or with
the P110A were rinsed with PBS and scraped into ice-cold cell
lysis buffer (50 mm Hepes, 150 mm NaCl, 10% glycerol, 0.5%
Triton X-100, 1 mm EDTA, and protease inhibitor mixture
(1X) (Sigma-Aldrich)). Proteins were separated by SDS-PAGE
(15% gel) and then transferred onto Immobilon-P polyvinyli-
dene difluoride (PVDF) membranes (Millipore). Blotting was
performed according to the manufacturer’s instructions (GE
Healthcare), using mouse anti-FLAG antibody followed by
anti-mouse IgG secondary antibody conjugated with horserad-
ish peroxidase (Santa Cruz Biotechnology, Inc., Santa Cruz,
CA). Immune complexes were detected using an ECL solution
detection system (GE Healthcare). The presence of FLAG-
tagged caveolin-1 and the P110A proteins were detected by
Western blotting using mouse anti-FLAG M2 antibody (Sigma-
Aldrich). Anti-actin and anti-Ge;; primary antibodies were
obtained from Santa Cruz Biotechnology, Inc., and anti-trans-
ferrin receptor antibody was obtained from Sigma-Aldrich.

Indirect Immunofluorescence—HEK 293 cells were grown on
coverslips in 6-well plates. The cells were grown to 60-70%
confluence in DMEM with 10% FBS and 1% penicillin/strepto-
mycin. The cells were then transiently transfected with Lipo-
fectamine 2000 reagent from Invitrogen. The medium was
replaced after 5 h, and the cells were left in the incubator for
24 h. The next day, the cells were fixed with 4% PFA in PBS, pH
7.4, and after several washes the cells were incubated with 5%
BSA in PBS for 1.5 h, or they were treated with 0.1% Triton
X-100 in PBS for 10 min, washed three times, and then incu-
bated with 5% BSA in PBS for 1.5 h. The cells were then rinsed
with PBS and incubated with the mouse monoclonal anti-
FLAG antibody (Sigma-Aldrich) in PBS (1:200) for 1.5 h at
37 °C. After rinsing three times with PBS, the cells were incu-
bated with Alexa Fluor 488-labeled goat anti-mouse IgG
(Molecular Probes/Invitrogen) in PBS (1:500) for 1 h at 37 °C.
After washing five times with PBS, the glass coverslips were
mounted onto the glass slides and left to dry at room tempera-
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ture in the dark overnight. The coverslip was then sealed onto
the slide with nail polish and left to dry. The slides were visual-
ized using the spinning disk confocal microscope (Leica DMI
6000 B).

Fluorescent Lipid and Other Reagents—BODIPY-LacCer
was from Invitrogen. To prepare for the caveolar invagina-
tion assay, BODIPY-LacCer was complexed (1:1, mol/mol)
with fatty acid-free bovine serum albumin (defatted BSA)
(31, 32, 38, 39) as follows; BODIPY-LacCer 25 ug was dis-
solved in 500 ul of chloroform/ethanol (19:1, v/v) and put into
a 5-ml glass tube. It was dried under nitrogen and then under
vacuum for 1 h. Dried BODIPY-LacCer was dissolved in 200 ul
of absolute ethanol. An ethanolic solution of BODIPY-LacCer
was added dropwise to 300 ul of defatted BSA/PBS solution.
The mixture was then dialyzed against PBS overnight at 4 °C
with four changes of PBS to remove the ethanol. After dialysis,
the mixture was centrifuged once or twice in an ultracentrifuge
for 20 min at 100,000 X g, 4 °C, and the supernatant was col-
lected. The concentration of the BODIPY-LacCer-BSA com-
plex was determined by measurements of fluorescence inten-
sity, relative to known standards of BODIPY-C;-sphingomyelin
(Invitrogen) using a spectrofluorimeter (AMINCO/Bowman,
Series 2). Bovine serum albumin conjugated with BODIPY (33,
34) (BODIPY-BSA) was purchased from Invitrogen. BODIPY
493/503 stock solution (1 mg/ml) was prepared by dissolving 5
mg of BODIPY 493/503 (Molecular Probes) in a 5-ml ethanol
aliquot and stored at —20°C. The defatted BSA/oleic acid
(OlAc) medium was prepared as indicated (40).

Incubation of Caveolin-1-expressing HEK 293 Cells with Fluo-
rescent Probes—Either caveolin-1 or the P110A mutant was
expressed into HEK 293 cells. BODIPY-LacCer was complexed
to defatted BSA as described above. Cells were typically incu-
bated for 30 min at 10 °C with either 2 um BODIPY-LacCer-
BSA or 50 ug of BODIPY-BSA, washed twice with HMEM+G
buffer (13.8 mm Hepes acid, 137.0 mm NaCl, 5.4 mm KCI, 5.5
mM glucose, 2.0 mm glutamine, 0.4 mm KH,PO,, 0.18 mm
Na,HPO,, minimum essential medium vitamins (Invitrogen),
minimum essential medium amino acids (Invitrogen), pH 7.4)
(31, 32), and further incubated for 5 min at 37 °C. Fluorescent
markers (BODIPY-LacCer-BSA or BODIPY-BSA) present at
the plasma membrane were then removed by back-exchange
using 5% defatted BSA in HMEM without glucose (HMEM—G
buffer) (four times for 10 min each at 10 °C) (39). In some exper-
iments, HEK 293 cells were pretreated with 80 M genistein, an
inhibitor of caveola-mediated endocytosis, prior to incubation
with fluorescent markers (2 h at 37 °C) and during the above
mentioned steps. Cell viability in the presence of 80 um genis-
tein was analyzed using a cell proliferation assay kit (Millipore)
and was found to be higher than 90%. After removing the excess
of fluorescent markers, the cells were then fixed with 4% PFA in
PBS for 15 min at room temperature, quenched with 25 mm
glycine in PBS for 10 min at room temperature, permeabilized
with 0.1% Triton X-100 in PBS for 2 min at room temperature,
and further incubated in blocking buffer (10% fetal bovine
serum in PBS) for 30 min at room temperature. The specimens
were then incubated for 1.5 h at 37 °C with mouse anti-FLAG
antibody, washed three times in PBS, incubated with secondary
antibody conjugated to Alexa Fluor 647 for 1 h at room temper-
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ature, washed five times in PBS, and mounted in Prolong
(Molecular Probes). Using a spinning disk confocal microscope
(Leica DMI 6000 B), BODIPY-labeled samples were excited at
450-490 nm and viewed as green fluorescence (A,,,, ~540 nm).
Alexa Fluor 647-labeled proteins were excited at 650 nm and
viewed as red (A, ~692 nm). For double-labeled experiments,
control samples were labeled identically with the individual
fluorophores and measured identically to the dual labeled sam-
ples at each wavelength to verify that there was no cross-over
between emission channels.

Oil Red O Staining—HEK 293 cells were seeded in 6-well
plates and transfected with FLAG-tagged caveolin-1 or with
the P110A mutant. Cells supplemented with OlAc for the
indicated time (36) were washed with PBS and fixed with
10% formalin in PBS for 15 min. This reagent was discarded,
and then fresh formalin was added, and the samples were
incubated for 1 h. After two washes in PBS, cells were incubated
with 60% isopropyl alcohol for 5 min at room temperature.
Cells were dried completely at room temperature, stained for
10 min in freshly diluted Oil Red O (Sigma-Aldrich) solution (6
parts Oil Red O stock solution and 4 parts H,O; Oil Red O stock
solution is 0.5% Oil Red O in isopropyl alcohol). The cells were
stained at room temperature for 20 min, followed by passage
through a 0.2-pum filter. The stain was removed, and cells were
washed with water four times. The plates were measured at
A0 nm 1IN a plate reader.

Determination of Triglyceride Content—Because the HEK
293 cells lack the most common putative fatty acid trans-
porter, FAT/CD36, we verified that caveolin-dependent
fatty acid uptake led to the accumulation of triglyceride.
Triglyceride content was determined in cell lysates using a
colorimetric Triglyceride assay as previously described (36)
according to the manufacturer’s instructions (Point Scientific
Inc.). Cell lysates were prepared using 1% Igepal CA-630 in PBS,
and results were normalized to 100 pg of total cellular protein.

BODIPY 493/503 Staining—Cells were plated on 8-well
chamber glass slides (Lab-Tek II, Nalge Nunc) and incubated
overnight. Growth medium was changed to 400 um defatted
BSA/OlAc medium with serum and incubated for 24 h. Cells
were transiently transfected in the same medium and incubated
for 48 h. Transfected cells were washed twice with PBS, fixed by
incubating with 3% PFA for 20 min at room temperature, and
washed four times with PBS. The blocking buffer (0.2 M glycine,
0.1 mg/ml saponin, and 30 mg/ml BSA in PBS) was added for
45 min at room temperature to prevent nonspecific antibody
binding. Cells were incubated with anti-FLAG antibody
1:200 in the antibody diluent (0.1 mg/ml saponin, 1 mg/ml
BSA in PBS) for 1.5 h at 37 °C and washed four times (10 min
each) with PBS on a gently rocking platform. The anti-mouse
IgG Alexa Fluor 647 was diluted 1:150 in the antibody diluent
containing the BODIPY 493/503 (final concentration 1 ug/ml),
and the cells were incubated for 1 h at room temperature. Cells
were washed four times as above, and the coverslips were
mounted onto slides with 20—-40 ul of SlowFade mounting
medium (Invitrogen) (40-43). Four specimens, individually
prepared, were observed with a multiphoton excitation micro-
scope (Leica DMI 6000 B; scanner, Leica TCS SP5 with AOBS).
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Successive Detergent Extraction of Lipid Rafts—Cells were
plated on a 10-cm culture dish and transiently transfected. Cells
were scraped in ice-cold PBS, 2 mm EDTA and pelleted by cen-
trifugation at 2,506 X g for 7 min at 4 °C. Cells were resus-
pended in 50 mm HEPES, pH 7.4, 10 mm NaCl, 5 mm MgCl,,
and 0.1 mm EDTA, supplemented with protease inhibitor
mixture, and subjected to mechanical disruption with 12
strokes of a Dounce homogenizer. Following centrifugation
at 14,000 X g for 20 min at 4 °C, the supernatant (cytosol)
was removed. Cells were resuspended in buffer A (25 mm
MES, 150 mMm NaCl, pH 6.5). To this, an equal volume of the
same buffer with 2% Triton X-100, 2 mMm Na;VO,, and 2 mMm
phenylmethylsulfonyl fluoride was added, and the cells were
incubated on ice for 30 min. Insoluble fractions were pelleted in
a microcentrifuge (14,000 X g) for 20 min at 4 °C. The superna-
tant was removed (detergent soluble membrane fraction), and
the insoluble pellet was resuspended in buffer B (1% Triton
X-100, 10 mm Tris (pH 7.6), 500 mm NaCl, 2 mm Na, VO, 60
mM B-octyl glucoside (Sigma-Aldrich), and 1 mm phenylmeth-
ylsulfonyl fluoride) for 30 min on ice. Debris was pelleted in a
microcentrifuge (14,000 X g) for 20 min at 4 °C, and the super-
natant was collected. This fraction is referred to as the deter-
gent-resistant membrane (44 —48). Immunoblotting was per-
formed as described above.

Immunoelectron Microscopy—Either caveolin-1 or the P110A
mutant was expressed in HEK 293 cells on 6-well plates. Cells
were fixed with 4% (w/v) PFA and then dehydrated using
increasing concentrations of ethanol. Propylene oxide was
added to remove cell layers from plates. Cell layers were placed
in vials, rinsed with propylene oxide, and then rinsed with 100%
EtOH (3 X 10 min). The cell layers were infiltrated and embed-
ded with LR White resin (Polysciences Inc.) and then polymer-
ized at —20 °C under UV light. 100-nm ultrathin sections were
prepared and mounted on Formvar-coated nickel grids. Ultra-
thin sections were incubated in PBS containing 5% normal goat
serum (NGS) and 1% BSA (PBS/BSA/NGS) for 10 min and then
incubated for 1 h with affinity-purified mouse anti-FLAG anti-
bodies diluted 1:100 in PBS/BSA/NGS. The sections were
rinsed in PBS and then incubated for 1 h in a 1:30 dilution of
6-nm colloidal gold-labeled anti-mouse IgG and IgM (Jackson
ImmunoResearch Laboratories, Inc.) in PBS/BSA/NGS, fol-
lowed by a rinse in PBS and distilled water. The 6-nm gold
particles were enhanced using an R-Gent SE-EM silver enhanc-
ing kit (Aurion). Immunolabeled sections were counterstained
with uranyl acetate and lead citrate and then observed using a
transmission electron microscope (JEM-1200EX, JEOL, Tokyo,
Japan).

Molecular Modeling—Sequences used for modeling are
for the native fragments 103-122 (**>LSALFGIPMALIWG-
IYFAIL'*?) and 94-122 (**VTKYWFYRLLSALFGIPMALI-
WGIYFAIL'??); for the mutants, Pro**° is substituted by A.

PepLook—we used the Boltzmann-stochastic in silico proce-
dure, PepLook, from Biosiris_RA, France (available on the
World Wide Web) (49) to calculate the populations of three-
dimensional models of caveolin sequence fragments. The N-
and C-ends of every peptide were NH and CO to take into
account their central positions in the protein sequence. The
PepLook procedure implicates iterative runs of calculation of
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FIGURE 1. Confocal fluorescence microscopy of HEK 293 cells transfected
with either caveolin-1 or the P110A mutant. g, expression of caveolin-1 or
the P110A mutant in HEK 293 cells. Shown (from the /eft) are transfectant of
p3XFLAG vector (Vec), caveolin-1 (WT), and P110A mutant. b, confocal fluo-
rescence microscopy of cells transfected with caveolin-1 (WT cells, left) or with
the P110A mutant (right). Top, non-permeabilized cells. The cells were fixed
with PFA and left non-permeabilized prior to indirect immunofluorescence
using an antibody directed against the FLAG tag and an Alexa 488 secondary
antibody. Bottom, permeabilized cells. The cells were fixed with PFA and per-
meabilized with 0.1% Triton X-100 prior to indirect immunofluorescence
using an antibody directed against the FLAG tag and an Alexa 488 secondary
antibody.

10,000 different random models. At each run, 10,000 random
models are generated from the sequence fragment and from a
set of 64 pairs of ®/V¥ of angles randomly sorted for every res-
idue. Energies of all conformations are calculated and ranked
using the force field described previously (35). In the first step,
the probability of sorting any ®/W¥ value for a residue is equal; in
the next steps, probability varies according to whether tested
angle values had contributed to exclusively poor or exclusively
good structural solutions. The calculation steps are iterated up
to when the sum of all ®/¥ angle probability remains constant.
The process is stopped, and the 99 structures of lower energy
are saved. The 99 models are compared on the basis of their
root mean square (r.m.s.) deviations (r.m.s. deviation matrices).
Three-dimensional models were calculated considering a
hydrophobic environment. The insertion of the three-dimen-
sional model in the membrane was tested using the slab model
IMPALA as described previously (50).

RESULTS

Fluorescence Microscopy Immunodetection of the FLAG
Epitope of FLAG-Caveolin-1 and the P110A Mutant—We
expressed FLAG-tagged caveolin-1 and the P110A mutant
form in HEK 293 cells that have little or no detectable endoge-
nous caveolin-1 (28, 51) (Fig. 1a). The present study allowed
detection of the topology of the N terminus of the FLAG-tagged
proteins by comparing the exposure of the FLAG tag to anti-
body before and after detergent permeabilization of the cell
membrane. The results show that for the wild type FLAG-
tagged caveolin-1, more of the N-terminal FLAG tag is detected
upon cell permeabilization (Fig. 15) with much of the caveo-
lin-1 label in the plasma membrane. We show a representative
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result. Empty vector control cells (not shown) exhibit only
background fluorescence. In contrast, with the P110A mutant,
the fluorescent signals from the permeabilized and non-perme-
abilized cells (Fig. 1b) are very similar, indicating that the major
fraction of the P110A-caveolin-1 has a transmembrane helix.
The observation that the exposure of the FLAG tag did not
markedly increase upon detergent solubilization indicates that
the N terminus of the mutant protein is oriented on the extra-
cellular side of the membrane.

Caveolin Membrane Topology and Caveola-related En-
docytosis—To investigate the structural importance of the
topology of the hydrophobic segment of caveolin-1 for the
endocytosis of caveolae, we compared HEK 293 cells ex-
pressing FLAG-tagged caveolin-1 or the P110A mutant. To
induce caveola-related endocytosis, we used BODIPY-BSA
and BODIPY-LacCer as markers under the conditions de-
scribed under “Experimental Procedures” (31, 32). Briefly, HEK
293 cells expressing one of the FLAG-tagged proteins were
incubated for 2 h either in HMEM+G medium (see “Experi-
mental Procedures”) or in this same medium to which the
caveolin-1 inhibitor, genistein, was added. Cells were labeled
with BODIPY-BSA or BODIPY-LacCer and washed to remove
excess BODIPY-labeled compound. After the cells were fixed
with PFA, they were immunostained with anti-FLAG antibod-
ies. We show a representative result. Untreated (not shown)
and empty vector control cells exhibit only background fluo-
rescence. The FLAG-tagged caveolin-1-expressing cells in-
duce endocytosis of BODIPY-BSA and of BODIPY-LacCer, but
endocytosis is inhibited in genistein-treated cells. This demon-
strates that cells expressing FLAG-tagged caveolin-1 (WT) are
capable of caveola-related endocytosis (Fig. 2). In contrast,
endocytosis is not observed with cells expressing the P110A
mutant with either BODIPY-BSA or with BODIPY-LacCer
(Fig. 2). The different behavior in caveola-related endocytosis
of the cells expressing the wild type versus the P110A mutant of
caveolin-1 is probably related to the change in membrane
topology of the protein as a consequence of the mutation.

Caveolin-1 Topology and the Formation of Lipid Droplets—
There are multiple functions of caveolae, and one of them is
to mediate cell uptake of long-chain fatty acids (36, 37). The
HEK 293 cells transiently transfected with either wild type or
mutant caveolin-1 exhibited very different abilities to take
up fatty acids and form lipid droplets. As displayed by Oil
Red O staining of lipids (Fig. 3, top), expression of caveolin-1
results in substantially more lipid accumulation than does
expression of the P110A mutant or with control cells. Quan-
titative analysis reveals an approximate doubling of triglyc-
eride accumulation with the WT cells in the presence of
OlAc (Fig. 3, bottom).

Caveolin Association with Lipid Droplets—Lipid droplets
consist of a core of neutral lipids, predominantly triacylglycer-
ols and cholesteryl esters. This core is surrounded by a phos-
pholipid monolayer and associated proteins. An especially im-
portant role for lipid droplets is the storage of cholesterol in
the form of cholesteryl esters. The formation of lipid drop-
lets contributes to regulating the level of intracellular free
cholesterol, along with other homeostatic mechanisms (52,
53). Early studies showed that endogenous caveolin-1 localizes
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A BODIPY-BSA (Green)
FLAG tag Caveolin-1/mutant (Red)
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B BODIPY-LacCer (Green)
FLAG tag Caveolin-1/mutant (Red)

o .
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FIGURE 2. BODIPY-BSA and BODIPY-LacCer internalization in HEK 293
cells transfected with either caveolin-1 or the P110A mutant. A, top row,
the cells were incubated with 50 png of BODIPY-BSA for 30 min at 10°C,
washed, and warmed for 5 min at 37 °C before back-exchange. The cells were
fixed with PFA and permeabilized with 0.1% Triton X-100 prior to indirect
immunofluorescence using an antibody directed against the FLAG tag and an
Alexa 647 secondary antibody. BODIPY-BSA was observed at green wave-
lengths, and Alexa 647 (FLAG) was observed at far red wavelengths (see
“Experimental Procedures”). The figure shows the merged images. Bottom
row, the cells were pretreated with 80 um genistein, an inhibitor of caveola-
mediated endocytosis, prior to incubation with fluorescent markers (2 h at
37°C) and during the above mentioned steps. Columns show examples of
different cells. B, top row, the cells were incubated with 2 um BODIPY-
LacCer-BSA for 30 min at 10 °C, washed, and warmed for 5 min at 37 °C before
back-exchange. The cells were treated as for A. Bottom row, the cells were
pretreated with 80 um genistein as for A. There was background green fluo-
rescence in the plasma membrane of control cells (the vector-transfected
cells). Pictures show the midportion of cells using the confocal fluorescence
microscopy. Columns show examples of different cells. Vec, vector.

P110A

to lipid droplets (42). Caveolin-1 binds to cholesterol (54) and
fatty acids (55) and can be internalized from the cell surface in
response to stimulation by lipids, including glycosphingolipids
and cholesterol. We investigated whether either FLAG-tagged
caveolin-1 or the P110A mutant could associate with lipid
droplets and whether this could occur in response to lipid load-
ing of cells grown in the presence of elevated levels of the fatty
acid (oleic acid). Treatment of either FLAG-tagged caveolin-1-
or the P110A mutant-expressing HEK 293 cells for 24 h with
OlAc caused redistribution of caveolin-1 to ring-shaped cyto-
plasmic structures (Fig. 44, bottom row) identified as lipid
droplets by the colocalization with the lipophilic stain, BODIPY
493/503 (Fig. 4B). Association of caveolins with the lipid drop-
lets was accompanied by an apparent decrease in staining at the
plasma membrane for caveolin-1 in comparison with the
P110A mutant (Fig. 44, middle row), whereas the empty vector-
transfected cells showed little staining (Fig. 44, top row).
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FIGURE 3. Caveolin-1 expression enhances cellular lipid accumulation.
Top, cells were incubated with 80 um OIAc for 48 h and then fixed and stained
with Oil Red O. Expression of wild type caveolin-1 (WT) upon the addition of
OlAc results in substantially enhanced lipid accumulation compared with
cells transfected with the empty vector (Vec) or with cells transfected with the
P110A mutant (P110A). Bottom, triglyceride accumulation was determined
and normalized to total cellular protein. The cells were incubated either with
or without 80 um OlAc for 48 h. Error bars, S.D. < 0.001.

Localization of FLAG-tagged Caveolin-1 and the P110A
Mutant in the Detergent-resistant Membrane Fraction—Lipid
rafts are cholesterol- and sphingolipid-enriched microdomains
in cell membranes that regulate phosphorylation cascades orig-
inating from membrane-bound proteins (56, 57). Caveolae
are a specialized type of raft that has a distinct morphology
and protein composition but a lipid composition similar to
other raft domains. Resistance to detergent solubilization
has been frequently used to identify proteins that associate
with membrane domains having this lipid composition.
Although the basis of this criterion has been criticized (58),
it does provide a phenomenological property that has often
proven to be useful (18). We tested whether the alteration
of the Pro''° residue affects partitioning of FLAG-tagged
caveolin-1 into the detergent-resistant membrane fraction.
Cytosolic, non-raft membrane (membrane) and lipid raft frac-
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tions were isolated from FLAG-tagged caveolin-1 or P110A
mutant-expressing HEK 293 cells. In these preparations, the
lipid raft fraction consists of detergent-resistant membranes
that are insoluble in cold Triton X-100, from which cytoskel-
etal and nuclear structures are removed by pelleting of the
insoluble material (see “Experimental Procedures”). Lipid
raft material is solubilized in buffer containing octyl glucoside.
These preparations are essentially identical to raft fractions
obtained by density gradient centrifugation of Triton-insoluble
material (44 —48). We probed membrane and lipid raft frac-
tions with antibodies for membrane markers shown in prior
studies to be present or enriched in rafts. Heterotrimeric G
proteins are enriched in rafts, and transferrin receptors are in
non-raft membranes (Fig. 5). Caveolin was detected with anti-
FLAG antibodies. As shown in Fig. 5, the P110A mutant protein
localizes less to the lipid raft fraction of plasma membrane com-
pared with the FLAG-tagged caveolin-1.

Transmission Electron Microscopy Immunodetection of
Caveolar Structure—Caveolae are small, 50 —~100-nm invagina-
tions of the plasma membrane defined on the basis of their
morphological appearance in electron micrographs (invagi-
nated caveolae). Caveolin-1 is an essential structural protein of
caveolae. We investigated the influence of the single amino acid
substitution at Pro**° on the ability of the mutant caveolin to
form the morphologically distinct structure of caveolae. The
number and distribution of caveolae were studied by immuno-
electron microscopy of either FLAG-tagged caveolin-1 or
P110A mutant-expressing HEK 293 cells. FLAG-tagged caveo-
lin-1 and the P110A mutant were detected using anti-FLAG
antibodies and 6-nm colloidal gold-labeled anti-mouse IgG and
IgM. The term caveolae as used here is defined morphologically
as invaginations of the plasma membrane that are readily iden-
tified by immunoelectron microscopy (Fig. 64) (59-61). For
quantification, we only included invaginated caveolae that
clearly opened to the cell surface because it is clear that caveolae
that may exist in a non-invaginated form cannot be distin-
guished from other portions of the plasma membrane and
therefore are not included (Fig. 6B). As shown in Fig. 6, the
plasma membrane formed typical invaginated caveolar struc-
tures in the FLAG-tagged caveolin-1-expressing cells, but there
were very few such structures in the mutant-expressing cells.

Modeling—The 99 lower energy conformations of the caveo-
lin segment 103122 are bent conformations (Fig. 7B). This U
conformation is helical on the N-side and more extended on
the C-side. The U form is lost when Pro''® is replaced by Ala,
resulting in the 99 lower energy conformations being straight
helices.

The Prime structure is defined as the lowest energy structure
representing the most populated conformation. The 99 lower
energy conformations of the caveolin segment 103—122 as well
as the P110A mutant exhibit little deviation from the three-
dimensional conformation of the Prime as demonstrated by the
narrow dispersion of the r.m.s. deviation matrix of couples of
calculated models (Fig. 7C). For the native fragment, the
median r.m.s. deviation is 0.89 *+ 0.59 A; for the P110A mutant,
the median deviation is even less, 0.61 = 0.25 A (Fig. 7C).

If native and mutant models are homogenous structures,
they are also very hydrophobic with a hydrophobic/hydrophilic

VOLUME 285-NUMBER 43-OCTOBER 22, 2010



Caveolar Structure and Function Influenced by a Single Mutation

A FLAG Lipophilic Dye
) .

- .
) .

B FLAG Lipophilic Dye

FIGURE 4. Caveolin-1 expression enhances the formation of lipid droplets. Cells were incubated with OIAc
for 48 h and labeled with anti-FLAG antibodies. A, the addition of OIAc to the culture medium causes lipid
storage droplets in caveolin-1-expressing cells and redistribution of caveolin-1 (red in merged pictures) to
ring-shaped cytoplasmic structures identified as lipid droplets by BODIPY 493/503 (green in merged pictures).
In contrast, the mutant did not form lipid droplets. B, an enlarged image of the section bounded by the white
box in A to illustrate the location of the FLAG tag surrounding the lipid droplet.
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FIGURE 5. Location in detergent-resistant membranes. Caveolin-1-expres-
sion (W) and the P110A mutant-expressing (P) cell lysates as well as an empty
vector control (V) were separated by centrifugation into cytosolic (cytosol)
and membrane fractions. The membrane fraction was partially solubilized
with 1% Triton X-100. Equal amounts of protein from the 1% Triton-soluble
(Membrane) and insoluble (Lipid/Raft) fractions were then analyzed by West-
ern blotting. The mutant protein no longer localizes to the lipid raft fraction of
plasma membrane as much as WT does. tfR, transferrin receptor.
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accessible surface area ratio of 4.3
and 4.7 for the best models of the
native fragment and the P110A
mutant, respectively. Accordingly,
appropriate locations of those mod-
els are in the hydrophobic core or
the interface of a membrane rather
than in water. We demonstrated
this by systematically “pulling” all
calculated three-dimensional mod-
els across a slab membrane model
made using IMPALA (50). The re-
sults show that an intramembrane
orientation is preferred over an
interfacial one, when and only when
more residues on the N-side are
taken into consideration. We used
the segment 94-122 (VITKYWFY-
RLLSALFGIPMALIWGIYFAIL).
Interestingly, the added residues
carry a CRAC motif (VIKYWFYR).
With this fragment, the U bent con-
formation is inserted in the region
of the membrane acyl chains with
the N- and C-ends turned toward
the lipid polar head interface (Fig.
7A). The additional N-end fragment
(residues 94—103) anchors the na-
tive 103-122 U model within one
monolayer of the membrane. In the
same conditions, the P110A mutant
crosses both monolayers of the
bilayer (i.e. it is a transmembrane

helix).

Merge

DISCUSSION

Caveolin inserts into membranes
of phosphatidylcholine in a choles-
terol-dependent manner (17). Many
aspects of the hydrophobic segment
of caveolin-1 have been investigated
(22, 62, 63). Caveolin-1 is anchored
to the membrane with a hydro-
phobic segment that promotes
interaction with cholesterol-rich domains independent of
palmitoylation of the Cys residues (19, 23). Studies with caveo-
lin-1 mutants indicate that the segment comprising residues
82-101 (human) is necessary and sufficient for membrane
binding and has been termed the scaffolding domain (24).
Studies using model peptides indicated that a segment com-
prising residues 94-101, with the sequence VIKYWFYR
that corresponds to a CRAC motif, promotes the formation
of cholesterol-rich domains (22).

In addition to the CRAC motif, caveolin-1 also has a hydro-
phobic segment that is believed not to be a transmembrane
helix but rather has both N- and C-terminal ends protruding
from the cytoplasmic side of the membrane. This is supported
by the results of the present study. In addition, we show that the
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FIGURE 6. Transmission electron micrographs of thin sections of either
caveolin-1- or the P110A mutant-expressing cells labeled with anti-
FLAG-coated gold particles. A, the plasma membrane was invaginated
by typical invaginated caveolar structures (marked by white arrows), and a
greater amount of FLAG internalized in the cell on the /eft (WT) but not on
the right (the P110A mutant). B, scatter plots of the number of caveolae in
each cell. The P110A mutant-expressing cells do not form caveolae as
much as WT do.

membrane topology of the hydrophobic segment is altered in
the P110A mutant to become transmembrane (Fig. 1).

The modeling studies support our experimental obser-
vations and provide a mechanistic rationale for our observa-
tions on the topology of caveolin-1 and the P110A mutant.
For caveolin-1, analysis using PepLook of the segment 103—
122 detects almost no tendency to structural polymorphism.
The 99 models of lower energy give one major conformation: a
U-bent helix for WT and a long helix for the P110A mutant.
These two models (WT and the mutant) support the conclu-
sion that the mutation should alter the membrane topology, in
support of the experimental findings.

One of the major functions of caveolin-1 is to contribute
to the formation of caveolae in the plasma membrane. The
protein caveolin-1 has particular importance in cholesterol
efflux (64) and binding to intracellular lipid droplets (65).
Caveolae are cholesterol- and sphingomyelin-rich invagina-
tions (50-100 nm) in the plasma membrane and have been
suggested to be involved in the transport of macromolecules
across endothelial cells through a process called transcytosis.
Transcytosis of caveolae involves the internalization at the
luminal surface of the endothelium, budding through the cell
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FIGURE 7. Modeling of the transmembrane segment of caveolin-1 using
PepLook. A, best position of the caveolin 94-122 fragment in a membrane.
All PepLook models were systematically pulled through a membrane slab
bilayer (50), across the water/lipid interfaces (light pink layers), the lipid polar
heads/acyl chain interfaces (dark pink layers), and the membrane center (yel-
low layer). The model structure and position corresponding to the lower
restraint energy is here presented. This model has the U bent conformation;
the N- side is yellow, and the C-side is red. The center is in the hydrophobic
layer of membrane, and the *VTKYWFYRL'?? fragment (green) is in the mem-
brane interface layer in connection with lipid polar heads. Note that only one
monolayer of the membrane bilayer is shown in the figure. The position of the
proline residue is indicated. B, spline image of the 99 three-dimensional mod-
els calculated using PepLook (49). All models are fitted by adjusting their
backbone atoms (N-C-C=O0) to those of the lowest energy structure (the
Prime), the three-dimensional model of lower energy using Qmol. The N-and
C-ends are indicated. Shown are conformations of the 99 PepLook three-
dimensional models of the caveolin fragment 103-122. Left, native fragment;
right, P110A mutant. C, r.m.s. deviation matrices of all pairs of three-dimen-
sional models.

and releasing at the abluminal apical surface of the endothelium
(66). The mechanism of internalization of caveolae is still the
object of intense investigation. The involvement of caveolae in
constitutive endocytosis is not completely established but is a
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likely contributing pathway. Most of what has been discovered
about caveolar endocytosis comes from experiments carried
out with labeled albumin internalization in endothelial cells,
simian virus (SV40) entry into cells, and internalization of the
ganglioside GM1-binding cholera toxin (11, 67). The clearest
evidence comes from electron microscopy that shows labeled
serum albumin endocytosed through caveolae and traversing
endothelial cells. Albumin binds to its caveola-localized recep-
tor GP60 and induces a signaling cascade, including caveolin-1
phosphorylation (68 -72).

Recently, Dr. Pagano’s group (31, 32) has developed methods
to study the endocytosis of fluorescent glycosphingolipid
analogs in various cell types using pathway-specific inhibi-
tors and colocalization studies with endocytic markers and
caveolin-1. They describe how the internalization mecha-
nism for these glycosphingolipids was unaffected by varying
the carbohydrate headgroup or sphingosine backbone chain
length, and additionally their evidence suggested that the
ceramide core of the glycosphingolipids may be important
for caveolar uptake (34). Caveolar internalization was ob-
served using the fluorescent glycosphingolipid analog, BODIPY-
LacCer, in caveolin-1-transfected HeLa cells. However, cancer
cell lines have low levels of caveolin-1 mRNA and low caveo-
lin-1 expression relative to some normal terminally differenti-
ated cell types (73, 74). The HEK cells have virtually no endog-
enous caveolin-1 and lack the most common putative fatty acid
transport protein, FAT/CD36, which is found in caveolae (28).
This cell line does not take up lipids through caveolae. How-
ever, when these cells are transfected with caveolin-1, they
exhibit caveolin-dependent lipid uptake and caveolar internal-
ization unlike untreated cells or genistein-treated caveolin-1-
expressing cells (Fig. 2). One of the multiple functions of caveo-
lae is cellular lipid accumulation. We used oleic acid as a
representative long-chain fatty acid. As shown in Fig. 3, upon
the addition of oleic acid, there is a marked increase in fatty acid
accumulation in the cells expressing wild type caveolin but not
in the non-transfected cells or in the cells expressing the
mutant caveolin. This indicated the possibility that Pro''®
could have an important role in determining the curvature of
caveolae. It has been shown that the wild type caveolin-1 facil-
itates caveolae attaining its characteristic shape (75). This has
been suggested to be a consequence of the hairpin membrane
insertion of caveolin that would promote positive membrane
curvature in the monolayer in which the re-entrant helix of
caveolin was inserted. The curvature modulation would con-
tribute both to the positive curvature found in the cytoplasmic
monolayer of caveolae and the positive curvature of the phos-
pholipid monolayer surrounding lipid droplets. This curvature
modulation would not occur with the P110A mutant that forms
a transmembrane helix. This difference can explain why the
P110A mutant was not able to internalize fatty acids (Fig. 3) or
form lipid droplets (Fig. 4) as efficiently as the wild type protein
can.

The results above clearly indicate that the topology of caveo-
lin-1 is changed by the P110A mutation from a re-entrant helix
to a transmembrane helix and that this has marked effects on
several functional properties. We also addressed the question of
whether this change in membrane topology of caveolin-1 also
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affected its ability to partition into cholesterol-rich domains
and if the mutant protein would still promote the formation of
membrane structures having the typical morphology of caveo-
lae. The P110A mutant protein still contains the CRAC seg-
ment adjacent to a transmembrane helix. It should be noted
that in the P110A mutant, this CRAC domain would be on the
external side of the plasma membrane, whereas with wild type
protein, the CRAC domain interacts with the cytoplasmic leaf-
let. By the indirect criterion of partitioning into the detergent-
resistant membrane fraction, we observe that the mutant pro-
tein does not partition with cholesterol-rich “raft” domains
(Fig. 5). This is confirmed by our observation that the P110A
protein does not form structures typical of caveolae (Fig. 6).

In summary, the conformational state of the caveolin-1 can
be shifted toward the transmembrane arrangement by a single
amino acid mutation, changing the Pro''° residue to Ala. This
amino acid substitution prevents not only the localization of
the protein into lipid rafts but also caveolar formulation. As a
result, caveola-related endocytosis as well as lipid accumulation
and caveolin-1 lipid droplet formulation are markedly reduced
in cells expressing the P110A mutant of caveolin-1 in compar-
ison with the wild type. The multiple activities of caveolin-1 are
a consequence of the topology- and compartment-specific cel-
lular localization of this protein.
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