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ABSTRACT Caveolae are flask-shaped plasma membrane
invaginations abundant in endothelium and muscle but may be
present in all cells. They contain a filamentous coat material
thought to be important in their structure and function. Recent
studies have demonstrated that a 22-kDa protein (caveolin)
phosphorylated on tyrosine in Rous sarcoma virus-trans-
formed chicken fibroblasts is a component of the caveolae coat
on the inner aspect of the membrane. We now report the
deduced protein sequence of chicken caveolin derived from
cDNA PCR products and genomic DNA clones. Caveolin is a
unique protein of 178 amino acids and displays little sequence
similarity to other proteins in the GenBank data base. Hydro-
phobicity predictions indicate an unusual 40-amino acid hy-
drophobic region near the C terminus that may be used to
anchor the protein to the membrane. When chicken caveolin
was expressed in mouse 3T3 cells and detected by immunofiu-
orescence microscopy, the typical caveolae pattern was ob-
served. This includes brightly fluorescent membrane patches in
many cases concentrated at the margin of cells and in arrays.
Caveolae may be distinct from other membrane domains due
at least in part to caveolin.

Tyrosine phosphorylation is a common signal leading to
cellular proliferation or differentiation. Although many tyro-
sine kinases are known to generate this signal, the substrates
that mediate the effects of the tyrosine kinases are less well
understood. The tyrosine phosphorylation of several cellular
proteins is now thought to provide crucial regulation of the
growth factor receptor or tyrosine kinase oncogene product
response (see ref. 1 for a recent review). In the analysis of
tyrosine-phosphorylated proteins most of the substrates were
characterized in other systems first (as the unmodified en-
zyme or protein) and the regulatory tyrosine phosphorylation
was revealed subsequently. Given that the identity or func-
tion of the vast majority of mammalian proteins is unknown
it seems likely that many of the functionally important
tyrosine phosphorylations have been overlooked.

At least two other approaches have been used to identify
and characterize other potential substrates of the tyrosine
kinases. Substrates that have a sequence motif termed the
SH2 domain (2) can be directly cloned from an expression
cDNA library, thereby allowing the identification of new
proteins in this class (3). Alternatively, proteins are isolated
using an anti-phosphotyrosine antibody affinity column and
monoclonal antibodies (mAbs) are raised to the protein
backbone of these components (4, 5). The mAbs then can be
used to study individual substrates in isolation.

In our laboratory Rous sarcoma virus-transformed chicken
embryo fibroblasts were used to generate antibodies to
several tyrosine phosphorylated proteins of 215 kDa, 76 kDa,
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and 22 kDa (6-8). The 22-kDa protein was found to be
tyrosine phosphorylated in chicken embryo fibroblasts ex-
pressing transforming v-src but not in cells expressing non-
myristoylated v-src, cells that are nontransformed (9).

The subcellular location of the 22-kDa substrate has pro-
vided a clue to its function. Immunolocalization reveals that
the 22-kDa protein is present in caveolae, small plasma
membrane specializations present in most cells, and the
22-kDa protein was thus termed caveolin. Caveolae are
known to have a unique filamentous coat and caveolin was
assigned to this coat material by immunoelectron micros-
copy. To begin addressing these questions about the struc-
ture and function of caveolin, cDNA encoding caveolin was
cloned and sequenced.t Caveolin is 178 amino acids in length
with an unusual hydrophobic membrane attachment domain.
No significant sequence homology with proteins in the Gen-
Bank data base was observed. Cloned chicken caveolin when
expressed in 3T3 cells targeted to caveolae.

MATERIALS AND METHODS

Isolation of Caveolin and Peptides. Chicken gizzards were
extracted with 5 volumes of 1% SDS, boiled for 5 min, and
clarified by centrifugation for 1 hr at 100,000 X g. The
supernatant was adjusted to 1% Triton X-100/0.2% SDS/0.15
M NaCl/20 mM Tris, pH 7.4 (buffer A), and passed through
an affinity column containing 5 mg of mAb 20b (4) per ml of
agarose., The column was washed with buffer A and then
washed with 40 mM NaCl; elution from the column was with
0.1 M diethylamine (pH 11.5). Protein was run on a 4-15%
SDS/acrylamide gel and the 22-kDa band was visualized by
precipitation with ice-cold 0.4 M KCl. Caveolin was excised
from the gel, electrophoretically eluted, dialyzed, lyophi-
lized, and digested with either trypsin, chymotrypsin, or V8
protease and the peptides were resolved by reverse-phase
HPLC. Peptides were sequenced by the Macromolecular
Core Facility, University of Kentucky.

Amplification of Caveolin cDNA. A degenerate oligonucle-
otide based on the amino acid sequence of peptide 1 with the
sequence GTGCGAATTC(C,T)TT(A,C,G,T)GG(A,G)TC-
(A,C,G,T)C(G,TYA,G)TT(A,C,G,TDAC was used in a re-
verse transcriptase reaction followed by PCR using the above
oligonucleotide together with the oligonucleotide GCCGGG-
AATTCTA(C,T)GT(A,C,G, T)GA(C,THA,T)XC,G)-
(A,C,G,T)GA(A,G)GG (based on peptide 2). The reaction
was carried out for 40 cycles at 95°C, 60°C, and 72°C for 0.75,
1.5, and 2 min, respectively. The PCR mix was digested with

Abbreviation: mAb, monoclonal antibody.
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EcoRI and cloned into the R1 site of Agtll (Stratagene). The
resulting phage was screened with a mixture of mAbs to
caveolin. Positive phage were plaque purified twice and the
insert was amplified with the oligonucleotide primers TTGA-
CACCAGACCAACTGGTAATG and GGTGGCGACGAC-
TCCTGGAGCCCG (A sequences) by PCR as above. A longer
[500 base pairs (bp)] unique caveolin PCR product was then
made by amplification with a unique primer (CGCCTGGAAT-
TCCTGTACGCGGCGCCCGTCAGGGAA) at the 5’ end of
the insert in the A clone (see Results) together with a degen-
erate oligonucleotide [CCGATGAATTC(C,T)TC(A,C,G,T)-
C(G,T)(A,C,G,T)AC(A,C,G,T)GT(A,C,G,T)GC-
(A,C,G,T)C] corresponding to the C terminus of peptide 7.

Genomic DNA Clones. An EMBL3 chicken genomic DNA
library (Clontech) was screened with a 32P-labeled probe from
chicken caveolin cDNA by hybridization at 42°C in 5x SSC
(I1x SSC = 0.15 M NaCl/0.015 M sodium citrate), 40%
formamide, 0.5% SDS, 1x Denhardt’s solution, and 100 pug
of salmon sperm DN A per ml. Filters were washed with 0.2 x
SSC at 60°C for 1 hr. Cloned DNA was subjected to restric-
tion enzyme digestion and Southern blotting using hybrid-
ization conditions described above. Restriction fragments
were subcloned into the Bluescript plasmid and selected by
colony hybridization. The sequence manipulation and anal-
ysis were performed with the MACVECTOR program (Kodak).

Expression of Chicken Caveolin in Mouse 3T3 Cells. The
coding region of chicken caveolin was amplified from gizzard
RNA with the oligonucleotide primers CCGCGCTAGC-
CATATGTCCGGCACCAAATACGTG and CGGCCTC-
GAGAATCTCTTTCCGTACTGTGGC incorporating re-
striction sites for cloning into the pMAMneo vector (Clon-
tech). Transfection was performed using the Lipofectin
reagent (BRL) and cells were selected with G418 (400 ug/ml).
Induction of chicken caveolin protein was accomplished with
the addition of dexamethasone to 4 uM and incubation for 12
hr. Immunofluorescence microscopy was performed as de-
scribed (4). For Western blotting, cells were lysed in SDS
sample buffer, run on a 4-15% SDS/acrylamide gradient gel,
transferred to Immobilon, and treated with the anti-caveolin
mAb 2222 antibody followed by 125I-labeled goat anti-mouse
second antibody and autoradiography.

RESULTS

Since caveolin is known to be expressed at high levels in
smooth muscle (9), we employed a two-step method to purify
the protein from chicken gizzard using an anti-caveolin mAb
(4) followed by preparative SDS gel electrophoresis. No
sequence was observed for intact caveolin or several derived
peptides, pointing to a blocked N terminus. Eight other
peptides yielded the sequences shown in Table 1. A search of
the GenBank data base with the longest of these peptide

Table 1. Sequences of peptides derived from chicken caveolin

Amino acid
Peptide Amino acid sequence Protease positions*
1 EIDLVNRDPK Trypsin 48-57
2 YVDSEGFLYAXPVR Trypsin 6-19
3 VFSSIR Trypsin 166-171
4 MMADELSEK Trypsin 31-39
5 AAPVREQGNIY Chymotrypsin 15-25
6 KASFTTF Chymotrypsin 86-92
7 SSIRATVR V8 168-176
8 GFLYAAPVRE V8 11-20

All of the peptide sequences from three separate protease diges-
tions of caveolin isolated from chicken gizzard are listed. The
positions of these peptides in the deduced amino acid sequence can
be found in Fig. 2.

*Amino acid positions in chicken cDNA sequence.
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sequences did not reveal any obvious sequence homology.
We therefore decided to clone the cDNA encoding caveolin
using oligonucleotides predicted from peptide sequences.

To facilitate cloning of the cDNA encoding caveolin,
degenerate oligonucleotides corresponding to the 5’ end of
one peptide and the 3’ end of a second was used in a PCR with
RNA derived from chicken gizzard. The resuiting cDNA was
cloned into Agtll and immunoscreened with a mixture of
mAbs to caveolin. When this method was used with oligo-
nucleotides corresponding to the N terminus of peptide 2
together with the C terminus of peptide 1, immunopositive A
clones were observed, whereas the reverse experiment (N
terminus of peptide 1 with C terminus of peptide 2) was
immunonegative. Multiple ethidium bromide-stained bands
were observed after the PCR, one of which corresponded to
the 156-bp insert from the positive clones (Fig. 1). cDNA
from this clone was sequenced and found to encode addi-
tional peptide sequences derived from gizzard caveolin. A
longer cDNA fragment was then generated using a unique
oligonucleotide based on the 5’ end of this new sequence
together with a degenerate oligonucleotide predicted from the
C terminus of peptide 7 in a PCR reaction. A single band of
500 bp (not shown) was sequenced and used to screen cDNA
and genomic DNA libraries.

A chicken caveolin 32P-labeled DNA probe was used to
screen several chicken cDNA libraries without success. Since
the 500-bp PCR product from chicken gizzard was predicted to
encode the majority of a 22-kDa protein, we decided to
ascertain the polypeptide ends from the sequence of genomic
DNA. We screened an EMBL3 library that was constructed
from chicken genomic DNA. Several positive clones were
selected that fell into one of two groups by restriction analysis
and Southern blotting. One set of clones was found to encode
an exon containing the entire 3’ two-thirds of the PCR product
(Fig. 2b). In addition, we were able to extend the sequence to
include the putative termination codon. The second set of
clones encoded the N terminus divided into two exons. Again
we were able to extend the available PCR-derived sequence in
this case to include the initiator ATG. The sequence surround-
ing the predicted protein start site is consistent with the
features identified by Kozak (10) for the initiator AUG region.
All of the peptides derived from chicken gizzard caveolin
(Table 1) were found in the deduced protein thereby confirm-
ing its identity. To confirm this organization unique PCR
primers corresponding to the predicted 5’ and 3’ ends of the
coding region were used to amplify cDNA from chicken
gizzard RNA. As expected, a single 534-bp product was
generated. This fragment was sequenced and exactly corre-
sponded to the sequence shown in Fig. 2.

Hydrophilicity analysis of the deduced caveolin protein by
the Kyte-Dolittle method (11) revealed an extensive hydro-
phobic domain (Fig. 3). This extremely hydrophobic region of

Fic. 1. Amplification of caveolin
cDNA sequences. Degenerate oligonucle-
otides deduced from the C terminus of
peptide 1 together with the N terminus of
peptide 2 (see Table 1) were used in a
PCR, a sample of which was run on an
agarose gel stained with ethidium bromide
(lane B). The DNA from this reaction was
cloned into the EcoRlI site of Agtll and
screened with antibodies to caveolin. The
insert of an antibody-positive clone was
amplified with A primers outside the R1
site (lane C), which was then digested with
EcoRl (lane D) to remove the A se-
quences. The 1-kilobase (kb) ladder was
run in lane A for size determination.
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(a) DNA sequence and deduced protein sequence of chicken caveolin. Numbers on the left indicate the nucleotide positions within

the predicted protein coding sequence. The deduced amino acid sequence (three-letter code) is given under the corresponding nucleotide
sequence. The termination codon is indicated by (*+#). The coding sequence was derived from sequencing PCR products and parts of genomic
clones. Regions outside the coding sequence were from genomic clones. (b) The intron-exon organization of the caveolin gene was derived from
the sequence of corresponding EMBL3 clones. Boxes are the exon coding sequences and numbers represent the positions in the cDNA sequences

above.

caveolin is approximately twice the 20-amino acid length of a
simple a-helical membrane-spanning region. In addition, sec-
ondary structure predictions would suggest more of a B-sheet
conformation in this region (Fig. 3). It seems likely that this
represents the domain for membrane attachment and explains
the recent finding that caveolin is not extractable with agents
that generally remove peripheral membrane proteins (12).
The entire chicken cDNA coding region was cloned into a
mammalian expression vector (P(MAMneo) where protein
expression can be controlled by the dexamethasone-
inducible mouse mammary tumor virus long terminal repeat.
The plasmid that contained the caveolin cDNA was trans-
fected into mouse 3T3 fibroblasts and cell lines were selected
by growth in G418. As shown in Fig. 4, the chicken caveolin
protein band was only detected in transfected cells, where it
was visualized as a single species corresponding to a molec-
ular mass of 22 kDa by SDS/PAGE and Western blotting.
Some caveolin protein was seen without dexamethasone

induction, but clearly a significantly higher level was seen 24
hr after addition of dexamethasone.

Expression of chicken caveolin in 3T3 cells was also
analyzed by immunofluorescence microscopy (Fig. 5). When
cells expressed high levels of caveolin the distribution was
generally similar to the pattern previously seen in fibroblasts
(4, 12). A punctate pattern was observed, in many instances
with large accumulations of caveolin concentrated in patches
and at the margin of cells. In a few instances, large intracel-
lular inclusions were observed by phase-contrast optics and
these were surrounded with caveolin. It is not known what
these inclusions represent or whether caveolin may be re-
sponsible for their existence.

DISCUSSION

Plasma membrane specializations termed caveolae are wide-
spread and routinely seen in the electron microscope. Al-
though a filamentous coat material has been clearly demon-
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strated, until recently no protein marker for the cytoplasmic
surface of these structures was known. The localization of a
22-kDa protein that is phosphorylated on tyrosine in trans-
formed chicken fibroblasts to this caveolae coat provided
such a marker. For this reason the protein was named
caveolin and may serve a structural role in the same way that
clathrin makes up coated pits and vesicles (13). The deduced
protein sequence of caveolin, however, suggests that if it is
a major structural element of caveolae it would behave quite
differently than clathrin. The most obvious differences reside
in the hydrophobic nature of caveolin and the smaller poly-
peptide size compared to clathrin (14).

Caveolin is clearly present on the inner surface of caveolae
(12) and cloned caveolin targets to caveolae (see above), yet
we cannot conclude that caveolin makes up the caveolae coat
or is even a structural element in caveolae. It is possible, for
instance, that caveolin provides a membrane anchor for the
attachment of the filament coat. Other components may well
be more important to the structure of the caveolae coat with
caveolin associated with these structural elements. Although

FiG. 4. Expression of chicken
caveolin in mouse 3T3 cells de-
tected by Western blot. Control
(lane A), transfected (lane B), or
transfected and induced (lane C)
3T3 cell extracts were subjected to
Western blotting with the 2222
mAb, which recognizes only the

= —22  chicken protein (and not the en-
dogenous mouse caveolin). The
22-kDa caveolin position is indi-

A B ( cated.

methods using the MACVECTOR
computer program.

this question can be answered by expressing the cloned
caveolin into cells that lack caveolae, virtually all cells are
thought to contain these structures. The 22-kDa caveolin has
been shown to be present at high levels in muscle and lung
tissue (9), but most tissues or cells have a detectable amount.

The unique hydrophobic region in caveolin could provide
the stability of caveolae or targeting of the protein to caveolae
in the plasma membrane. The extensive 40-amino acid
B-sheet conformation predicted for caveolin is unlike a typ-
ical a-helical transmembrane domain that is usually 20 amino
acids in length. A hint of a possible role of the caveolin
hydrophobic domain comes from previous studies in which
cells depleted of cholesterol lack caveolae (15) and treatment
of cells with the cholesterol-binding drug filipin or nystatin
results in the progressive dissolution and fragmentation of the
caveolin coat (12). This may reflect the self-association of
caveolin within the plane of the membrane that requires
sterols.

Previous studies have noted that sedimentation of caveolin
through a sucrose gradient in detergent solution is consistent
with a protein having a molecular mass of =150 kDa (9). We
can interpret this now to at least partially reflect the associ-
ation of caveolin with detergent micelles. In addition, how-
ever, we have detected a high molecular mass form of
caveolin that may be due to self-association. Alternatively,
caveolin targeting and associations in caveolae may have
specific lipid requirements that are found in caveolae, and the
caveolin hydrophobic region may serve as a targeting signal.
A hydrophobic targeting sequence is not without precedent.
A positive membrane targeting sequence, for instance, has
been demonstrated for the hydrophobic region of the protein
Gal T that resides in Golgi membranes (16).

Transformation of chicken embryo fibroblasts by Rous
sarcoma virus leads to the phosphorylation of caveolin on
one or more tyrosine residues (9). Many proteins have been
shown to be tyrosine phosphorylated in Rous sarcoma virus-
transformed chicken embryo fibroblasts, yet most of those
proteins are phosphorylated equally well in cells expressing
nonmyristoylated src, cells that are not transformed (17, 18).
Only two proteins, a 120-kDa protein (19) and caveolin (9),
display this selective phosphorylation. In the case of cave-
olin, this lack of phosphorylation could be due to the fact that
caveolin is an integral membrane protein and the N-terminal
myristate of pp60¥-* provides a hydrophobic membrane
anchor to the membrane. Thus, even though src is found in
focal adhesions (20), some may reside in caveolae, at least
transiently, to phosphorylate caveolin. Although caveolin
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Fi1G. 5. Chicken caveolin in mouse 3T3 cells detected by immunofluorescence microscopy. Transfected (a—d) and control 3T3 cells (e and
f) were treated with dexamethasone and stained with the 2222 mAb; this was followed by fluorescein isothiocyanate-labeled anti-mouse antibody
and visualization by fluorescence (a—c and e) or phase-contrast (d and f) optics. (x200.)

appears to have a somewhat different distribution in Rous
sarcoma virus-transformed chicken embryo fibroblasts com-
pared to their normal counterpart, this may simply reflect a
difference in cell morphology in these transformed cells.
Future studies must address the regulation of caveolin and
how this may influence the structure or function of caveolae.
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