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caveolae also function as plasma membrane signal
Caveolin-1 and endothelial nitric oxide synthase transduction centers that compartmentalize hormone

(eNOS) are associated within endothelial caveolae. We receptors with downstream effectors (1-3). A principal
have shown previously that eNOS is translocated to protein component of caveolae is caveolin (4), a 21-24
the detergent-insoluble, cytoskeletal fraction of bo- kDa integral membrane protein of undefined function.vine aortic endothelial cells (BAEC) in response to bra-

Three homologous but distinct caveolin proteins aredykinin (BK)-stimulation or tyrosine phosphatase in-
known (termed caveolins-1, -2, and -3) that have differ-hibition. In the present study, we have examined
ent but overlapping tissue distributions (3). The formwhether caveolin-1 is similarly translocated in re-
of caveolin expressed in endothelial cells is caveolin-1.sponse to these or other stimuli. Exposure of BAEC to
Caveolin-1 exists in two isoforms that are derived fromthe eNOS-activating agonists, BK, histamine, or ATP
the use of two alternate translational start sites, methi-produces transient increases in the amounts of deter-
onine at position 1 and an internal methionine at posi-gent-insoluble caveolin-1. Increases in insolubility are
tion 32 (5). These two isoforms are designated caveolin-blocked by tyrosine kinase inhibitors and are potently

mimicked by tyrosine phosphatase inhibitors. In- 1a (24 kDa) and caveolin-1b (21 kDa), respectively.
creased insolubility is accompanied by an increased Caveolin-1a and caveolin-1b can both form SDS-resis-
association of caveolin-1 with eNOS and inhibition of tant, high molecular mass homooligomers comprised of
eNOS catalytic activity. Agonist-activation of eNOS in up to 14 subunits (6,7). Caveolin-1 can also be purified
endothelial cells thus appears to involve tyrosine from many cell types as part of a heterooligomeric com-
phosphorylation-dependent changes in the interac- plex with various signaling proteins including G pro-
tion of eNOS with caveolin-1. Increased interaction of tein subunits and nonreceptor tyrosine kinases (8-10).
eNOS with caveolin-1 may deactivate the enzyme sub- It has been suggested, therefore, that caveolin-1 homo-
sequent to its activation by Ca2//calmodulin. q 1997 oligomeric complexes may serve as docking sites for
Academic Press sequestration of caveolin-interacting signaling mole-

cules at the cytoplasmic face of the plasma membrane
(6). Caveolin-1 is not static in the plasma membrane,
however, but cycles dynamically between caveolae andCaveolae are small, bulb-shaped invaginations of the
the Golgi apparatus (11,12).plasma membrane that are especially abundant in en-

Endothelial nitric oxide synthase (eNOS), like caveo-dothelial cells. These membrane microdomains were
lin-1, is a membrane-associated protein, localized pre-initially identified because of their function in the
dominately in the plasmalemmal caveolae and Golgi oftransport processes of endocytosis, potocytosis, and
endothelial cells (13-19). Recently, we have shown thattranscytosis. More recently, it has been recognized that
eNOS translocates to the Triton X-100-insoluble, cy-
toskeletal fraction of bovine aortic endothelial cells

1 Corresponding author. Fax: (706) 721-8555. E-mail: rvenema@ (BAEC) upon stimulation of BAEC with bradykinin
mail.mcg.edu. (BK) or the tyrosine phosphatase inhibitor, phenylar-Abbreviations: eNOS, endothelial nitric oxide synthase; BK, brady-

sine oxide (PAO) (20). In the present study, we havekinin; PAO, phenylarsine oxide; BAEC, bovine aortic endothelial
cells; BLMVEC, bovine lung microvascular endothelial cells. investigated whether caveolin-1, known to be associ-
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ated with eNOS in BAEC (19,21), is translocated to-
gether with eNOS following either agonist-stimulation
or tyrosine phosphatase inhibition. We have also deter-
mined whether tyrosine phosphorylation-dependent
changes in eNOS or caveolin-1 detergent-solubilities
represents movement of the proteins from the Golgi to
caveolae or vice versa. In addition, we have examined
whether tyrosine phosphorylation regulates eNOS-ca-
veolin-1 complex formation or eNOS catalytic activity.

MATERIALS AND METHODS

Materials. Monoclonal (clone #3) and polyclonal anti-eNOS an-
tibodies, monoclonal (clone #2297) and polyclonal anti-caveolin-1
antibodies, PY20 anti-phosphotyrosine monoclonal antibody, and

FIG. 1. BK-stimulated alteration of the detergent-solubility ofPY20 agarose were purchased from Transduction Laboratories
caveolin-1 in BAEC. Following pretreatment with or without gelda-(Lexington, KY). Geldanamycin, Protein A/Protein G agarose, and
namycin (1 mg/ml) or PP1 (10 mM), cells were stimulated with BKimmunoprecipitin were obtained from Life Technologies Inc. BK,
(10 mM) for 0,0.5,1,2, and 5 min and lysed in buffer containing 1%PAO, histamine, ATP, sodium orthovanadate, monoclonal b-COP
Triton X-100. Triton X-100-insoluble (pellet) and Triton X-100-solu-antibody, and whole anti-mouse IgG came from Sigma Chemical
ble (supernatant) fractions were separated by centrifugation atCo. PP1 was obtained from Calbiochem. ECL detection kits were
12,000g. Proteins in insoluble fractions at various time points werepurchased from Amersham. Protein molecular weight standards,
subjected to polyacrylamide gel electrophoresis, transferred to nitro-protein assay kit, and peroxidase-conjugated anti-IgG antibodies
cellulose, and immunoblotted with anti-caveolin-1 antibody. Shownwere purchased from Bio-Rad.
is a representative autoradiogram obtained in the absence of inhibi-

Cell culture. BAEC were passaged from primary cultures. Bovine tors. Also shown is densitometric analysis of three autoradiograms
lung microvascular endothelial cells (BLMVEC) were obtained from each for the control (s — s), plus geldanamycin (l — l), and plus
Cell Systems Incorporated (Kirkland, WA). BAEC cultures were PP1 (h — h) conditions (mean { S.E.M., n Å 3).
maintained as described previously (20). BLMVEC were maintained
in CS-C complete media on dishes coated with attachment factor
from Cell Systems Incorporated. Cells were subcultured at 3-5 day

conditions, cells were lysed in ice-cold buffer containingintervals and used for experiments in passage four through passage
six. Serum-containing medium was replaced by serum-free medium 1% Triton X-100 and detergent-soluble (supernatant)
24 hours prior to each experiment. and insoluble (pellet) fractions were separated by cen-

Treatment of endothelial cells with agonists and tyrosine phospha- trifugation. Relative amounts of caveolin-1 in soluble
tase inhibitors. Confluent BAEC or BLMVEC in 100 mm culture and insoluble fractions were quantitated by immu-
dishes were treated with BK (10 mM), histamine (10 mM), ATP (1 noblotting with anti-caveolin-1 antibody and densito-mM), PAO (10 mM), or Na3VO4 (1mM) for 0,0.5,1,2,5, or 10 minutes

metric scanning of immunoblots. Suprisingly, 95.5 {at 377 C and prepared for immunoprecipitation and analysis of deter-
3.7% of caveolin-1a and -1b in BAEC was found to begent-solubility as described previously (20). In some experiments,

eNOS activity of cell lysates was determined by arginine-to-citrulline detergent-soluble. Similar results were also obtained
conversion assay as described previously (22). with BLMVEC. The detergent-solubility of caveolin-1

Immunoprecipitation. One ml aliquots of the RIPA lysates were in cultured endothelial cells, therefore, appears to dif-
precleared for 1 hour at 47 C with 20 ml immunoprecipitan prior to fer significantly from that of caveolin-1 in caveolae pre-
addition of either anti-eNOS (clone 3, monoclonal), anti-caveolin-1 pared directly from lung endothelium or in caveolae(polyclonal), or anti-phosphotyrosine antibody (PY20, monoclonal)

from other types of cultured cells. Caveolin-1 in caveo-(0.5 mg). Immunoprecipitation and immunoblotting were carried out
as described previously (20). Antibodies used for immunoblotting lae isolated from lung has been reported to be insoluble
were anti-eNOS (polyclonal), anti-caveolin-1 (clone 2297, mono- in 1% Triton X-100 (9,24). Caveolin-1 in cultured fibro-
clonal), and anti-phosphotyrosine (PY20, monoclonal) antibody. blasts, adipocytes, and epithelial cells is also predomi-

Analysis of eNOS and caveolin detergent solubilities. Triton X- nately detergent-insoluble (1-3,8).
100-soluble and Triton X-100-insoluble fractions of cell lysates (1.5 BAEC were treated with BK (10 mM) for various
ml) were separated by centrifugation at 12,000 1 g and analyzed as times and the amounts of caveolin-1 and eNOS in de-described previously (20).

tergent-insoluble fractions at various time points were
Isolation of caveolae. Caveolae membranes were isolated from then quantitated by immunoblotting and densitome-BAEC and BLMVEC cultures essentially as described by Song et al.

try. BK stimulated a transient (4-fold) increase in the(23) except that all solutions used in the isolation were buffered at
pH 7.5. amount of detergent-insoluble caveolin-1a and -1b

(Fig. 1). When eNOS detergent-solubility was assessed
in the same experiments, solubility changes of eNOSRESULTS AND DISCUSSION
paralleled those of caveolin-1. To determine if the BK-
stimulated increases in detergent-insolubilities of ca-To determine the percent of detergent-soluble and

detergent-insoluble caveolin-1 in BAEC under basal veolin-1 were dependent on tyrosine phosphorylation,
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we utilized the tyrosine kinase inhibitors, geldana-
mycin and PP1. Geldanamycin has been shown pre-
viously to be a potent inhibitor of the abl, erbB, fps,
and Src family tyrosine kinases (25). PP1 has been
shown to be highly selective for Src tyrosine kinases
relative to other known tyrosine kinases (26). BAEC
were treated with geldanamycin (1mg/ml) for 1 h or PP1
(10 mM) for 15 min prior to determining the time-course
of BK-stimulated changes in the detergent-solubility of
caveolin-1. Pretreatment with either geldanamycin or
PP1 almost completely blocked the BK-stimulated
changes in caveolin-1 detergent-solubility (Fig. 1). BK-
stimulated solubility changes of caveolin-1, therefore,
appear to depend on tyrosine phosphorylation and may
occur through a signaling cascade involving a Src fam-
ily tyrosine kinase. Results similar to those shown in
Fig. 1 were also obtained following BK stimulation of
BLMVEC. In addition, similar results (in both magni-
tude and time-dependence) were also obtained when
BAEC were stimulated by either histamine (10 mM) or
ATP (1 mM).

BAEC were treated with the tyrosine phosphatase
inhibitor, PAO (10 mM) for various times and deter-
gent-soluble and -insoluble fractions were prepared.
The relative contents of caveolin-1 in the both soluble
and insoluble fractions for various time points were
quantitated by immunoblotting and densitometry. As
shown in Fig. 2, caveolin-1a and -1b, which were pre-
dominately detergent-soluble under basal conditions,

FIG. 2. PAO-stimulated alteration of the detergent-solubility ofbecame almost entirely detergent-insoluble following
caveolin-1 in BAEC. Cells were treated with PAO (10 mM) for10 min of PAO treatment. In the same experiments,
0,0.5,1,2,5, and 10 min and lysed in buffer containing 1% Triton X-similar PAO-induced changes in solubility were also
100. Triton X-100-insoluble (pellet) and Triton X-100-soluble (super-

observed for eNOS. PAO effects were specific for caveo- natant) fractions were separated by centrifugation at 12,000g. Pro-
lin-1 and eNOS because no changes were detected in teins in both insoluble and soluble fractions at various time points

were subjected to polyacrylamide gel electrophoresis, transferred tothe total amounts of insoluble protein. Data compara-
nitrocellulose, and immunoblotted with anti-caveolin-1 antibody.ble to those shown in Fig. 2 were also obtained for
Shown is a representative autoradiogram and densitometric analysisBLMVEC. Geldanamycin pretreatment (1 mg/ml for 1 of three autoradiograms (mean { S.E.M., n Å 3). Panel A, Triton X-

h) reduced the PAO-induced (10 mM for 10 min) translo- 100-insoluble caveolin-1; Panel B, Triton X-100-soluble caveolin-1.
cation of caveolin-1 by 86 { 12% (mean { S.E.M., n Å
3). Furthermore, a structurally different tyrosine phos-
phatase inhibitor, sodium orthovanadate (1 mM) stim-

ment to a different subcellular location could explainulated a similar redistribution of caveolin-1 and eNOS
the change in detergent-solubility. Alternatively, ago-except that the magnitude of the response was less.
nist-stimulated changes in solubility may reflect aThese data, together with the geldanamycin and PP1
transient association of eNOS and caveolin-1 with ca-inhibition of BK-stimulated translocation shown in Fig.
veolae cytoskeletal proteins such as actin, myosin II,1, suggest that detergent-solubilities in endothelial
annexin II, or dystrophin which have been shown pre-cells of both caveolin-1 and eNOS are regulated by tyro-
viously to reside in caveolae (9). Indeed, agonist-stimu-sine phosphorylation. Caveolin-1 detergent-solubility
lated increases in insolubility of a protein in Triton X-has been a subject of considerable interest to many
100 is commonly interpreted as a translocation to theresearchers (1-3,27). That solubility may be altered by
cytoskeleton. This is the interpretation that is given,agonist-stimulation and by tyrosine phosphorylation,
for example, for the increases in insolubility of c-Src,however, has not been reported previously.
phosphoinositide 3-kinase, protein kinase C, phospholi-We next investigated whether agonist-activation of
pase C, and other proteins reported to occur in plateletseNOS involves a transient change in the subcellular
in response to thrombin-stimulation (28-32). To deter-localization of the eNOS-caveolin-1 complex. Our ratio-

nale for investigation of this possibility is that move- mine whether changes in detergent-solubilities of ca-
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veolin-1 and eNOS represents movement of the pro-
teins from Golgi to caveolae (or vice versa) we isolated
caveolae membranes from BAEC following either no
treatment or treatment with BK (10 mM, 1 min) or PAO
(10 mM, 10 min). Caveolae were purified by a modifica-
tion of the detergent-free method of Song et al. (23). To
verify that our isolation procedure effectively separated
caveolae membranes from Golgi membranes, we have
used an antibody to b-COP to probe for the presence
of Golgi vesicles in gradient fractions. b-COP is a pe-
ripheral Golgi membrane protein that is present in a
membrane-bound (Ç20%) form and in a cytosolic com-
plex (Ç80%). The membrane-bound form is associated
with both Golgi cisternae and Golgi vesicles in the
trans-Golgi network (33-37). To confirm that b-COP
remains associated with Golgi vesicles during the lysis
and homogenization of cells, we centrifuged the homog-
enate at 100,000 1 g and quantitated the amount of
particulate and soluble b-COP by immunoblotting with
anti-b-COP antibody. Approximately 20% of b-COP im-
munoreactivity was found in the particulate fraction
indicating that the protein remains associated with
Golgi under these isolation conditions.

FIG. 3. Distribution of total protein, caveolin-1, eNOS, and b-BAEC homogenates were fractionated on a discontin-
COP from BAEC in sucrose density gradient fractions. BAEC homog-uous sucrose gradient and the distribution of total pro-
enates were fractionated in a discontinuous sucrose density gradient,tein, b-COP, caveolin-1, and eNOS in gradient frac-
eight fractions were collected from the top of each tube, and aliquots

tions were determined. Very little protein was found in of each fraction were analyzed by immunoblotting for the content of
the upper, low density fractions of the sucrose gradient caveolin-1, eNOS, b-COP, and total protein.
(Fig. 3B). However, when the caveolin-1 content of frac-
tions was determined by immunoblotting with anti-ca-
veolin-1 antibody, Ç95% of caveolin-1 was found in were prepared from BAEC or BLMVEC following stim-

ulation with BK or PAO, no change in the caveolaefractions 3 and 4, a position corresponding to the inter-
face between the 5% and 35% sucrose layers (Fig. 3A). content of either caveolin-1 or eNOS was detected indi-

cating that solubility changes of the two proteins doThe fractions of the gradient that contain caveolae are
thus identified as fractions 3 and 4. These two fractions not represent a change in subcellular localization.

To determine whether BK or tyrosine phosphatasewere uncontaminated by Golgi membranes because no
b-COP immunostaining could be detected in either inhibition alters eNOS-caveolin-1 complex formation,

BAEC were either treated or not treated with BK (10fraction even after very long exposure times of the X-
ray film used to detect the chemiluminescent signal on mM, 1 min) or PAO (10 mM, 10 min), cells were lysed

in RIPA buffer (which solubilizes 100% of both eNOSthe blot. Golgi membranes were identified as being in
fraction 6 because this was the only fraction containing and caveolin-1), and equal amounts of eNOS were im-

munoprecipitated from the various conditions withall three of the Golgi-associated proteins caveolin-1,
eNOS, and b-COP. These data suggest that almost all anti-eNOS antibody. Precipitated proteins were sepa-

rated by gel electophoresis, transferred to nitrocellu-caveolin-1 in BAEC is localized in caveolae. Therefore,
our finding that BAEC caveolin-1 is 95% Triton X-100- lose, and immunoblotted with anti-caveolin-1 antibody.

Only caveolin-1a (and not -1b) was coprecipitated withsoluble cannot be explained by a lack of caveolae in
BAEC resulting from the reported tendency of endothe- eNOS. The amount of caveolin-1a that was coprecipi-

tated was increased by 108 { 28% and 311 { 59%lial cells to lose caveolae during maintenance in culture
(38). When the eNOS contents of sucrose gradient frac- (mean { S.E.M., n Å 5) by BK and PAO treatment,

respectively (Fig. 4). Furthermore, a 1 h treatment oftions were quantitated by immunoblotting, approxi-
mately 35% of the enzyme was found in the caveolae BAEC with geldanamycin decreased the basal level of

eNOS associated with caveolin-1a by 52 { 9% (n Åfractions with the remainder being found in the lower,
high density fractions of the gradient containing Golgi- 7). Pretreatment with geldanamycin also significantly

blocked any subsequent BK- or PAO-stimulated in-associated and cytosolic eNOS (Fig. 3A). Similar results
to those shown in Fig. 3 were also obtained with creases in association (n Å 3). The extent or the stabil-

ity of the eNOS-caveolin-1 association in BAEC thusBLMVEC. Furthermore, when caveolae membranes
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tates were probed with anti-phosphotyrosine antibody.
No tyrosine phosphate was detected for caveolin-1a or -
1b under basal conditions or after treatment with BK
or PAO.

Tyrosine phosphorylation-dependent association of
caveolin-1 and eNOS may be due to phosphorylation
of a protein within the eNOS-caveolin-1-cytoskeletal
complex that is neither caveolin-1 or eNOS. Phosphory-
lation of this protein could, in turn, stabilize the eNOS-
caveolin-1 interaction. Support for this conclusion is
provided by the results of immunoprecipitation experi-
ments using anti-phosphotyrosine antibody. Tyrosine-
phosphorylated proteins in BAEC and BLMVEC were

FIG. 4. Effect of BK, PAO, and geldanamycin treatment of BAEC immunoprecipitated with anti-phosphotyrosine anti-
on the amount of caveolin-1a coimmunoprecipitated by anti-eNOS

body (the same antibody that fails to react with eitherantibody. BAEC were either not treated (control ) or treated with BK
caveolin-1 or eNOS on immunoblots of anti-caveolin-1(10 mM, 1 min) (BK ), PAO (10 mM, 10 min) (PAO), geldanamycin (1

mg/ml, 1 h) (geld ), geldanamycin (1 mg/ml, 1 h) then BK (10 mM, 1 or anti-eNOS immunoprecipitates). Anti-phosphotyro-
min) (geld / BK ), or geldanamycin (1 mg/ml, 1 h) then PAO (10 mM, sine immunoprecipitates were then probed with either
10 min) (geld / PAO). Cell lysates were immunoprecipitated with anti-caveolin-1 or anti-eNOS antibodies. As shown inanti-eNOS antibody, precipitated proteins were separated by gel

Fig. 5, both caveolin-1a and eNOS from BAEC wereelectrophoresis, transferred to nitrocellulose, and probed with anti-
coprecipitated by the anti-phosphotyrosine antibodycaveolin-1 antibody. Relative amounts of caveolin-1a precipitated in

each condition were quantitated by densitometry of immunoblots. even though the antibody does not appear to react with
Values shown represent mean { S.E.M. from three to seven experi- either protein directly. When the experimental protocol
ments. was changed and immunoprecipitation was replaced

with anti-phosphotyrosine-agarose affinity purifica-
tion, similar results were obtained. Only caveolin-1a

appears to be regulated, at least in part, by agonist- (and not -1b) was precipitated or affinity purified. Ca-
stimulated tyrosine phosphorylation. veolin-1a and eNOS thus appear to be associated with

Tyrosine phosphorylation-dependent changes in a tyrosine-phosphorylated protein (or proteins) that
eNOS-caveolin-1 asociation could be due to direct tyro- allows for their coprecipitation with anti-phosphotyro-
sine phosphorylation of one or both of the proteins. sine antibody. Caveolin-1b, on the other hand, appears
However, in the present study, neither protein ap- not to have a tyrosine-phosphorylated protein partner.
peared to be tyrosine-phosphorylated in response to These results are interesting in light of the fact that
BK-stimulation or tyrosine phosphatase inhibition. As when BAEC lysates were immunoprecipitated by anti-
reported previously (20), we have been unable to detect
phosphotyrosine in eNOS by anti-phosphotyrosine im-
munoblotting of anti-eNOS immunoprecipitates. Simi-
lar negative results have also been obtained with
BLMVEC. Michel et al. (39) and Corson et al. (40) have
also failed to detect phosphotyrosine in eNOS from un-
stimulated or stimulated BAEC. Low levels of phospho-
tyrosine, however, are not always detected on immu-
noblots by all anti-phosphotyrosine antibodies (41).
This may explain the discrepency between the results
of ourselves and others (20,39,40) and those of
GarcıB a-Cardeña (21) who have reported that eNOS in
BAEC is tyrosine-phosphorylated, albeit to a small ex-
tent. These authors, however, also report that the phos-
photyrosine content of eNOS is not changed following
BK-stimulation. Caveolin-1 is tyrosine-phosphorylated
in v-Src-transformed cells (42) but has only been shown FIG. 5. Coimmunoprecipitation of eNOS and caveolin-1a from

BAEC lysates by anti-phosphotyrosine antibody. Cell lysates wereto be tyrosine-phosphorylated in normal cells in the
immunoprecipitated with anti-phosphotyrosine antibody. Precipi-case of insulin-treated 3T3-L1 adipocytes (43). In the
tated proteins were separated by gel electrophoresis, transferred topresent study, BAEC were either treated or not treated nitrocellulose, and immunoblotted with either anti-eNOS or anti-

with BK (10 mM, 1 min) or PAO (10 mM, 10 min), caveo- caveolin-1 antibodies. Results are representative of three experi-
ments.lin-1 was immunoprecipitated, and immunoprecipi-
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eNOS antibody, only caveolin-1a (and not -1b) was eNOS and inhibition of eNOS catalytic activity. Ago-
nist-activation of eNOS in endothelial cells thus ap-coimmunoprecipitated. Furthermore, BK (10 mM, 1

min) and PAO (10 mM, 10 min) treatment increased pears to involve tyrosine phosphorylation-dependent
changes in the interaction of eNOS with caveolin-1.the amount of both caveolin-1 and eNOS coprecipitated

by the anti-phosphotyrosine antibody even though nei- Increased interaction of eNOS with caveolin-1 may de-
activate the enzyme subsequent to its activation byther agent altered the phosphotyrosine content of ca-

veolin-1 or eNOS directly. Ca2//calmodulin.
Based on results obtained in in vitro binding assays
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