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Early Effects of PP60"*"¢ Kinase Activation on Caveolae

Young-Gyu Ko, Pingsheng Liu, Ravindra K. Pathak, Leonard C. Craig, and Richard G. W. Anderson*

Department of Cell Biology and Neuroscience, University of Texas Southwestern Medical Center,
Dallas, Texas 75235-9039

Abstract Members of the nonreceptor tyrosine kinase family appear to be targeted to caveolae membrane. We
have used a Rat-1 cell expressing a temperature sensitive pp60V- kinase to assess the initial changes that take place in
caveolae after kinase activation. Within 24-48 h after cells were shifted to the permissive temperature, a set of
caveolae-specific proteins became phosphorylated on tyrosine. During this period there was a decline in the caveolae
marker protein, caveolin-1, a loss of invaginated caveolae, and a 70% decline in the sphingomyelin content of the cell.
One of the phosphorylated proteins was caveolin-1 but it was associated in coimmunoprecipitation assays with both a
30 kDa and a 27 kDa tyrosine-phosphorylated protein. Finally, the cells changed from having a typical fibroblast
morphology to a rounded shape lacking polarity. In light of the recent evidence that diverse signaling events originate
from caveolae, pp60 V¢ kinase appears to cause global changes to this membrane domain that might directly contribute

to the transformed phenotype. J. Cell. Biochem. 71:524-535, 1998.
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There is increasing evidence that caveolae
play a major role in organizing signal transduc-
tion at the cell surface [Anderson, 1993, 1998].
Immunocytochemistry and cell fractionation
first localized a number of different hormone
receptors and signal transducers to caveolae
[Lisanti et al., 1994]. Several studies identified
specific signaling events that originate in caveo-
lae, including the EGF dependent activation of
Raf-1 [Mineo et al., 1996], IL-1 B stimulated
production of ceramide [Liu and Anderson,
1995], and a PDGF receptor kinase cascade
[Liu et al., 1996]. Finally, caveolin-1, a resident
protein of caveolae, has been found to modulate
the activity of heterotrimeric GTP binding pro-
teinsin vitro [Li et al., 1995].

The organization of these molecules in caveo-
lae may be necessary for the integration of
diverse sources of information during signal
transduction. If so, cell behavior should be al-
tered by perturbations that affect the structure
and molecular composition of caveolae. Re-
cently, Koleske et al. [1995] reported that onco-
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genically transformed cells tend to have re-
duced levels of caveolin-1 along with fewer
invaginated caveolae. This change in caveolae
structure may either cause the transformed
phenotype or be the consequence of transforma-
tion. The tyrosine phosphorylation of caveo-
lin-1, specifically by membrane associated
pp60v-src kinase, has been linked to transforma-
tion of chick embryo fibroblasts [Glenney, 1989;
Glenney and Zokas, 1989] and expression of
caveolin-1 can reverse the transformed pheno-
type [Engelman et al., 1997]. These findings
suggest a more causal relationship exists be-
tween caveolae structure and cell behavior.
The selection of a cell line transformed by a
viral oncogene can take several weeks. This
makes it difficult to distinguish between direct
and indirect effects of transformation on caveo-
lae structure and function. For this reason we
have used a Rat 1 cell line expressing a tempera-
ture sensitive pp60V-sr kinase to identify some
of the initial changes that take place in caveo-
lae upon kinase activation. We find that within
24 to 48 h after activation of the kinase, caveo-
lae undergo profound changes in morphology,
lipid composition, and protein phosphorylation.
At the same time, the cells transform from a
flat, highly organized morphology to a rounded
shape with significantly fewer invaginated ca-
veolae. This cell line may be useful for studying
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how disruption of caveolae-based signaling
events leads to cell transformation.

MATERIALS AND METHODS

[H]-palmitate (36 Ci/mmol) and [5S]-EX-
PRESS protein labeling mix (1,175 Ci/mmol)
was purchased from Du Pont (Wilmington, DE).
Sphingomyelin, ceramide, and diacylglycerol
(DAG) standards were obtained from Sigma
(St. Louis, MO). Thin layer chromatography
plates were purchased from J.T. Baker Inc.
(Phillipsburg, NJ). Anti-phosphotyrosine 1gG
was from Upstate Biotechnology Inc. (Lake
Placid, NY).

Cell culture. tsLA29 cells [Stoker et al.,
1984, 1986], a Rat-1 fibroblast transfected with
a temperature sensitive pp60v-s kinase, were
grown in Dulbecco’'s Modified Eagle Medium
(Mediatech, Herndon, VA) supplemented with
10% fetal bovine serum (Sigma), 50 U/ml peni-
cillin, and 50 mg/ml streptomycin. The cells
were grown either at 35°C (permissive tempera-
ture) or 39.5°C (nonpermissive temperature) in
5% CO, and recultured every 5 days. All experi-
ments were carried out on confluent cell mono-
layers. The growth temperature did not cause
any detectable change in the number of cells
per dish.

Antibody production. Polyclonal antibod-
ies K617 and K618 were raised against pep-
tides whose sequences were derived from the
N-terminal (REQGNIYKPNNK) and C-termi-
nal (IFSNVRINLQKEI) regions of human caveo-
lin-1. Peptides were coupled to Tuberculin PPD
(Statens Seruminstitut, Copenhagen, Denmark)
by incubating with 0.04% glutaraldehyde. New
Zealand white rabbits were injected with 0.2
mg coupled peptide in complete Freund’s adju-
vant. The rabbits were boosted with 0.1 mg
coupled peptide in incomplete Freund'’s adju-
vant 3 weeks after the initial injection and
thereafter when the antibody titer began to
decrease as determined by Western blot. A total
of three boosts were administered. Serum 1gG
was purified using Econo-Pac serum IgG purifi-
cation columns (Bio-Rad, Hercules, CA). The
IgG fractions were concentrated using Centri-
con-30 concentrators (Amicon, Beverly, MA).

Labeling experiments. Cells grown at
39.5°C were washed three times in prewarmed
PBS and incubated for 30 min in methionine-
deficient media (ICN, Costa Mesa, CA). After
adding 100 pCi/ml [3S]-EXPRESS protein label-
ing mix, the cells were incubated for 1 h, washed

three times with prewarmed PBS, and chased
in media containing 200-fold excess unlabeled
methionine and 30 pg/ml cycloheximide (Sigma)
at either 35°C or 39.5°C for various times. Cells
were labeled with [*H]-palmitate by culturing
them in medium for 48 h that contained 10
uCilwell of [3H]-palmitate.

Protein extraction. Cells grownin 100 mm
dishes were washed three times with ice-cold
PBS buffer and lysed with 1 ml of 150 TETN/OG
(25 mM Tris-HCI, pH 7.5, 150 mM NacCl, 5 mM
EDTA, 1% TX-100, and 60 mM octylglucoside)
containing protease inhibitors (10 pg/ml soy
bean trypsin inhibitor, 10 uM leupeptin, 1 ug/ml
pepstatin A, 0.5 mM benzamidine, and 1 mM
PMSF), and phosphatase inhibitors (1 mM NaF,
1 mM NazVO,) by shaking the dish on a rocking
platform for 40 min at 4°C. Lysates were centri-
fuged at 10,000g for 10 min at 4°C and the
supernatant fractions were saved at —80°C for
further analysis. Protein concentrations were
determined by the Bradford Assay [Bradford,
1976].

Lipid extraction, separation, and detec-
tion. Lipids were extracted by the method of
Bligh and Dyer [1959]. A 1 ml aliquot of the
sample was mixed with 1.2 ml of methanol
containing 2% acetic acid and 2 ml of chloro-
form. This mixture was vortexed three times
(10 sec each time) and centrifuged for 10 min at
10,000g. The organic phase was collected and
dried under nitrogen gas. The sample was redis-
solved in 40 pl of chloroform, mixed with 5 ug of
unlabeled standard, and loaded onto a TLC
plate. The TLC plate was developed in a solvent
system consisting of either chloroform:acetone:
methanol:acetic acid:H20 (10:4:3:2:1, v/v) for
separation of sphingomyelin or benzene:ethyl
ether:ethanol:acetic acid (50:40:4:0.4, v/v) for
separation of ceramide and DAG. The sepa-
rated lipids were either visualized by autoradi-
ography or scraped and counted in 10 ml of
scintillation fluid.

Preparation of caveolae. tsLA29 cells
grown in three 150 mM dishes were washed
three times with ice-cold PBS, scraped from the
plates in 15 ml PBS, and collected by centrifuga-
tion (600g, 5 min, 4°C). The collected cells were
incubated with 1 ml HEPES buffer (25 mM
HEPES, pH 7.4, 150 mM NaCl, and 1% TX-100)
containing protease inhibitors and phospha-
tase inhibitors for 20 min at 4°C and dounced
20 times. The extract was mixed with 1 ml of
2.5 M sucrose, transferred to a centrifuge tube,
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and overlaid with 9 ml of a linear 10-30%
sucrose gradient in HEPES buffer. The gradi-
ents were centrifuged for 21 h at 4°C ina TH
641 rotor at 100,000g. The gradient was frac-
tionated into 15 fractions from top to bottom
and the proteins from each fraction concen-
trated by TCA precipitation before analysis by
gel electrophoresis.

Immunoprecipitation. Protein extracts
(400 pg) prepared in 150 ml TETN/OG contain-
ing protease and phosphatase inhibitors were
pre-cleared by mixing with 50 pl of protein
A-Sepharose 4LB (Sigma) plus 25 pg of rabbit
1gG in 150 TETN/OG. After 4 h incubation at
4°C, the beads were removed by centrifugation
for 5 min at 15,000g. The supernatant was
transferred to a fresh tube and 50 pl of fresh
protein A-Sepharose was added together with
either anti-caveolin-1 1gG (designated K617, 25
Mg) or preimmune IgG (5 pl). Samples were
then incubated overnight at 4°C. Beads were
recovered by centrifugation and washed twice
sequentially in buffer A (500 mM NaCl, 5 mM
EDTA, 25 mM Tris-HCI, pH 7.5, 1% TX-100),
buffer B (250 mM NaCl, 5 mM EDTA, 25 mM
Tris-HCI, pH 7.5, 1% TX-100), and buffer C (25
mM Tris-HCI, pH 7.4 and 5 mM EDTA) before
analysis by SDS-PAGE.

Electrophoresis and immunoblotting.

Proteins were separated in SDS-polyacryl-
amide gels using the method of Laemmli [1970]
and transferred to Immobilon (Milipore, Bed-
ford, MA) in buffer D (25 mM Tris, and 192 mM
glycine, pH 8.3 ). After transfer, the membrane
was incubated overnight at 4°C in 5% nonfat
dry milk prepared in PBS. Caveolin-1 and phos-
photyrosine protein were visualized by sequen-
tial treatment with specific antibodies (anti-
caveolin-1 1gG designated K618), HRP-
conjugated secondary antibodies, and an
enhanced chemiluminescence (ECL) substrate
kit (Amersham, Buchinghamsher, England).

RNase protection assay. A cDNA frag-
ment (156 bp) corresponding to the 5 end of
human caveolin-1 was inserted in KS plasmid
in a T3 anti-sense orientation. The plasmid was
transformed into DH5 «, purified using Qiagen
Midiprep Kit, and linearized by EcoR1 diges-
tion. Anti-sense RNA fragment was then synthe-
sized using T3 polymerase and [*2P]-UTP. A 10
g sample of total RNA from each cell type was
hybridized overnight at 50°C with the [32P]-anti-
sense RNA probe. The reaction was digested
with RNase Aand RNase T1 for 30 min at room

temperature. SDS and proteinase K were added
to the mixture to stop the digestion and the
protected [3?P]-RNA fragments were extracted
and separated on a 6% acrylamide, DNA se-
quencing gel.

Electron microscopy. Cells grown on 60
mM dishes were fixed in 3% glutaraldehyde,
100 mM Na-cacodylate, pH 7.4, and 0.5 mM
CaCl, at room temperature for 2 h. The samples
were washed overnight in 100 mM Na-cacodyl-
ate, pH 7.4 before further fixation with 2%
Os0O, in 100 MM Na-cacodylate, pH 7.4. Samples
were washed in distilled water, dehydrated,
and embedded in Spur’s Resin.

RESULTS

Caveolae membrane is partially insoluble in
Triton X-100 at 4°C [Brown and Rose, 1992;
Sargiacomo et al., 1993]. This property can be
used to separate caveolae from the rest of the
cell. We grew tsLA29 cells at the nonpermissive
temperature (39.5°C), scraped them from the
dish in Triton X-100 at 4°C and loaded the
mixture on the bottom of a linear sucrose gradi-
ent. We centrifuged the sample for 21 h at 4°C
and collected 15 fractions from the top of the
gradient. A constant volume from each fraction
was separated by gel electrophoresis and immu-
noblotted with an anti-caveolin-1 1gG directed
against the C-terminal end of the molecule (Fig
1A, anti-caveolin-1 1gG). Two caveolin-1-spe-
cific bands were concentrated in fractions 3-6,
indicating the position of the caveolae fractions
on the gradient. Previously we showed this
fraction contains less than 0.7 % of the cell
protein with the bulk of the protein and phos-
pholipid at the bottom of the gradient in frac-
tions 11-15 [Liu and Anderson, 1995].

To see if any of the proteins in these fractions
contained phosphotyrosine, a companion set of
fractions from 39.5°C grown cells was immuno-
blotted with an anti-phosphotyrosine mAb (Fig.
1A, anti-phosphotyrosine 1gG). The caveolae
fraction was nearly devoid of any bands that
reacted with the antibody but there were a few
reactive bands in fractions 13-15. A dramati-
cally different staining pattern was seen in
immunoblots of cells grown at the permissive
temperature (35°C) for 48 h (Fig 1B, anti-
phosphotyrosine 1gG). Both the caveolae frac-
tions (3—6) and the bulk cell fractions (11-15)
contained numerous reactive bands. The mo-
lecular weights of the two populations of tyro-
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Fig. 1. Effect of pp60V-<" kinase activation on tyrosine phosphorylation of caveolae proteins. tsLA29 cells were
grown at 39.5°C for 3 days. Individual sets of dishes were incubated either at 39.5°C (A), 35°C (B), or 35°C in the
presence of herbimycin A (C) for 48 h. Triton X-100 insoluble caveolae were separated from detergent soluble
components of the cell on sucrose gradients as described. A constant volume of each fraction was separated by gel
electrophoresis and immunoblotted with either anti-caveolin-1 1gG (left) or anti-phosphotyrosine 1gG (right).

sine phosphorylated proteins, however, were 22 kDa, 27 kDa, 30 kDa, 35 kDa, 60 kDa.
different. Many of the phosphoproteins in the Therefore, activation of pp60v-=s'e kinase leads to
caveolae fraction were not present in the bot- the phosphorylation of multiple proteins, some
tom fractions including proteins with sizes of of which are specific to caveolae.
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Coincident with the appearance of phosphoty-
rosine-containing proteins, there was a marked
decline in the amount of caveolin-1 in the caveo-
lae fraction (Fig. 1B, anti-caveolin-1 1gG). Al-
though both caveolin-1 isoforms were decreased,
there usually was a greater loss of the high
molecular weight form. The loss of caveolin-1
appeared to be directly related to pp60vs ki-
nase activation because cells grown at the per-
missive temperature in the presence of the ki-
nase inhibitor herbimycin A had normal levels
of caveolin-1 (Fig. 1C, anti-caveolin-1 1gG) along
with a reduced number of phosphotyrosine pro-
teins (Fig. 1C, anti-phosphotyrosine 1gG).

The loss of caveolin-1 was reversible (Fig. 2).
Cells grown at 39.5°C for 3 days had normal
levels of caveolin-1 (lane 1). After 48 h of incuba-
tion at 35°C, the amount of caveolin-1 declined
(lanes 2—4). Cells grown continuously at 35°C,
by contrast, had reduced amounts of caveolin-1
(lane 5) but the amount detected returned to
normal after the cells were shifted to the nonper-
missive temperature for 24-48 h (lanes 7-8).

One way that pp60V-sr¢ kinase activation could
reduce the amount of caveolin-1 in the cell is by
stimulating protein degradation. Cells grown
at the nonpermissive temperature (39.5°C) were
incubated in the presence of [3°S]-EXPRESS
protein labeling mix for 1 h. The cells were
washed and fresh media containing excess unla-
beled methionine was added to the dish before
incubating the cells for various times at either
the permissive (35°C) or nonpermissive tem-
perature (39.5°C). At the end of each incubation
period, caveolin-1 was immunoprecipitated,
separated by gel electrophoresis and visualized
by autoradiography (Fig. 3). The amount of
radiolabeled caveolin-1 in the immunoprecipi-
tate was similar in the two sets of cells. More-
over, during the 9 h incubation there was no
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Fig. 2. Temperature dependent loss and return of caveolin-1.
tsLA29 cells were grown at either 39.5°C or 35°C for 3 days
before the temperature was shifted to either 35°C or 39.5°C for
0, 12, 24, and 48 h, respectively. Proteins were separated by gel
electrophoresis and blotted with anti-caveolin-1 1gG.

significant decline in the amount of labeled
caveolin-1 in either sample.

We next used an RNAase protection assay to
determine if activation of pp60V-s kinase caused
a reduction in the amount of caveolin-1 mRNA.
A 156 base pair, anti-sense RNA fragment from
the 5 end of human caveolin-1 mRNA was
synthesized in the presence of [32P] UTP using
T3 polymerase. The radiolabeled probe was hy-
bridized overnight at 50°C with total RNA from
cells grown at either permissive (35°C) or non-
permissive temperatures (39.5°C; Fig. 4). At
the end of the incubation, samples were di-
gested with RNase A and T1 for 30 min and
analyzed on a 6% DNA sequencing gel. Two
protected fragments (156 bp and 126 bp) were
present in both sets of cells, suggesting the
presence of two mRNA isoforms for caveolin-1.
The larger fragment, however, was signifi-
cantly reduced in cells grown at permissive
temperatures. The smaller protected fragment
was not reduced. On the other hand, both bands
were reduced in cells transfected with a consti-
tutively active form of pp60v-c kinase (data not
shown). Therefore, activation of pp60Vv-=rc kinase
appears to inhibit the synthesis of the mRNA
for the larger isoform of caveolin-1.

An anti-phosphotyrosine reactive band (22
kDa) comigrating with caveolin-1 was present
in the caveolae fractions from cells grown at
35°C (Fig. 1B, compare anti-caveolin-1 with
anti-phosphotyrosine). We used immunoprecipi-
tation to see if this was caveolin-1. Cells grown
at the non-permissive temperature (39.5°C)
were shifted to 35°C for various times before we
lysed the cells and prepared immunoprecipi-
tates using either anti-caveolin-1 1gG or pre-
immune IgG (Fig. 5). The samples were sepa-
rated by gel electrophoresis and immunoblotted
with either anti-phosphotyrosine 1gG (A) or
anti-caveolin-1 1gG (B). Before the temperature
was shifted (0 time, B), the two caveolin-1 iso-
forms were present in the immunoprecipitate
but these bands reacted only weakly with anti-
phosphotyrosine 1gG (0 time, A). Within 12 h
after the temperature was shifted, however,
three anti-phosphotyrosine reactive bands ap-
peared (A). One of these bands had the same
electrophoretic mobility as the low molecular
weight isoform of caveolin-1. The other two
bands were coprecipitating proteins with appar-
ent sizes of 30 and 27 kDa. This phosphotyro-
sine pattern persisted throughout the 12-48 h
period at 35°C. At the same time, there was a
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Fig. 3. Activation of pp60"*" kinase does not accelerate degradation of caveolin-1. Cells were grown at 39.5°C for 4
days before incubating in the presence of [3°S]-EXPRESS protein labeling mix for 1 h at 39.5°C. The cells were washed
three times before adding 200-fold excess methionine plus 30 pg/ml of cycloheximide to the dish and incubating at
either 39.5°C or 35°C for the indicated time. At the end of each incubation, samples were prepared for immunopre-
cipitation using either anti-caveolin-1 or preimmune IgG. Each immunoprecipitate was separated on 12.5% gels and

autoradiograms prepared.

Caveolin 1

. Rat 1 TS 39.5
R Rrat171835

1 2

Fig. 4. Activation of pp60v=¢ kinase stimulates loss of caveo-
lin-1 mRNA. Cells were grown at 39.5°C for 4 days and then
incubated at either 39.5°C or 35°C for 48 h. Total RNA extracted
from each cell type was used to protect freshly made [32P]-
labeled anti-sense caveolin-1 mRNA fragment during RNAase
digestion. After the digestion, protected fragments were sepa-
rated on 6% acrylamide, DNA sequencing gel.

progressive decline in the amount of caveolin-1
in the cells (B, 12-48). The higher molecular
weight isoform, which presumably is synthe-
sized by the larger of the two mRNAs for caveo-
lin-1, was more rapidly lost from cells than the
smaller form (B).

Previously we showed that the caveolae frac-
tion from normal human fibroblasts contains
about 50% of the sphingomyelin, DAG, and
ceramide in the cell [Liu and Anderson, 1995]. A
portion of the sphingomyelin in this fraction is
converted to ceramide when cells are incubated
in the presence of IL-1 B and this ceramide
inhibits PDGF-stimulated DNA synthesis [Liu
and Anderson, 1995]. We used radiolabeling to
determine how pp60Vsrc kinase activation af-
fected the lipid composition of tsLA 29 cells
(Fig. 6). Cells were grown in the presence of
[H]-palmitate for 48 h to label various lipids.
Equal amounts of radioactivity were separated
by thin layer chromatography and the quantity
of radiolabeled sphingomyelin (A), ceramide (B),
and DAG (C) measured. Normal Rat-1 cells
grown at 37°C incorporated 50,000 DPM into
the sphingomyelin band (bar 1, A), 15,000 DPM
into the ceramide band (bar 1, B), and 12,500
DPM into the DAG band (bar 1, C). The amount
of radioactivity in each of these lipids was
slightly lowered by growing the Rat-1 cells at
both 39.5°C (bar 2, A-C) and 35°C (bar 3, A—C).
tsLA29 cells grown at the nonpermissive tem-
perature (39.5°C) had markedly lower amounts
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Fig. 5. Both caveolin-1 and caveolin-1-associated proteins are
phosphorylated by pp60v*© kinase. Cells were grown at 39.5°C
for 3 days before the temperature was shifted to 35°C for 0, 12,
24, and 48 h. At the end of each incubation, samples were
prepared for immunoprecipitation using either anti-caveolin-1
or preimmune IgG. Each immunoprecipitate was separated on
12.5% gels and immunoblotted with either anti-phosphotyro-

of both ceramide (bar 4, B) and DAG (bar 4, C)
compared to Rat-1 cells grown at the same
temperature (compare with bar 2, B and C). By
contrast, the amount of radiolabeled sphingomy-
elin was about the same (compare bar 4 with
bar 2, A). When tsLA29 cells were grown at
35°C, where the pp60v-s' kinase is active, there
was no change in the amount of either ceramide
(bar 5, B) or DAG (bar 5, C) but there was a
dramatic decline in the amount of radiolabeled
sphingomyelin (compare bar 4 with 5, A). Un-
der kinase activation conditions, there was
~70% decline in the amount of sphingomyelin
in the tsLA29 cells.

We prepared autoradiograms of the thin layer
chromatography plates to look for other changes
in the lipid profile as a function of kinase activa-
tion (Fig. 6D, E). In addition to the specific
change in sphingomyelin (SM lane 9,10, D), we
saw an increase in phosphatidic acid (PA, lanes
9,10, D) as well as five sets of unidentified lipids
(top three arrows, D and two arrows, E). Two
other unidentified lipids were reduced in tsLA29
cells grown at 35°C (lower two arrows, compare
lane 5,6 with lane 9,10, D).

Commensurate with the changes in the pro-
tein and lipids in caveolae, the morphology of

Pre-lmmune

0 12 24 48h

B Anti-Caveolin

0 12 24 48

Anti-Caveolin IgG

sine (A) or anti-caveolin-1 (B) IgG. In addition to caveolin-1 the
immunoprecipitates contained a 30 kDa and a 27 kDa protein
that reacted with the anti-phosphotyrosine 1gG. The lower
molecular weight isoform of caveolin-1 matched the phosphory-
lated caveolin-1 band (compare lower band A with lower
band B).

the cells was altered by pp60v-s'c kinase activa-
tion (Fig. 7). Normally tsLA29 cells grow like
Rat-1 cells, which are typical fibroblasts in ap-
pearance. The spread, polarized morphology of
these cells (A) was dramatically altered by grow-
ing them for 48 h at 35°C (B). Under these
conditions the cells became round and lost polar-
ity. The change in overall morphology was ac-
companied by a substantial loss in the number
of invaginated caveolae. Cells grown at the
nonpermissive temperature had 1.5 invagi-
nated caveolae/um of membrane (arrows, Fig.
7A) while 35°C grown cells only had 0.2 invagi-
nated caveolae/um. The cells regained normal
morphology when the temperature was shifted
back to 39.5°C. Furthermore, cells grown at
35°C in the presence of herbimycin A did not
undergo these morphological changes (data not
shown).

DISCUSSION

Previous studies have localized a number of
pp60v-=sre Kinase substrates to Triton X-100 in-
soluble portions of the cell [Hamaguchi and
Hanafusa, 1987, 1989]. We now find that some
of these substrates are in a fraction of mem-



Src Kinase and Caveolae 531

[*H] SM (DPM)

AAAL sMm

12345678910

Fig. 6. Effect of pp60v¢ kinase activation on lipid composi-
tion of Rat-1 cell. Either Rat-1 cells or tsSLA29 cells were grown
at the indicated temperature for 4 days. For the final 48 h of
culture, [3H]-palmitate (10 uCi/well) was present in the me-
dium. A-C: Rat 1B fibroblasts were cultured at 37°C (bar 1),
39.5°C (bar 2), or 35°C (bar 3). tsLA29 cells were cultured at
39.5°C (bar 4) or 35°C (bar 5). Equal amounts of radioactive
lipids (0.6 < 108 DPM) were separated by TLC and the sphingo-
myelin, ceramide, and DAG spots scraped and counted. Each

brane with the properties of caveolae. The
method of isolation we used does not separate
caveolae from detergent insoluble membrane
that might be associated with the Golgi appara-
tus [Brown and Rose, 1992]. Nevertheless, the
insoluble phosphotyrosine-containing proteins
most likely were in caveolae because pp60csre
kinase is enriched in caveolae isolated from
plasma membrane [Liu et al., 1996] as are
other members of the nonreceptor tyrosine ki-
nase family [Sargiacomo et al., 1993]. This sug-
gests that cellular src kinase ordinarily func-
tions in caveolae membrane and when cells are
infected with the Rous sarcoma virus a portion
of the viral enzyme is targeted to this location.

Cell transformation by pp60vs'® kinase may
be the direct or indirect result of an unsched-

.m '-'3"" Cer

12345678910

measurement is the mean = S.D(n = 3). D,E: Duplicate sets of
Rat 1 cells were grown at 37°C (lane 1 and 2), 39.5°C (lane 3
and 4) or 35°C (lane 7 and 8). Duplicate sets of tsLA29 cells
were cultured at 39.5°C (lane 5 and 6) or 35°C (lane 9 and 10).
The lipids were separated by thin layer chromatography and
visualized by autoradiography. DAG, diacylglycerol; Cer, ce-
ramide; SM, sphingomyelin; PA, phosphatidic acid; PC, phos-
phatidylcholine; PE, phosphatidylethanolamine.

uled phosphorylation event. Among the many
substrates for the kinase only a few have been
linked to pp60v-s'¢ kinase-induced cell transfor-
mation [Glenney, 1989; Kozma et al., 1990;
Kozma and Weber, 1990; Peterson et al., 1994;
Wasilenko et al., 1991]. At least two of these
substrates, caveolin-1 [Rothberg et al., 1992]
and the EGF receptor [Mineo et al., 1996; Smart
et al., 1995], are located in caveolae. In addi-
tion, the interaction of pp60v-s kinase with
phosphatidylinositol 3-kinase, another protein
enriched in caveolae [Liu et al., 1996], appears
to be required for complete cell transformation
[Wages et al., 1992]. This suggests that the
inappropriate phosphorylation of multiple ca-
veolae substrates contributes directly to src
transformation.
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Fig. 7. Morphology of tsLA29 cells at 39.5°C (A) and 35°C (B). Cells were grown at the indicated temperature for 2
days. The cells were fixed and processed for electron microscopy as described. Arrows indicate clusters of caveolae.
Scale bar = 0.025 pm.

The tyrosine phosphorylation of both caveo-
lin-1 and the coprecipitating 27 and 30 kDa
proteins also occurs in response to insulin stimu-
lation [Mastick et al., 1995; Mastick and Sal-
tiel, 1997]. The insulin receptor has been local-
ized by electron microscopy to caveolae-like
structures in rat adipocytes [Smith and Jarett,
1988, 1990] and is concentrated in caveolae-
like membrane from rat brain [Wu et al., 1997].
However, it is not present in the Triton X-100
insoluble portion of caveolae membrane [Ma-
stick et al., 1995], possibly because it is re-
moved by the Triton X-100 treatment [Smart et
al., 1995]. Our results suggest pp60v-src kinase
is directly responsible for the phosphorylation
of these two proteins. Therefore, in its phosphor-
ylation reaction the insulin receptor may nor-
mally act through pp60¢src kinase, or other non-
receptor tyrosine kinases [Mastick and Saltiel,

1997]. Not all receptor tyrosine kinases cause
the phosphorylation of these proteins [Liu et
al., 1996] nor does the insulin receptor stimu-
late their phosphorylation in every cell [Liu et
al., 1996]. Cell specific phosphorylation pat-
terns generated by pp60¢s'e kinase may depend
on how the participating molecules are orga-
nized in caveolae.

Caveolin-1 was originally detected as a sub-
strate for pp60V-sr kinase [Glenney and Zokas,
1989]. There are eight tyrosine residues that
are potential sites for phosphorylation [Glen-
ney, 1992]. Li et al. [1996] reported that the
high molecular weight isoform of caveolin-1 is
selectively phosphorylated by pp60v-sr kinase
both in vivo and in vitro. It has an additional 31
amino acids at the amino terminus containing
three of the eight tyrosine residues in the mol-
ecule. We only detected phosphorylation of the
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low molecular weight isoform (Fig. 5) and Ma-
stick et al. [1995] found that insulin stimulated
the tyrosine phosphorylation of both isoforms.
Three different cell lines were used in these
studies; NIH 3T3 cells [Li et al., 1996], 3T3-L1
cells [Mastick et al., 1995], and Rat-1 cells
(current study). The src kinase is probably re-
sponsible for caveolin-1 phosphorylation in all
of these cells but cell specific factors control
which isoform becomes the substrate.

pp60v-src Kinase activation had a dramatic
effect on the amount of sphingomyelin in the
cell. Forty-eight hours after kinase activation
the sphingomyelin content was decreased by
~70% (Fig. 6). Since >50% of the cellular sphin-
gomyelin appears to be in the caveolae fraction
[Brown and Rose, 1992; Liu and Anderson,
1995], the concentration of sphingomyelin in
this membrane domain must also have de-
clined. The loss did not appear to be due to
depressed levels of the sphingomyelin precur-
sor, ceramide, because this lipid was equally
low at both the permissive and nonpermissive
temperatures. Within 30 min after pp60v-s" ki-
nase is activated in tsL29 cells there is an
increase in the formation of DAG accompanied
by a release of water soluble choline [Wyke et
al., 1992]. Since DAG can stimulate the conver-
sion of sphingomyelin to ceramide in caveolae
[Liu and Anderson, 1995], the low sphingomy-
elin at 48 h may be due to the over production of
DAG [Wiegmann et al., 1994]. Without an ad-
equate pool of sphingomyelin src transformed
cells may be unable to respond properly to
modulatory events that use ceramide as a sig-
naling intermediate. This could be an espe-
cially critical factor in transformation since ce-
ramide produced in caveolae can suppress
mitogenesis [Liu and Anderson, 1995].

The decline in sphingomyelin after pp60v-sr
kinase activation was accompanied by a de-
crease in caveolin-1 protein (Fig. 2). The higher
molecular weight caveolin-1 isoform seemed to
be lost more rapidly than the smaller isoform.
This correlated with a decline in the larger of
two caveolin-1-specific RNAase protected RNA
fragments (Fig. 4). These cells apparently con-
tain two different mRNAs for caveolin-1 and
each is differently regulated in response to acti-
vation of pp60v-s"® kinase.

We observed a dramatic decline in the num-
ber of invaginated caveolae in pp60vs kinase
activated cells (Fig. 7). This altered morphology

can not be accounted for by the simple loss of
caveolin-1, as may be the case in other trans-
formed cells [Koleske et al., 1995]. Since the
more persistent isoform of caveolin-1 was phos-
phorylated, another explanation is that phos-
phorylation of caveolin-1 causes the cholesterol
content of caveolae membrane to decline. Caveo-
lin-1 is a cholesterol binding protein [Murata et
al., 1995] and the traffic of this molecule be-
tween the ER and Golgi apparatus has been
implicated in the transport of cholesterol to
caveolae [Conrad et al., 1995; Fielding and
Fielding, 1995; Smart et al., 1994, 1996]. If
phosphorylated caveolin-1 is unable to trans-
port cholesterol, the cholesterol content of caveo-
lae membrane will become depleted. Choles-
terol appears to be essential for the normal
structure and function of caveolae since experi-
mentally lowering the cholesterol of the cell
reduces the number of invaginated caveolae
[Chang et al., 1992; Rothberg et al., 1990].
Many studies have focused on identifying the
key pp60v=src Kinase substrates responsible for
the transformed phenotype. Our results sug-
gest a global effect pp60V-sr¢ kinase activation on
caveolae membrane lipids and proteins. The
likely cause of these changes is the targeted
action of the kinase at this membrane site. The
mere presence of this enzyme in caveolae causes
the phosphorylation of multiple substrates in-
volved in cell signaling. The unscheduled phos-
phorylation of these proteins obviously will af-
fect signal transduction. In addition, the altered
lipid composition of caveolae could affect the
uptake of essential nutritional and informa-
tional molecules by caveolae [Anderson, 1998].
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