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It has been evidenced that plasma membrane Ca2*-ATPase (PMCA) is localized at caveolae. However,
the caveolar function of PMCA in living cells has never been demonstrated. In the present study, PMCA
is exclusively localized at caveolae from ECV 304 cells demonstrated by sucrose gradient fractionation
and the co-localization of PMCA with caveolin-1 was visualized by confocal microscopy. We found that
PMCA is the main mechanism involved in Ca?* efflux in ECV 304 cells. Treatment of cells with MBCD
to disrupt caveolae significantly reduced the Ca2* efflux, and the rate of decay is 4.45+0.14min"! in

{)(:%Ev:rds: the absence of MBCD and 1.99 4+ 0.038 min~! in the presence of MBCD. Moreover, the replenishment of
Caveolae cholesterol restored the reduction of the PMCA-mediated Ca?* efflux in the presence of MBCD. Consistent
ATPase with Ca?* efflux in living cells, the activity of the reconstituted PMCA in membranes extracted from

Ca2* cells in vitro was decreased in the presence of MBCD. It was found that phosphatidylserine, which is
Phosphatidylserine normally in the inner leaflet of plasma membranes and is able to stimulate PMCA was relatively enriched in
caveolae. Importantly, the treatment of cells with MBCD concomitantly increased the phosphatidylserine
externalization. Taken together, our results suggest that activation of PMCA in caveolae is modulated by
phosphatidylserine, and phosphatidylserine externalization induced by MBCD reduced the interaction of

phosphatidylserine with PMCA, subsequently PMCA-mediated CaZ* efflux in ECV 304 cells.

Published by Elsevier Ltd.

1. Introduction

Caveolae, a subclass of lipid rafts, are 60-80nm diameter
invaginations of the plasma membrane and contain the marker
protein caveolin [1-4]. Caveolae are enriched with sphingolipids
and cholesterol, and are resistant to detergent extraction rel-
ative to the other parts of the plasma membrane and other
cellular membranes [5-7]. Caveolae are also enriched in phos-
phatidylserine (PS), an anionic aminophospholipid, which is mostly
sequestered in the inner leaflet of the plasma membrane [8,9].
Many plasma membrane receptors and transporters are highly con-
centrated in caveolae, leading to speculation that this localization
is important for their function. However, it is not well understood
how this clustering contributes to their regulation and function
[10-12].

The plasma membrane Ca2*-ATPase (PMCA) is a P-type ATPase
that plays a crucial role in regulation of cell calcium homeosta-
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sis [13,14]. It functions to pump Ca2* from the cytosol to the
extracellular space, maintaining a low resting intracellular cal-
cium concentration. The pump shares the catalytic properties of
ion-motive ATPases of the P-type family. It has 10 transmembrane
segments (M1-M10) with most of its regulatory domains exposed
to the cytosol. Its distinctive regulatory properties are conferred by
its long (~150 amino acids) C-terminal intracellular tail [ 15], which
contains a calmodulin-binding autoinhibitory domain. The binding
of calmodulin enhances both the CaZ* sensitivity and the turnover
of the pump [16,17]. Additionally, PMCA can be activated by acidic
lipids including PS [18]. This effect is mediated by two domains, one
located near the C-terminus, the other a highly charged segment of
about 60 amino acids between loops M2 and M3 [19-21].

It has been evidenced that PMCA is localized in caveolae [22,23].
It was recently shown that PMCA is localized and active in caveolae
isolated from proximal kidney tubules, and the activity of PMCA
is dependent upon the integrity of caveolae [24]. In contrast, the
reconstituted PMCA in liposomes prepared with defined lipids indi-
cates that the enzyme has higher activity in non-caveolae/lipid rafts
portion [25]. So far, there is no data reporting the Ca2* efflux from
caveolar PMCA in living cells. In the present study, we studied the
PMCA-mediated CaZ* efflux in human umbilical vein endothelial
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ECV304 cells. It was shown that PMCA is localized at caveolae, and
the PMCA-mediated Ca2* efflux was impaired after caveolae disrup-
tion by MBCD. In addition, externalization of PS was also modulated
by cholesterol depletion, suggesting that PS could contribute to the
activation of caveolar PMCA.

2. Materials and methods
2.1. Materials

ECV304 cell lines were kindly provided by Dr. Xiyun Yan (Insti-
tute of Biophysics, Chinese Academy of Sciences, China). Plasmid
pCDNA3.0 containing caveolin-1 gene was a gift of Dr. Ping-
sheng Liu (Institute of Biophysics, China). Mouse anti-human PMCA
IgG antibody (5F10), horseradish peroxidase (HRP)-conjugated
secondary antibody and Protein A/G plus-Agarose were from
Santa Cruz Biotechnology. Mouse anti-human caveolin-1 IgM
antibody was from BD Biosciences. Annexin V-FITC kit was
from JingMei Biotechnology. Cholesterol quantification kit was
from Biosino Bio-technology and Science Inc. Fetal bovine
serum, Lipofectamine™ 2000, OPTI-MEM Transfection Medium
were all from Invitrogen. Phosphatidylcholine, sphingomyelin,
cholesterol, N-methyl-p-glucamine, thapsigargin (TG), oligomycin,
ionomycin, methyl-B-cyclodextrin (MBCD) were all from Sigma.
Calmodulin-sephorose CI-4B was from Pharmacia. Bio-beads
were from Bio-Rad. All other reagents used were of analytical
grade.

2.2. Methods

2.2.1. Purification of plasma membrane (Ca®*-Mg?*)-ATPase
from pig erythrocyte ghosts

Pig erythrocyte ghosts were prepared from fresh blood accord-
ing to the procedure described by Haaker and Racker [26] with
some modifications. Fresh pig blood (1 1, containing heparin sodium
of 0.1-0.2 mg/ml blood) was centrifuged at 5800 x g for 10 min and
washed four times in 130 mM KCl, 10 mM Tris-HCI (pH 7.4) (buffer
I). Red cells were then lysed in 10x volumes of 1 mM EDTA, 10 mM
Tris-HCl (pH 7.4) (buffer II). The hemolysate was then centrifuged
at 20,000 x g for 35 min. The pellet was thoroughly washed sev-
eral times with buffer Il and 10 mM Hepes/KOH (pH 7.4) (buffer
III). Discarded the very firm red pellet (blood blot) every step, and
kept the milky pellet (ghosts) on the top of the red part. Finally, the
ghosts was resuspended in 10 mM Hepes/KOH (pH 7.4), 130 mM
KCl, 0.5 mM MgCl,, 0.05 mM CacCl, (buffer IV), and stored at —80°C
until used.

Ghosts (6mg/ml) in 10mM Hepes/KOH (pH 7.4), 300 mM
KCl, 1TmM MgCl,, 100pM CaCl,, 0.1mM PMSF, 10mM 2-
mercaptoethanol and 15% (w/v) glycerol was solubilized by the
addition of Triton X-100 to a final concentration of 0.6% (w/v) and
agitated slowly onice for 15 min. After centrifugation at 125,000 x g
for 30 min, the supernatant was applied onto a CaM-affinity col-
umn and washed roughly with a buffer containing 100 uM Ca?*.
PMCA was eluted from the column with a buffer containing 2 mM
EDTA instead of any Ca%* and Triton X-100 0.06% (w/v) other
than 0.6% (w/v). After the chromatography column, fractions con-
taining maximum protein concentration and ATPase activity were
collected. Add MgCl, and CaCl, to the collection to a concentra-
tion of 1 and 0.1 mM, respectively. Aliquots of the purified PMCA
was quickly frozen in liquid Ny, and stored at —80°C. The pro-
tein concentration was determined by using the slight modification
of the Lowry et al. procedure to avoid any interference by Triton
X-100 and 2-mercaptoethanol, using bovine serum albumin as a
standard.

2.2.2. Reconstitution of the purified ATPase by the Bio-beads

The reconstitution protocol was that described by Niggli et
al. [18], except that 80 mg/ml Bio-beads were added to the mix-
ture of designated lipids solution and ATPase every hour for three
times and the mixture was agitated slowly at room temperature. In
some cases, total cell lipids were extracted by chloroform/methanol
method.

2.2.3. Cell culture, plasmids construction, and transfections

ECV304 cells were grown in RPMI-1640 medium supplemented
with 10% fetal bovine serum, penicillin (50 unit/ml), and strepto-
mycin (50 mg/ml), at 37°C in an atmosphere of 5% C0,/95% air.
Caveolin-1 gene from pCDNA3.0 plasmid was cloned into pERFP-
N1 plasmid (a mutant of pEGFP-N1) at the multiple cloning sites
of EcoRI and Xhol. When ECV304 cells were 50-70% confluent,
plasmid pEGFP-PMCA4b and pERFP-cav1 were co-transfected into
cells using Lipofectamine™ 2000 according to the manufacturer’s
instructions. After 24-48 h, the cells were monitored for GFP-fusing
protein expression using Olympus FV-500 Confocal Imaging Sys-
tem.

2.2.4. Cholesterol depletion and replenishment

Cholesterol depletion and replenishment were performed
according to that described by Gingras et al. [27] with some mod-
ifications. For cholesterol removal, cell monolayers were washed
with PBS and incubated for 30 min at 37 °C with buffer A (10 mM
Hepes/KOH, pH 7.4, 5mM KCI, 1 mM MgCl,, 100 wM EGTA, 140 mM
N-methyl-p-glucamine, 10 mM glucose) in the absence or pres-
ence of 10 mM MfCD. For cholesterol replenishment, cholesterol
(0.25mM, final concentration) was added to buffer A containing
2.5mM MBCD and the mixture was incubated clear at 37°C by
discontinuous vortexing. To replenish cellular cholesterol, M3CD-
treated cells were incubated in cholesterol/MCD mixture at 37 °C
for 1h. After 1h, the medium was removed and the cells were
washed to remove the MBCD. Following either cholesterol deple-
tion or replenishment, the cells were processed as required for each
experiment.

2.2.5. Flow cytometric analysis of phosphatidylserine
externalization

ECV304 cells were harvested by trypsinization, washed and
resuspended in buffer A at 1 x 106 cells/ml. Then aliquots of 500~
cells were treated by MBCD or followed by cholesterol replenish-
ment (see above). Untreated cells were used as controls. Then all the
aliquots were collected by centrifugation, washed and resuspended
in 100 p.I binding buffer (10 mM Hepes/KOH, pH 7.4, 140 mM NacCl,
2.5mM CaCl,) and labeled with 10 pl Annexin V-FITC probes for
10-20 min at room temperature. Additional 400 ! binding buffer
was added to each aliquot and phophatidylserine externalization
was analyzed by flow cytometry. Unlabeled cells were used as neg-
ative controls.

2.2.6. Isolation of caveolae-enriched membrane domains and
Western blot analysis

Low-density caveolae-enriched membrane domains were pre-
pared as described by Gingras et al. [27]. All the procedures were
performed at 4 °C. Confluent ECV304 cells cultured on 75 cm? flasks
(containing about 2 x 107 cells) were scraped into 0.6 ml of 0.5M
sodium carbonate (pH 11). At 30% of maximal power, the cells were
sonicated for six times with each time 20s (pulse on 5s/off 55s)
at a 2-min interval. The resulting homogenate was made up to 45%
sucrose by the addition of 0.6 ml 90% sucrose in Mes-buffered saline
(MBS: 25mM Mes, pH 6.5, 150 mM NacCl) and overlaid with two
layers of 35% and 5% sucrose in MBS containing 0.25M carbonate
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(1.2 ml each). The gradient was then centrifuged at 200,000 x g for
20 h using a Beckman SW55Ti rotor.

For the analysis of the resulting gradient, 0.3-ml fractions were
collected from the top of the gradient and 20 .l of the fractions
were subjected to SDS-PAGE on 10% polyacrylamide gels and elec-
troblotted onto PVDF membranes using standard procedures. Blots
were blocked overnight at with 3% BSA in Tris-buffer saline (TBS:
10 mM Tris/HCl, pH 7.4, 150 mM NaCl) followed by a 1-h incubation
with the primary antibody. Immunoreactive bands were visualized
by a 1-h incubation with HRP-conjugated secondary antibodies fol-
lowed by enhanced chemiluminescence (ECL) method.

2.2.7. PMCA activity assay in individual cells in vivo

ECV304 cells were plated onto 35 mm confocal chambers and
grew overnight to about 50% confluence during the log phase of
growth. After washing with PBS, the cells were labeled with 5 M
Fura-2/AM in serum-free RPMI1640 for 45 min at 37°C. Then the
cells were washed to remove extracellular probes and incubated
in Ca%*-free medium (10 mM Hepes/KOH, pH 7.4, 5mM KCI, 1 mM
MgCl,, 100 wM EGTA, 140 mM N-methyl-D-glucamine, 10 mM glu-
cose). The chambers were mounted on Olympus [X-71 Inverted
Fluorescence Microscopy. Fluorescence was recorded with exci-
tation wavelengths of 340 and 380 nm and emission at 520 nm.
Changes in [Ca2*]; were monitored using the Fura-2340/380 flu-
orescence ratio (F340/F380). Thapsigargin was used to block ER
CaZ*-ATPase and deplete the intracellular calcium stores. To com-
pare the rates of decay of [Ca?*]; to basal values, Fura-2/AM
labeled cells were either treated by MBCD (sometimes followed by
cholesterol replenishment) or untreated (control) before calcium
measurement.

All the data were processed and analyzed using the exponen-
tial decay arithmetic of the OriginPro7.5 program for [Ca2*]; decay
analysis.

2.2.8. DPH labeling and fluorescence measurement

The fluorescence probe of DPH was dispersed into proteoli-
posome suspension at a probe-to-lipid molar ratio of 1:500, then
incubated at 37°C for 1h in the dark. Fluorescence polarization
measurements were determined on a Hitachi F-4500 spectro-
fluorimeter fitted with a polarization attachment as described
by Shinitzky and Barenholz [28]. The samples were excited at
360 nm, and the emissions at 430 nm were recorded. Both excita-
tion and emission slits were set at 5 nm. The degree of fluorescence
polarization (P), which reflects the motion and viscosity of lipid
molecules, was calculated according to the following formula:
P=(Iyy — Glyy)/(Iyy +Glyy) [29], where Iyy and Iyy are the flu-
orescence intensities measured with parallel and perpendicular
oriented polarizers, respectively, and G is the calibration factor.
Here, G=IHV/IHHv V=90,H=0.

3. Results

3.1. Co-localization of PMCA and caveolin-1 in caveolae from ECV
304 cells

Caveolae were isolated from ECV 304 cells by a well-established
density gradient fractionation procedure and the distribution of
PMCA and caveolin-1 in each fraction was determined by West-
ern blot (Fig. 1). Consistent with previous observations of caveolae
fractionation by the same procedure, caveolin-1 was only found
in the low density, cholesterol-rich fractions of the sucrose gradi-
ent (fractions 4-6). The PMCA distribution, detected by both the
monoclonal antibody anti-PMCA (5F10) and the isoform-specific
antibody anti-PMCA4b, was similar to that of caveolin-1 (Fig. 1a).

@ 3 4 5 6 7 8 9 10 11 12
e caveolin-1
- e e—= PMCA
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Fig. 1. Co-localization of PMCA and caveolin-1 in caveolae from EVC 304 cells.
Samples of lysates (2 x 107 cells) were fractionated by the detergent-free carbonate-
based procedure, and 12 fractions of equal volume (0.3 ml each) were collected (see
Section 2). 20 wl of each fraction was subjected to SDS-PAGE, and Western blot anal-
ysis of PMCA and caveolin-1 with the indicated antibodies was performed in the
absence (a) and presence (b) of MBCD.

This result was consistent with other reports that PMCA4b is local-
ized in caveolae/lipid rafts.

M[BCD selectively depletes cholesterol from plasma membranes,
thereby disrupting caveolae whose integrity depends on choles-
terol. After incubation of ECV 304 cells in 10 mM M[B3CD for 30 min,
the cholesterol concentration in caveolae was dramatically reduced
(data not shown). Accordingly, both caveolin-1 and PMCA spread
along the entire gradient (Fig. 1b), indicating that caveolae had been
disrupted.

As an additional test of the localization of PMCA, ECV 304
cells were co-transfected with caveolin-1-ERFP and PMCA4b-EGFP.
Both caveolin-1 and PMCA were distributed on the plasma mem-
brane. Significantly, Fig. 2 shows considerable overlap of caveolin-1
and PMCA, which is fully consistent with the biochemical results.
We conclude that PMCA is localized to caveolae in ECV 304 cells.

3.2. PMCA-mediated Ca?* efflux in ECV 304 cells

An understanding of the function of PMCA in living cells and
tissues is hampered by the absence of specific pharmacological
inhibitors of PMCA. PMCA-mediated Ca2* efflux is currently mea-
sured in vivo by isolating its contribution from that of other calcium
regulatory processes by selectively inhibiting the major alterna-
tive Ca?* transporting pathways [30,31]. In the present study we
inhibited the sarco/endoplasmic reticulum CaZ*-ATPase (SERCA)
using 5 M TG (the specific inhibitor of SERCA) in a CaZ*-free
medium (0.1 mM EGTA added). This treatment resulted in a tran-
sient increase in [CaZ*]; due to release of CaZ* from ER followed
by a rapid reduction in [Ca2*]; (Fig. 3, trace a). It has been shown
that 1 mM lanthanum effectively seals the cell to Ca%* flow across
the plasma membrane, blocking both Ca2* entry and efflux [32].
While the TG-mediated increase in [Ca%*]; was not influence by lan-
thanum treatment, the subsequent reduction in [Ca2*]; was blocked
(Fig. 3, trace b). This result demonstrates that the reduction in
[CaZ*]; observed in trace a was due to extrusion of calcium to the
extracellular space.

The two main mechanisms of Ca2* efflux across the plasma
membrane are the Na*/Ca2* exchanger and PMCA [33]. Therefore,
we inhibited the Na*/Ca%* exchanger by replacing the Na* in the
growth media with 140 mM N-methyl-D-glycamine to determine
its contribution to calcium efflux. This treatment had no effect on
the transient increase and subsequent decrease in [Ca2*]; observed
after TG treatment, demonstrating that this pump was not involved
in this process (Fig. 3, trace c).

We next tested the possible involvement of mitochondria in the
removal of Ca?* from cytosol. Cells were treated with 10 pg/ml
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Fig. 2. Confocal imaging analysis of caveolin-1 and PMCA in ECV304 cells. EGFP-PMCA4b and ERFP-caveolin-1 plasmids were co-transfected into ECV304 cells. After 24 h
of co-transfection, both PMCA-GFP (a), and caveolin-1-RFP (b) were supervised for their localizations. The superimposed image (c) showed the co-localization of PMCA and

caveolin-1. Transmitted image of a transfected cell was also shown (d), bar =10 pm.

oligomycin to inhibit F-ATPase, and thus eliminate Ca2* uptake
by mitochondria [34]. This treatment had no effect on the TG-
mediated Ca?* flux (data not shown). Collectively these data
demonstrate that the CaZ* efflux in our experimental conditions
was mainly mediated by the PMCA.
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Fig. 3. PMCA was the major mechanism for the Ca2* efflux in ECV304 cells. Fura-2-
loaded ECV304 cells were stimulated with TG (5 wM) in a Ca®*-free medium in the
absence (a and c) or presence (b) of 1 mM LaCls. Elevations in [Ca?*]; were moni-
tored using the 340/380 fluorescence ratio. Trace (c) is in which Na* was completely
replaced by N-methyl-p-glucamine (Na*-free). Each trace represents the averages
of about 120 cells in different chambers.

3.3. Inhibition of PMCA-mediated Ca?* efflux by cholesterol
depletion

As shown above, PMCA is localized to caveolae in ECV 304
cells and is redistributed after cholesterol depletion by M3CD. We
wanted to determine the role of caveolar localization on PMCA
function in the living cells. Therefore, we treated ECV 304 cells
with 10mM MBCD for 30 min and then measured the PMCA-
mediated Ca2* efflux following TG treatment. In control cells the
rate of decay in Ca?* concentration was 4.45 +0.14 min~! (trace a).
In contrast, MBCD treatment resulted in a reduction in this rate
to 1.99+0.038 min~! (trace b), indicating that cholesterol deple-
tion by MBCD significantly inhibited PMCA-mediated Ca2* efflux.
Importantly this reduction in Ca2* efflux was not due to a loss of
PMCA as the titer of this protein was the same in treated and con-
trol cells (data not shown). To confirm that the effects of M3CD on
the PMCA-mediated Ca2* efflux were due to removal of cholesterol,
cholesterol-depleted ECV 304 cells were replenished by treatment
with MBCD-cholesterol complex, which acts as a cholesterol donor.
This treatment restored the rate of PMCA-mediated calcium decay
t03.79+0.19 min~! (Fig. 4, trace c).

3.4. Activity of PMCA reconstituted into liposomes

We wanted to determine if the lo phase state of caveolae
was important for the activity of PMCA. Therefore we purified
PMCA from erythrocytes and reconstituted the enzyme into lipo-
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Fig. 4. Effect of MBCD on Ca?* efflux in ECV 304 cells. Fura-2-loaded ECV304 cells
were stimulated with TG (5 wM) in a Ca?*-free medium without (trace a) and with
(trace b) 10mM MPBCD treatment for 30 min. After treatment with 10mM MBCD
for 30 min, ECV304 cells were replenished with cholesterol (trace c). Each trace
represents the averages of about 120 cells in different chambers.

somes composed of phosphatdylcholine (PC), sphingomyelin (SPM)
and varying concentrations of cholesterol. As expected, mem-
brane fluidity decreased with increasing cholesterol (Fig. 5a).
Consistent with the previous reports [25], liposomes with a
cholesterol concentration greater than 0.5 pmol were in the lo
phase, similar to caveolae/lipid rafts. Unexpectedly, the ATPase
activity of reconstituted PMCA decreased with increasing choles-
terol concentrations (Fig. 5b), contradicting our observations
in living cells. We reasoned that the simple lipid composition
of our liposomes did not adequately model the complex lipid
composition of the plasma membrane. Therefore, PMCA was
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Fig. 6. Distribution of phophatidylserine in individual caveolae fractions. Caveolae
of ECV304 cells were separated by sucrose density gradient centrifugation, total
lipids of samples were extracted by chloroform/methanol and phosphatidylserine
in each fraction was quantified by Annexin V-FITC.

reconstituted into liposomes prepared with lipids extracted from
ECV 304 cells. The fluidity of liposomes prepared with plasma
membrane lipids showed the cholesterol dependency (Fig. 5c).
Furthermore, liposomes prepared from the cells treated with
MBCD were more fluid than those prepared from cells that had
cholesterol added back. Interestingly, the ATPase activity of the
reconstituted PMCA tended to decease with cholesterol deple-
tion. Importantly, the activity of the reconstituted PMCA was
higher in the cholesterol-replenished liposomes (Fig. 5c). Similar
results were found for the caveolar PMCA isolated from proxi-
mal kidney tubules [24]. These results suggest that the activity of
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Fig. 5. Activities of PMCA reconstituted into sphingomyelin-cholesterol enriched liposomes. (a) The dependence of the fluorescence polarization (P) of DPH on cholesterol
concentrations in liposomes containing cholesterol, PC and (M) 0 wmol; (@)0.05 pmol; (4)0.15 wmol; (v)0.25 wmol sphingomyelin. Total lipid was kept at 1 pwmol. (b) The
effect of cholesterol on the activity of PMCA reconstituted into liposomes containing (W) 0 wmol; (@) 0.25 wmol SPM, cholesterol and PC. Total lipid was kept at 1 umol. (c)
The fluorescence polarization (P) (®) of DPH and the activity of PMCA (M) reconstituted into liposomes resulted from lipids of ECV304 cells treated with MBCD for different
time and cholesterol replenishments (Re). Data were expressed as mean = S.D. from three-independent experiments.
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Fig. 7. MBCD treatment, lead to phosphatidylserine externalization in ECV304 cells. (a) PS externalization of the ECV304 was quantitatively determined by flow cytometry
analysis. The cells were (1) unlabeled, (2) labeled with Annexin V-FITC probes, (3) labeled with probes and treated with MBCD and (4) labeled with probes and treated with
MBCD then followed by cholesterol replenishment. Data were representative of three identical independent experiments. (b) PS probed by Annexin V-FITC was visualized
by confocal microscopy. ECV304 cells labeled with Annexin V-FITC without (upper) and with (bottom) 10 mM MBCD treatment.

PMCA is dependent on specific lipids found in ECV 304 cell mem-
branes.

3.5. Phosphatidylserine externalization by cholesterol depletion

It is known that PS is able to activate PMCA via direct inter-
action with the enzyme. To test the possible involvement of PS
in the regulation of PMCA in living cells, we observed the move-
ment of PS in respond to MBCD treatment. We first examined
the PS distribution on the plasma membranes. As seen in Fig. 6,
PS is found along the entire sucrose gradient, but is slightly
enriched in the caveolae regions (fraction 3-6). It is known that
PS is mostly sequestered in the inner leaflet of the plasma mem-
brane. PS externalization was measured by flow cytometry using
Annexin V-FITC, a widely used probe for PS [35-37]. The PS expo-
sure on the surface of the plasma membranes was significantly

increased after treatment with MBCD (Fig. 7a). In addition, the
exposed PS was inwardly translocated when cholesterol depleted
cells were replenished with cholesterol (Fig. 7a). The cholesterol-
dependent externalization of PS was also detected using by confocal
microscopy (Fig. 7b).

4. Discussion

Consistent with the reports about the localization of PMCA in
caveolae/lipid rafts from cells and tissues, in the present study
we also observed that PMCA is localized in caveolae from human
umbilical vein endothelial ECV 304 cells. Importantly we have
found that PMCA in caveolae from living cells is fully active, and
this PMCA-mediated CaZ* efflux is impaired by cholesterol deple-
tion using MBCD. In addition, PS was exposed on the surface of
the plasma membrane in the presence of MBCD, implying that the
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PMCA-mediated Ca2* efflux could be regulated by PS externaliza-
tion in caveolae.

PMCA has been observed to localize in caveolae [22,23] or non-
caveolar lipid rafts [38,39] from many cell types. However, little
is known about how the caveolae/lipid raft environment influence
the function of this enzyme. Although it has been reported that
PMCA is active in isolated caveolae/lipid rafts [24,38], PMCA activ-
ity has not been investigated in the caveolae of living cells. Using
our experimental conditions we were able to measure the activity
of caveolae-localized PMCA in living cells. Because PMCA in ECV
304 cells is exclusively localized in caveolae as demonstrated by
sucrose gradient fractionation, the observed PMCA-mediated Ca%*
efflux shown in Fig. 3 (trace a) reflects the PMCA functions in cave-
olae. To further demonstrate that the Ca?* efflux resulted from
caveolar PMCA, the cells were subjected to cholesterol depletion
using MBCD. This compound is a well-known caveolae disrup-
tor, which acts by sequestering cholesterol. We found that the
PMCA-mediated Ca2* efflux was significantly reduced in response
to this treatment. In addition, the impaired CaZ* efflux was almost
completely restored after cholesterol replenishment. These results
demonstrate for the first time that caveolae-localized PMCA is
active and able to pump Ca2* out of the cytosol in living cells.

The impaired Ca2* efflux after MBCD treatment suggests that
caveolae integrity is important for PMCA function. However, little
is known about the mechanism by which PMCA activity is influ-
enced by caveolae. To this end, we reconstituted purified PMCA into
liposomes containing PC, SPM and cholesterol to simulate caveo-
lae/lipid rafts in vitro. Surprisingly, the reconstituted PMCA showed
reduced ATPase activity with increasing sphingomyelin-cholesterol
ratio. As in our and other studies [25], the lipid mixture is mainly
in lo phase, as are lipid rafts, if xspm-chol is beyond 0.7 (cholesterol
concentration is 0.5 pumol in our experiments shown in Fig. 5a).
Therefore, our in vitro study suggests that PMCA in caveolae has
lower activity than it would outside of these microdomains, which
is consistent with other reports [25]. However, this result seems
to contradict our observations in living cells. Negligible PMCA was
found in non-caveolae plasma membranes of ECV 304, thus pre-
venting a direct comparison of PMCA activity in and out of caveolae
in vivo.

Interestingly, the activity of PMCA reconstituted into liposomes
prepared with lipids extracted from cell membranes is positively
correlated with cholesterol concentrations, which is consistent
with our in vivo results and with a previous study of PMCA isolated
from proximal kidney tubules [24]. Apparently, membrane fluidity
alone cannot explain the activity of PMCA in the plasma membrane
both in vitro and in vivo. These results in vitro indicate that specific
lipids in the plasma membrane are required for maximal PMCA
activity. However, it should be noted that PMCA4b isolated from
cerebellum synaptic plasma membranes was shown to be local-
ized in lipid rafts, but to have lower activity [38]. It is likely that the
lipid compositions of cerebellum synaptic plasma membranes and
ECV 304 are different. For example, cerebellum synaptic plasma
membranes contain much more complicated gangliosides, which
have been shown to regulate PMCA [40].

It is known that acidic phospholipids, including PS, are able to
stimulate PMCA by direct interaction with the enzyme. Although
sphingolipids and cholesterol, have been demonstrated to be
enriched in caveolae/lipid rafts, some acidic lipids, such as PS, Pl and
PIP2 are also believed to be preferentially located in caveolae/lipid
rafts [8]. We also found PS to be slightly enriched in caveolae
from ECV 304 cells. PS is mostly sequestered in the inner leaflet
of the plasma membrane, which we confirmed by flow cytome-
try using Annexin V-FITC. However, upon treatment with MBCD
PS was externalized. The mechanism by which PS is externalized in
the presence of MBCD is unknown, but cholesterol depletion clearly

affects PS flip-flop. The movement of PS to the extracellular leaflet
of the plasma membrane probably results in the dissociation of PS
from PMCA, resulting in a reduction in activity.

It has been reported that PMCA is concentrated 18- to 25-fold
in caveolae compared with the non-caveolae portion of the plasma
membrane [22,23]. How this preferential localization is achieved is
not yet known. A caveolin-binding motif containing the specific
spacing (GXOXXXXd, GXXXXPXXd, or pXOXXXXPXXP, where
&=Trp, Phe, or Tyr) was proposed [41]. However, PMCA has no simi-
lar motif. In addition, caveolin and PMCA were found to not interact
by immunoprecipitation (data not shown). We have demonstrated
that PMCA4b is the predominant isoform in ECV 304 (Fig. 1a). It
has been shown that a Cys residue near the C-terminus or in the
loop between M2 and M3 could be palmitoylated, a modification
that is essential for lipid rafts localization of PMCA4 in cerebel-
lum synaptic plasma membranes [38]. Palmitoylation has also been
demonstrated to be essential for the caveolae/lipid raft localiza-
tion of other transmembrane proteins [42-44]. However, the role
of palmitoylation in the caveolar localization of PMCA from ECV
304 is unknown.

It has been argued that PMCA is initially localized in caveolae
where PMCA is inactive without Ca2* stimulation [25]. In response
to Ca%*, PMCA could move out of caveolae and become fully active.
This is unlikely since Ca%* efflux after treatment with MBCD (PMCA
is distributed in both in caveolae and non-caveolae domains) is
reduced in comparison with that in the absence of M3CD (PMCA
is predominantly in caveolae). In conclusion, the activity of PMCA
in vitro is decreased with a decrease in membrane fluidity, sug-
gesting that the environment in caveolae/rafts inhibits PMCA. On
the other hand, the activation of PMCA in living cells indicates that
the specificlipids such as PS in caveolae can stimulate PMCA. There-
fore, both the physical state, such as membrane fluidity, and specific
lipids, such as PS, of caveolae/lipid rafts contribute to the regulation
of PMCA.
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