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ABSTRACT

Alternative splicing of the first intracellular loop differentially targets plasma membrane calcium ATPase
(PMCA) isoform 2 to the apical or basolateral membrane in MDCK cells. To determine if the targeting is
affected by lipid interactions, we stably expressed PMCA2w/b and PMCA2z/b in MDCK cells, and analyzed
the PMCA distribution by confocal fluorescence microscopy and membrane fractionation. PMCA2w/b
showed clear apical and lateral distribution, whereas PMCA2z/b was mainly localized to the basolateral
membrane. A significant fraction of PMCA2w/b partitioned into low-density membranes associated with
lipid rafts. Depletion of membrane cholesterol by methyl-B-cyclodextrin resulted in reduced lipid raft
association and a striking loss of PMCA2w/b from the apical membrane, whereas the lateral localization
of PMCA2z/b remained unchanged. Our data indicate that alternative splicing differentially affects the
lipid interactions of PMCA2w/b and PMCA2z/b and that the apical localization of PMCA2w/b is lipid
raft-dependent and sensitive to cholesterol depletion.

© 2009 Elsevier Inc. All rights reserved.

Introduction

Plasma membrane calcium ATPases (PMCAs) are present in all
eukaryotic cells and are responsible for the expulsion of Ca?* from
the cell interior to the extracellular environment [1]. Mammalian
PMCAs are encoded by four genes yielding PMCA isoforms 1-4,
and alternative RNA splicing at two sites (A and C) can generate
over 20 different PMCA isoforms [2]. Splicing at site A affects the
first intracellular loop of the PMCA and is especially complex in
PMCA2. Exclusion of all optional exons results in splice variant
2z, while inclusion of all three optional exons leads to splice vari-
ant 2w (Fig. 1A). This splice occurs only in PMCA2 and leads to a
pump protein with a total of 45 “extra” amino acid residues in
the first intracellular loop. The functional effect of splicing at site
A in the PMCAs is not clear, but recent evidence has shown that
the large w-insert is important for directing PMCA2 to the apical
membrane in polarized MDCK and in cochlear hair cells [3-5]. By
contrast, splicing at site C affects the regulatory properties of the
pumps, notably those by calmodulin [6]. The resulting splice vari-
ants, named “a” and “b”, arise from the inclusion or exclusion,
respectively, of conserved exon sequences within the calmodu-
lin-binding region [2].
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PMCA2 is a major isoform in neurons where it is concen-
trated in specific compartments such as dendritic spines and
presynaptic boutons [7,8]. PMCA2 is also highly expressed in
specialized epithelial cells such as those of lactating mammary
glands [9]. In mammary and in sensory epithelial cells (e.g., co-
chlear hair cells), PMCA2 is highly enriched in the apical mem-
brane and the splice type invariably corresponds to the w-
form. The molecular mechanism of the apical targeting of
PMCA2w is not known, as the pump does not display apical sort-
ing elements such as N- or O-glycosylation or linkage to a GPI
anchor [10].

Lipid rafts are lipid—protein microdomains of the plasma mem-
brane that are enriched in cholesterol and glycosphingolipids [11].
Lipid rafts appear to be instrumental in targeting proteins to the
apical membrane and have been implicated in regulating the traf-
ficking and clustering of membrane-associated proteins as well as
their associated intracellular signaling molecules [10,12].

To investigate the membrane partitioning of the PMCA2w/b and
PMCA2z/b splice variants in polarized Madin-Darby canine kidney
(MDCK) cells, we used stably transfected cells for biochemical
fractionation and immunocytochemical localization studies. To
determine if apical targeting of the PMCA2w splice form is lipid
raft-dependent, we also altered the lipid composition of the mem-
branes through cholesterol and glycosphingolipid depletion in the
presence of lovastatin (an inhibitor of cholesterol synthesis) and
methyl-B-cyclodextrin (MBCD). We found that apical localization
of PMCA2w/b is highly sensitive to cholesterol depletion, suggest-
ing that the targeting of PMCA2 isoforms varying in the alterna-
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Fig. 1. Differential membrane localization of PMCA2w/b and PMCA2z/b in stably transfected MDCK cells. (A) Scheme of PMCA2 and its major splice variants. The model on
top shows the PMCA with its membrane-spanning segments indicated by gray boxes and the lipid bilayer as two horizontal bars. The two major splice sites A and C are
indicated. N and C, NH,- and COOH-terminus, respectively; PL, phospholipid-sensitive region in the first intracellular loop. The alternatively spliced exons are shown as
separate boxes, and their sizes in nucleotides (nt) are indicated in a scheme of the genomic organization on the bottom. The exon configuration and nomenclature of the major
human PMCA2 splice variants are also shown. (B-E) Localization of PMCA2 in stably transfected MDCK cells expressing PMCA2w/b (B,C) or PMCA2z/b (D,E) as determined by
confocal fluorescence microscopy. In (C) and (E), cells were treated with 5 uM lovastatin for 48 h followed by 50 mM MCD for 1 h to deplete membrane cholesterol. En face
views are shown in the top panels and the corresponding stacked z-sections in the bottom panels. In control cells, PMCA2w/b shows predominant apical distribution in
addition to basolateral staining (B). Apical localization is abolished upon cholesterol depletion and all PMCA2w/b is now present in the (baso)lateral membranes (C). By
contrast, PMCA2z/b is mainly localized in the basolateral membrane in control cells (D) and this membrane distribution is not affected by cholesterol depletion (E). Scale
bar =20 pum.

tively spliced intracellular loop is dependent on their different lipid generated following a protocol used previously to generate MDCK
interactions. cell lines expressing PMCA4b [13]. Full-length constructs for
PMCA2z/b and PMCA2w/b have been described [3]. Cells were
grown at 37 °C in a 5% CO, humidified incubator in Dulbecco’s

Materials and methods modified Eagle’s medium (DMEM, Invitrogen) supplemented with
10% fetal bovine serum, 1 mM sodium pyruvate, 2 mM L-gluta-
Generation of stably transfected cells and cell culture. Stably trans- mine, and antibiotics (1% penicillin and 1% streptomycin, G418

fected MDCK cells expressing PMCA2w/b and PMCA2z/b were (500 pig/ml)).
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Cholesterol depletion. Depletion of cholesterol from MDCK cells
expressing PMCA2w/b and PMCA2z/b was performed by incubat-
ing the cells at 37 °C for 48 h in complete DMEM with 5 uM lova-
statin followed by 1 h in 50 mM MBCD, which is the concentration
required to efficiently deplete cholesterol from this cellular system
[14-16]. After the above incubation, cells were used for confocal
immunostaining and sucrose floatation gradient centrifugation.

Confocal immunofluorescence microscopy. Cells were cultured on
coverslips in 12 well culture plates seeded at 1.0 x 10° cells/well.
Cells were cultured for 7 days and the medium was changed every
other day until well-polarized monolayers were formed. The cells
were washed in PBS plus Ca%* and Mg?* (Dulbecco’s Phosphate Buf-
fered Saline, DPBS), fixed with 4% paraformaldehyde for 10 min at
room temperature, rinsed twice in DPBS and further permeabilized
with 100% ice-cold methanol for 10 min at —20 °C. The washed
cells were then blocked in blocking buffer (DPBS containing 5%
(v/v) normal goat serum and 2 mg/ml bovine serum albumin) for
1 h at room temperature followed by incubation with affinity-puri-
fied rabbit polyclonal anti-PMCA2 primary antibody NR-2 (1:500
in blocking buffer) for 2 h at room temperature. After washing with
DPBS, the cells were incubated for 1 h at room temperature with
goat anti-rabbit secondary antibodies coupled to Alexa 488
(Molecular Probes) diluted 1:600 in blocking buffer. After final
washing, coverslips were mounted in Prolong mounting media
(Molecular Probes). Confocal micrographs were taken on a Zeiss
LSM510 microscope using an Apochromat 63x oil immersion
objective and captured using LSM510 software version 2.8 (Zeiss).
Images were imported and edited using Adobe Photoshop 5.0.

Detergent lysis and sucrose flotation gradients. Stably transfected
MDCK cells expressing PMCA2w/b and PMCA2z/b were seeded on
100 mm-diameter cell culture dishes at 1 x 107 cells/dish and cul-
tured for 10 days until well-polarized monolayers were formed.
After rinsing with cold MBS (25 mM MES, pH 6.5, 150 mM Nacl),
the cells were scraped into 2 ml cold MBS supplemented with 1%
Triton X-100 and a protease inhibitor cocktail for use with mam-
malian cell and tissue extracts (Sigma-Aldrich). In all subsequent
steps, solutions and samples were kept at 4 °C. Membrane fraction-
ation was performed as described [17-20] with some modifica-
tions. Briefly, cells were homogenized by using a loose fitting
Dounce homogenizer (20 strokes) followed by five passages
through a 21-gauge needle, and finally a bath sonicator (three
20-s bursts). The homogenates were placed at the bottom of ultra-
centrifuge tubes (Beckman) and brought to 40% sucrose by mixing
with an equal volume of 80% sucrose (w/v) in MBS. The homoge-
nate was then overlaid with 6 ml of 30% sucrose and 4 ml of 5% su-
crose in MBS, and centrifuged at 39,000 rpm for 20 h at 4 °C in a
Beckman SW41 rotor. After centrifugation, twelve fractions of
1 ml each were collected from the top of the gradient. The lipid
raft-containing light-scattering band just above the 5-30% sucrose
interface was mainly collected in fraction 5. Gradient fractions
were subjected to SDS-PAGE and Western blot analysis.

Detergent-free flotation gradients. The procedure was performed
as described [17,21] with slight modifications. Briefly, polarized
monolayer cells were scraped into 2 ml of 500 mM Na,COs, pH
11.0. Homogenization was carried out as above using a loose fitting
Dounce homogenizer (20 strokes), 21-gauge needle (5 passages),
and a sonicator (three 20-s bursts). The homogenate was then ad-
justed to 40% sucrose by addition of 2 ml of 80% sucrose prepared
in MBS and loaded into the bottom of ultracentrifuge tubes. A 30-
5% discontinuous sucrose gradient was formed by overlaying 6 ml
of 30% sucrose and 4 ml of 5% sucrose, and centrifugation at
39,000 rpm in a Beckman SW41 rotor for 20 h at 4 °C. After centri-
fugation, 1 ml fractions were collected from the top to the bottom
and were subjected to Western blot analysis.

Western blot analysis. Twenty microliters (1:1 with 20 pl loading
buffer) lipid raft gradient samples were electrophoresed on 4-12%

Criterion Precast Gels (BioRad) and transferred to pure nitrocellu-
lose membrane. Blots were blocked in TBST (20 mM Tris base,
150 mM Nacl, 0.05% Tween 20, pH 7.4) with 5% non-fat dry milk
for 1h at room temperature. Affinity-purified polyclonal anti-
PMCA2 primary antibody NR-2 was diluted (1:1000) in the above
blocking buffer. Secondary goat anti-rabbit antibody coupled to
horseradish peroxidase was purchased from Sigma and used at
1:2000 dilution in the above blocking buffer. Incubation with pri-
mary and secondary antibodies, washing, and detection of the sig-
nals was done as described previously [22]. Affinity-purified rabbit
polyclonal antibody against caveolin-1 [23], a known marker of tri-
ton-insoluble low-density lipid domains, was used to identify the
fractions containing the cholesterol-enriched membranes, and
was a kind gift from Dr. Mark A. McNiven (Mayo Clinic, Rochester,
MN).

Measurement of protein and cholesterol contents. The cholesterol
contents in gradient fractions were measured using the Amplex
Red choleassay kit (Invitrogen) according to the manufacturer’s
direction. Fluorescence was measured on a Tunable microplate
reader using excitation at 545 nm and emission at 570 nm. The
protein concentrations of the gradient samples were determined
spectrophotometrically by using the BCA™ Protein Assay Kit
(Pierce) according to the manufacturer’s procedure.
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Fig. 2. PMCA2 partially associates with lipid rafts and is sensitive to cholesterol
depletion. Membranes from MDCK cells expressing PMCA2w/b and 2z/b were
fractionated on sucrose gradients, and aliquots of each fraction were tested by
Western blotting for the presence of PMCA2 (top panels) and the lipid raft marker
caveolin-1 (bottom panels). (A,B) Fractionation of detergent-solubilized mem-
branes from cells expressing PMCA2w/b and 2z/b, respectively. (C) Detergent-free
membrane fractionation of cells expressing PMCA2w/b. (D) Fractionation of
detergent-solubilized membranes from cholesterol-depleted cells expressing
PMCA2w/b.
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Results and discussion
Apical and basolateral distribution of PMCA2w/b and 2z/b

The localization of the PMCA2w/b and 2z/b in the stably trans-
fected MDCK cells was assessed by confocal immunofluorescence
microscopy. PMCA2w/b was prominently found in the apical mem-
brane in addition to lateral staining (Fig. 1B), whereas PMCA2z/b
was mainly localized to the basolateral membrane (Fig. 1D), as best
illustrated by the stacked z-axis sections (bottom panels in Fig. 1B
and D). This differential distribution of the w- and z-splice forms of
PMCA2 corresponds to the pattern seen when these pumps are
transiently expressed in polarized MDCK cells [3] and confirms
earlier observations showing that the w-insert of PMCA2 is impor-
tant for directing the pump to the apical membrane in inner ear
hair cells [4,5] and lactating mammary epithelial cells [9].

A fraction of PMCA2w/b is associated with lipid raft membranes

To examine whether the two PMCA2b splice variants differen-
tially associate with cell membrane lipid rafts, PMCA2w/b- and
2z/b-expressing MDCK cells were solubilized in Triton X-100 at
4 °C and rafts isolated by sucrose density gradient centrifugation
followed by Western blot analysis. The results in Fig. 2A demon-
strate that a significant amount of PMCA2w/b was present in the
low-density fractions (fractions 5 and 6) corresponding to deter-
gent-resistant raft membranes as determined by an enrichment
in the lipid raft marker protein caveolin-1. Less PMCA2z/b ap-
peared to be in the low-density fractions (Fig. 2B). However, for
both PMCA2w/b and PMCA2z/b the majority of the pump (over
95%) was found in the high-density fractions 10-12 (Figs. 2 and
3). This result is in agreement with an earlier study by Septlveda
et al. [24] who showed that the majority of PMCA2 was in the
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non-raft fraction in synaptosomal membranes from pig cerebel-
lum, but contrasts with a study by Jiang et al. [25] who reported
more than 50% of the total PMCA2 in raft membranes from rat cor-
tical neurons. Although these studies did not differentiate among
the splice forms of PMCA2, they indicate that significant differ-
ences exist in the raft versus non-raft partitioning of PMCA2
depending on the tissue/cell type. To further confirm the presence
of a subfraction of PMCA2w/b in lipid rafts and compare the
PMCA2w/b partitioning in raft membranes isolated by different
procedures, we used a detergent-free flotation gradient method
that is based on sonication of the membranes under alkaline pH
(see Materials and methods). Under these conditions, a similar pat-
tern of PMCA2w/b distribution was observed as with the detergent
extraction method, although the amount of PMCA2 associated with
raft fractions 5 and 6 was reduced (Fig. 2C).

Cholesterol depletion abolishes apical membrane localization of
PMCA2w/b

We determined the cholesterol and total protein concentration
in each fraction of the sucrose density gradient from PMCA2w/b
expressing MDCK cells. As expected, the low-density lipid raft frac-
tions (peak in fraction 5) were highly enriched in cholesterol rela-
tive to the protein content (Fig. 3A). To investigate whether the
lipid raft and apical membrane localization of PMCA2w/b was cho-
lesterol-dependent, we treated PMCA2w/b expressing MDCK cells
with lovastatin and MBCD, a drug widely used to deplete choles-
terol from cell membranes. The treatment resulted in >50% reduc-
tion of the cholesterol content in the raft fractions 5 and 6 (Fig. 3B)
and a concomitant decrease in the amount of PMCA2w/b in these
fractions (Fig. 2D). Most strikingly, the apical localization of
PMCA2w/b was completely lost and instead, all of the PMCA2w/b
was now found in the basolateral membrane (Fig. 1C). By contrast,
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Fig. 3. Effects of cholesterol depletion on the cholesterol and protein content in membrane fractions from MDCK cells expressing PMCA2w/b. (A) Cholesterol (left panel) and
total protein contents (right panel) were determined in each sucrose gradient fraction of detergent-solubilized membranes from MDCK cells expressing PMCA2w/b. Note the
high content of cholesterol relative to protein in the raft fractions 4-6. (B) Cholesterol (left panel) and total protein (right panel) content in the sucrose gradient fractions of
cholesterol-depleted MDCK cells expressing PMCA2w/b. Note the pronounced decrease in cholesterol in raft fractions 4-6 compared to untreated cells. Data are presented as

means + SE.
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cholesterol depletion in MDCK cells expressing PMCA2z/b did not
result in a relocalization of the pump, which remained basolateral
as in untreated cells (Fig. 1D).

Our results suggest that differential partitioning in lipid micro-
domains is an important determinant of the apical versus basolat-
eral localization of the PMCA2w and 2z splice variants. PMCA2w/b
and 2z/b only differ in the size of the insert in the first intracellular
loop, and this may impart an altered transmembrane conformation
to the two pumps. The length and physicochemical properties of
the transmembrane domain of a resident membrane protein are
thought to match the lipid bilayer characteristics [26]: the specific
properties of apical membranes may thus be a preferred match for
the PMCA2w variant.

Recent work has shown that apical membranes are enriched in
phosphatidylinositol 4,5-bisphosphate (PIP2) and that the lipid
composition of the membrane is a major factor in the sorting of
apical versus basolateral membrane proteins (reviewed in [27]).
Interestingly, PIP2 is a known activator of the PMCA [28]; hence
the preferential association of PMCA2w with PIP2-enriched mem-
branes could ensure enhanced apical pump activity. We also note
that splice site A is located in the immediate vicinity of a confirmed
acidic lipid-binding region in PMCA4b (see Fig. 1A; [29-32]): it is
thus likely that the w-insert in PMCA2w directly affects the lipid
interaction of the pump.

Raft-associated sorting has been proposed as a mechanism for
apical targeting of some membrane proteins [33]. We found that
a significant fraction of PMCA2w/b partitioned into cholesterol-
rich lipid raft membranes. PMCA2w/b may thus be sorted apically
by virtue of its preference for raft lipids. In agreement with an ear-
lier report that cholesterol depletion inhibits apical targeting of
many membrane proteins [34], the apical localization of
PMCA2w/b was abolished upon cholesterol depletion in MDCK
cells. These results lend further support to the hypothesis that
intrinsic differences in lipid interactions between the PMCA2w-
and z-splice variants regulate their preference for the apical mem-
brane in polarized cells. Future work will be directed at studying
the differences in membrane lipid affinity among these PMCA2
splice variants.
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