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Pig coronary artery smooth muscle expresses, among many other proteins, Na+–Ca2+-exchanger NCX1 and
sarcoplasmic reticulum Ca2+ pump SERCA2. NCX1 has been proposed to play a role in refilling the
sarcoplasmic reticulum Ca2+ pool suggesting a functional linkage between the two proteins.We hypothesized
that this functional linkage may require close apposition of SERCA2 and NCX1 involving regions of plasma
membrane like lipid rafts. Lipid rafts are specialized membrane microdomains that appear as platforms to co-
localize proteins. To determine the distribution of NCX1, SERCA2 and lipid rafts, we isolated microsomes from
the smooth muscle tissue, treated themwith non-ionic detergent and obtained fractions of different densities
by sucrose density gradient centrifugal flotation. We examined the distribution of NCX1; SERCA2; non-lipid
raft plasma membrane marker transferrin receptor protein; lipid raft markers caveolin-1, flotillin-2, prion
protein, GM1-gangliosides and cholesterol; and cytoskeletal markers clathrin, actin and myosin. Distribution
of markers identified two subsets of lipid rafts that differ in their components. One subset is rich in caveolin-1
and flotillin-2 and the other in GM1-gangliosides, prion protein and cholesterol. NCX1 distribution correlated
strongly with SERCA2, caveolin-1 and flotillin-2, less strongly with the other membrane markers and
negatively with the cytoskeletal markers. These experiments were repeated with a non-detergent method of
treating microsomes with sonication at high pH and similar results were obtained. These observations are
consistent with the observed functional linkage between NCX1 and SERCA2 and suggest a role for NCX1 in
supplying Ca2+ for refilling the sarcoplasmic reticulum.
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1. Introduction

Coronary arteries supply blood to the heart. Since drastic changes
in the blood flow may lead to cardiac disorders, the coronary blood
flow is tightly regulated [1–4]. Control of cytosolic Ca2+ (Ca2+i) is
pivotal to pulsatile action of the coronary artery smoothmuscle. Ca2+i
increases during muscle contraction, following which it decreases to
resting levels during muscle relaxation. Three major transport
systems contribute to this decrease in Ca2+i: Na+–Ca2+- exchanger
(NCX), plasmamembrane (PM) Ca2+ pump (PMCA) and sarcoplasmic
reticulum (SR) Ca2+ pump (SERCA) [4–15]. The pig coronary artery
smooth muscle expresses proteins NCX1, SERCA2 and PMCA1 and 4
[16]. Depending on the electrochemical gradients, NCX can move Ca2+

into or out of the cell. We have shown that NCXmediated Ca2+ entry in
smooth muscle cells cultured from pig coronary artery is diminished in
the presence of the SERCA inhibitor thapsigargin [17]. However, cells
preloadedwith a Ca2+ chelator show an increase in NCXmediated Ca2+

entry without any inhibition by thapsigargin (Supplemental Data
Fig. S1). These results suggest a functional linkage between NCX1 and
SERCA2 in the smoothmuscle cells. Similarly, other studies showing the
role of NCX in refilling Ca2+ pool of SR in conjunction with SERCA also
suggest a functional linkage between the two proteins [5,6,18–23].
Several models have been proposed to explain this linkage. One model
based on Ca2+i measurements in resting smooth muscle of rabbit vena
cava shows the rapid cycling of Ca2+ between the SR and the
extracellular space by SERCA and NCX. The close apposition of the
PM and the SR allows the preferential release of Ca2+ from the SR
towards NCX.When NCX is blocked by removing both the external Na+

and Ca2+, Ca2+ released from the SR is sequestered back by SERCA. Only
when both NCX and SERCA are blocked is the Ca2+ released from the SR
expelled to the extracellular space by PMCA [19,24]. In another model,
the spatial distribution of the PM containing NCX is shown to be closely
apposed to the SR membrane containing SERCA [20]. This suggestion is
based on co-distribution of NCX and the Na+/K+ pump in the PMwith
calsequestrin rich superficial SR [9,18,19,23–25]. Immunofluorescence
microscopywith cells cultured frompig coronary artery smoothmuscle
show NCX1 in proximity to SERCA2 [26].

In some instances, a direct protein–protein interaction has been
proposed between different ion transporters. In others, it is suggested
that lipid rafts act as the intermediaries allowing the assembly and
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Table 1
Sources of antibodies.

Antibody Selectivity Source

IID8 Anti-SERCA2 Affinity Bioreagents,
Golden, USA

4G5 Anti-SERCA2 Gift from Dr. L.R. JONES,
Indianapolis,USA

5F10 Anti-PMCA (PMCA1–4) Affinity Bioreagents,
Golden, USA

JA9 Anti-PMCA4 Sigma, St. Louis, Missouri,
USA

R3F1 Anti-NCX1 Swant Swiss Antibodies,
Bellinzona

1A4 Anti-smooth muscle actin Sigma, St. Louis, Missouri,
USA

6H4 Anti-prion protein Prionics AG, Switzerland
Anti-MHC2 Anti-smooth muscle

myosin heavy chain 2
Abcam Inc., Cambridge,
MA, USA

23 Anti-clathrin heavy chain BD Biosciences, Mississauga,
Canada

2297 Anti-caveolin-1 BD Biosciences, Mississauga,
Canada

29/flotillin-2 Anti-flotillin-2/ESA BD Biosciences, Mississauga,
Canada

HRP–anti-mouse IgG HRP-conjugated
anti-mouse IgG

Sigma, St. Louis, Missouri, USA

HRP–anti-rabbit IgG HRP-conjugated
anti-rabbit IgG

Sigma, St. Louis, Missouri, USA

HRP–cholera toxin
subunit B

Detects GM gangliosides Sigma, St. Louis, Missouri, USA

Anti-mouse-488 Alexa Fluor 488 goat
anti-mouse IgG

Invitrogen, Burlington, Canada

Anti-mouse-568 Alexa Fluor 568 goat
anti-mouse IgG

Invitrogen, Burlington, Canada

Anti-rabbit-568 Alexa Fluor 568 goat
anti-rabbit IgG

Invitrogen, Burlington, Canada
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interaction of various proteins. Lipid rafts are cholesterol and
sphingolipid rich domains in the PM [27,28]. Lipid rafts have been
shown to be involved in the interactions between the SR resident
protein STIM1 and the PM protein Orai1 [29]. The lipid rafts may be
planar or invaginated [27,28]. The invaginated domains are termed
caveolae and are rich in the protein caveolin. Caveolin is encoded by
different genes of which caveolin-1 is expressed in the pig coronary
artery smooth muscle [30–32]. Several studies based on immunoflu-
orescence and electron microscopy link the SR with caveolae in
smooth muscle [19,21,33,34].

The lipid rafts are not solubilized in low concentrations of non-
ionic detergents. This property can be exploited to fractionate
membranes to separate low density, detergent resistant membrane
fractions on density gradients and examine the protein distributions
[27,30–32]. Membranes can also be fractionated by a non-detergent
based method that involves treatment with high pH and sonication
followed by separation on density gradients [31,35,36]. The present
work uses both methods to determine if membrane fractions
containing proteins NCX1 and SERCA2 co-migrate in density flotation
experiments.

2. Methods

2.1. Isolation of microsomes

Smooth muscle from coronary arteries of pig hearts (Maple Leaf
Foods, Burlington) was dissected and used for isolatingmicrosomes at
4 °C with minor modifications of a previously described method [37].
Briefly, the isolated smooth muscle tissue was homogenized in a
homogenization solution containing 8% sucrose (wt./wt.) and the
following in millimolar: 2 dithiothreitol, 1 phenylmethylsulfonyl-
fluoride, 100 KCl and 0.05 ethyleneglycol bis (2-aminoethyl ether)-N,
N,N′,N′-tetraacetic acid (EGTA). The samples were centrifuged at
10,000g for 10 min and the supernatant was saved. The pellet from
this step was homogenized and centrifuged again to obtain the
supernatant. The two supernatants were pooled and filtered through
cheesecloth, KCl was added to a final concentration of 700 mM and
the sample stirred for 15 min at 4 °C. The sample was then centrifuged
at 388,000g for 30 min at 4 °C and the pellet (microsomes) was
suspended in a solubilization buffer containing 8% sucrose (wt./wt.)
and the following in millimolar: 15 imidazole-HCl (pH 7.0), 150 NaCl,
0.05 EGTA and 0.25 dithiothreitol. The suspension was centrifuged
again at 388,000g for 20 min, and the resulting pellet was termed
microsomes and suspended in the same buffer.

2.2. Determination of detergent concentration to solubilize protein

A highly concentrated microsomal suspension (12 mg protein/ml)
was used in fractionation experiments to observe the distribution of
variousmarkers in each sucrose density gradient fraction. To determine
the optimal detergent concentration, the microsomal suspension
(12 mg/ml) was treated with specified concentrations of Triton X-100
and allowed to mix by rotation for 30 min at 4 °C. The samples were
then centrifuged in a Beckman Airfuge at 200,000g for 20 min. The
supernatant (S) and the pellets (P) were used for the analysis of
distribution of various markers by Western blot. The amount of the
solubilized protein in the supernatantwas determined as percent of the
total protein in the supernatant and pellet (S/(S+P)×100) as
determined from the band intensities in Western blot.

2.3. Flotation of detergent treated microsomes on density gradients

The microsomal suspension (12 mg protein/ml) was treated with
Triton X-100 (final 0.15%) by rotation for 30 min at 4 °C. Then, 600 μl
of 60% sucrose was added to 300 μl of the detergent treated sample to
obtain a uniform suspension. This suspension was pipetted into the
bottom of a swinging bucket rotor tube and a gradient was prepared
by layering successive decreasing sucrose density solutions (37%, 34%,
29%, 25%, 20% and 15%) and the tubes were centrifuged at 278,000g
for 20 h at 4 °C. Fractions were collected starting from the top,
aliquoted and saved at −80 °C for analysis.

A similar experiment was also conducted by sonication. The
microsomal pellet was suspended in 400 μl of 500 mM sodium
carbonate (pH 11). The microsomes were then subjected to three
cycles of sonication (Fisher sonicator) on ice at 80% power in 20 s
bursts and one cycle of 60 s. A buffer (50 μl of 250 mM 2-(N-
morpholino) ethanesulfonic acid, 1.5 M NaCl, pH 6.5) and then 800 μl
of 60% sucrose were added. The suspension was subjected to flotation
by sucrose density gradient centrifugation as described above for the
detergent treated microsomes. Total protein concentration of each
sucrose density gradient fraction was determined using Bradford
reagent (BioRad, Mississauga, ON).

2.4. Western blots and biochemical determinations

Sources and selectivity of the various antibodies used are shown in
Table 1. Western blots were treated with the primary antibodies and
horseradish peroxidase conjugated anti-mouse IgG or anti-rabbit IgG.
The peroxidase activity was visualized with a femto-kit (Pierce
Chemical Company, Rockford) and a LAS3000mini Luminiscent Image
Analyzer (Fujifilm Life Science, Stamford, CT). Antibodies used in the
experiments were tested in the initial Western blots withmicrosomes
to identify the optimal protein concentration for detection and the
location of correct molecular weight bands (Fig. S2). GM1-ganglio-
sides were detected in dot blots using horseradish peroxidase
conjugated cholera toxin B subunit. Cholesterol determination was
carried out fluorometrically using an Amplex Red Kit (A12216)
following instructions of the manufacturer (Invitrogen, Burlington,
Canada).
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2.5. Statistical analysis

Intensities in Western blots were determined using Multi Gauge
v3.0 (Fujifilm Life Science, Stamford, USA). Correlations between
relative intensities of proteins in Western blots were analyzed using
GraphPad InStat (San Diego, USA). P valuesb0.05 were considered to
be significant.

3. Results

In literature, two main methods have been used to isolate the lipid
raft membrane fraction in sucrose density gradients: non-ionic
detergents and high pH with ultrasonication [30–32,35,36,38]. For
comparison, both methods were used in this study.

3.1. Determination of detergent concentration to solubilize protein

In one set of experiments, microsomes suspended in buffer
containing 8% sucrose were treated with different concentrations of
Triton X-100 and centrifuged to obtain a supernatant as the detergent
soluble fraction and a pellet as the detergent resistant fraction. The
effect of increasing concentrations of Triton X-100 on the solubiliza-
tion of a concentrated microsomal suspension (12 mg protein/ml) as
determined by Western blot of various proteins is shown in Fig. 1. At
all concentrations of Triton X-100 tested, the lipid raft markers
caveolin-1 and flotillin-2 were foundmainly in the detergent resistant
fraction. The amount of the non-lipid raft plasma membrane marker
transferrin receptor protein in the soluble fraction increased with the
Fig. 1. Effect of different concentrations of Triton X-100 on solubilization of 12 mg/ml of
microsomal proteins. The amount of each protein was analyzed in Western blots.
Percent of the amount that appeared in the supernatant (solubilized) at each detergent
concentration is shown. A. NCX1 and SERCA2. B. CAV (caveolin-1), FLOT (flotillin-2) and
TFR (transferrin receptor protein).
increasing detergent concentrations. Similarly, the amounts of
solubilized NCX1 and SERCA2 in the supernatant increased with the
increasing Triton X-100 concentrations, with their value in superna-
tant as percent of total showing an excellent correlation (Pearson
correlation coefficient=0.9732). Approximately half of the total
NCX1 protein was solubilized at 0.15% (1.5 mg Triton X-100/ml)
detergent concentration. This detergent:protein ratio was used in the
next experiment in which microsomes at a concentration of 12 mg
protein/ml were treated with 0.15% Triton X-100 and fractionated by
membrane flotation on a sucrose density gradient.

3.2. Flotation of detergent treated microsomes

The detergent (0.15% Triton X-100) treated microsomes (12 mg
protein/ml) were suspended in a high sucrose concentration and
centrifuged in a sucrose density gradient. Upon centrifugation, the
detergent resistant fraction of microsomes floats to the low density
regions of the sucrose gradient. Based on the protein contents,
determined using Bradford reagent, in the density gradient fractions,
most of the microsomal protein was detergent soluble as it remained
in the high density fraction (Fig. 2B). In contrast, the low density
fractions were most enriched in cholesterol. The distribution of the
following markers in the density gradient was examined in Western
blots: NCX1, SERCA2, lipid raft markers (flotillin-2, prion protein, GM1
gangliosides and caveolin), non-lipid raft marker (transferrin receptor
protein) and cytoskeletal proteins (clathrin, actin and myosin)
(Fig. 2A). The amount of marker in each density gradient fraction
was obtained by quantification of Western blots by densitometric
analysis is expressed as percent of the fraction with its highest
amount (Fig. 2C–G).

The lipid raft markers GM1-gangliosides, prion protein and
cholesterol were enriched in the lowest density gradient fraction
(sucrose 20%) and showed a monotonic decrease in their abundance
in fractions with increasing sucrose density (Fig. 2A and E). The
decrease was slightly less steep for cholesterol than the other two
markers (Fig. 2E). In contrast, the amount of flotillin-2 and caveolin-1
increased in fractions of increasing densities and peaked at sucrose
density ranges 24%–27% and 27%–33%, respectively. They showed a
decrease in abundance in the fractions with higher sucrose densities
(Fig. 2D). These distributions of lipid raft markers were confirmed in
experiments using five microsomal preparations. Thus, the distribu-
tion of various lipid raft markers in density gradients differs from each
other (Fig. S3) and identifies two subsets of lipid rafts: those that are
rich in caveolin-1 and flotillin-2 and others that have GM1-ganglio-
sides, prion protein and cholesterol as their components.

NCX1 co-migrated with SERCA2 (Fig. 2C) and showed a distribution
pattern more similar to that observed for caveolin-1 and flotillin-2 than
for GM1-gangliosides, prion protein, cholesterol and transferrin recep-
tor protein in various density gradient fractions (Fig. 2D, E and G). It did
not show association with cytoskeletal markers that were enriched in
the high density gradient fraction (sucrose 44%) (Fig. 2F). Pearson's
coefficients for correlation of NCX1 distribution with that of lipid and
non-lipid raft markers in sucrose gradient were determined (Fig. 3).
NCX1 distribution showed positive and significant correlation with
SERCA2. It showed a higher correlation of distribution with caveolin-1
and flotillin-2 in density gradient fractions as compared to other lipid
raft markers (cholesterol, GM1-gangliosides and prion protein). NCX1
did not show significant correlation with the non-lipid raft marker
transferrin receptor protein and showed negative correlation with the
cytoskeletal markers clathrin, actin and myosin.

In another experiment which was repeated twice, the microsomes
were treated with a much higher Triton X-100 concentration (1%) and
then subjected to flotation by centrifugation in a sucrose gradient. The
correlation between NCX1 and SERCA2 distribution in the density
gradient in the two experiments were 0.699 and 0.79 (data not shown).
Thus, the strength of correlation of migration of NCX1 and SERCA2 in



Fig. 2. Immunoblot analysis of marker distribution of detergent treated microsomes upon centrifugal flotation. A. Immunoblots. For Western blots, the amounts of protein loaded in
microgram per well were 2 for NCX1, clathrin, myosin and transferrin receptor (TfR); 1 for SERCA2 and caveolin-1; 0.5 for flotillin-2 and prion protein and 0.2 for actin. Only themain
bands for each of the proteins are shown with molecular weights in kilodalton on the left. Dot blots with 0.2 μg protein/spot were used for GM1-ganglioside detection. B. Relative
values of total protein and cholesterol (per milligram protein) in various sucrose density gradient fractions. The density gradient fraction with the highest total protein or cholesterol
per milligram protein was taken as 100% and their amount in other fractions are expressed relative to it. C–G. Graphs of relative enrichment of various markers in sucrose density
gradient fractions as determined by Western blot. C. NCX1 and SERCA2. D. NCX1, caveolin-1 and flotillin-2. E. NCX1, GM1-gangliosides, cholesterol and prion protein. F. NCX1,
clathrin, actin and myosin. G. NCX1 and transferrin receptor protein. For each marker, the gradient fraction with highest band intensity in a Western blot is taken as 100% and the
band intensities of all other fractions are expressed relative to it (% maximum intensity). The values are mean±SEM of 3–5 measurements using one membrane preparation.
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Fig. 3. Pearson's correlation between distributions of NCX1 and various markers in
sucrose density gradient experiments using detergent. Mean±SEM of the values of
Pearson's coefficients obtained in five membrane preparations are shown.

Fig. 5. Pearson's correlation between distributions of NCX1 and various markers in
sucrose density gradient experiments using high pH and sonication. Mean±SEM of the
values of Pearson's coefficients [45] obtained in three membrane preparations are
shown.
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density gradient fractions observed at lower detergent concentration
was retained even at six fold higher concentration of Triton X-100.

3.3. Flotation of sonicated microsomes on density gradients

Sonication of microsomes at high pH followed by flotation in a
sucrose density gradient was also used to examine the distribution of
various markers. As expected, most of the protein did not float to the
lower density fractions of the sucrose gradient (Fig. S4). The
distribution of various lipid raft and non-lipid raft markers in different
density gradient fractions was similar to that observedwith detergent
treated microsomes (Fig. S4) NCX1 co-migrated with SERCA2 in
density gradient fractions similar to that observed in detergent
treated microsomes (Fig. 4). However, a key observation was that the
SERCA2 protein bands were detected at molecular weights much
larger than those observed with detergent treated microsomes
Fig. 4. Immunoblot analysis of NCX1 and SERCA2 distribution upon centrifugal flotation
of microsomes treated with high pH-sonication. A. Western blots. Note that the
molecular weight of SERCA2 without high pH-sonication treatment is marked
‘expected.’ B. Relative enrichment of NCX1 and SERCA2 in sucrose density gradient.
The protocol and calculations were performed as for Fig. 2.
(Fig. 4). Distribution of several markers was examined and values of
the Pearson coefficients for correlation of NCX1 distribution with
various markers were determined in this experiment in 2–4
microsomal preparations (Fig. 5). These results for co-distribution of
NCX1 with SERCA and various lipid and non-lipid raft markers are
similar to those observed with the detergent treated microsomes.

4. Discussion

Co-distribution of NCX1 and SERCA2 with lipid raft markers in the
density gradient was observed both with the detergent and detergent
free methods of preparing lipid rafts. However, the different lipid raft
markers did not all partition together in the low density sucrose
fractions. There appeared to be a close but not perfect association of
NCX1 and SERCA2 with the lipid raft markers caveolin-1 and flotillin-
2. This section focuses on the limitations of the methods used,
comparison of the results with those in literature and their
contribution to smooth muscle physiology.

Various methods have been used in literature to isolate detergent
resistant lipid rafts with varied results [38–42]. Triton X-100 may
selectively solubilize non-lipid raft domains of themembrane to allow
for isolation of detergent resistant lipid rafts. However, detergents
may contaminate the resulting lipid rafts, affect the buoyant density of
rafts, cause individual rafts to coalesce or result in loss of raft resident
proteins [42,43]. Therefore, the experiments were also repeated using
a detergent free method using Na2CO3 to remove peripheral proteins
followed by sonication to finely disrupt the membranes to study the
distribution of various markers [35,43].

Alternative splicing of SERCA2 transcripts yields two proteins that
differ in their C-terminal domains: SERCA2a and 2b. In pulmonary
artery smooth muscle cells SERCA2a is present only in the perinuclear
region while SERCA2b is in the superficial SR [44]. The commercially
available anti-SERCA2 antibodies, including IID8, do not distinguish
between the two variants. The present study to examine the
distribution of SERCA2 usingmicrosomes contains only the superficial
SR and not nuclei [37]. However, since the nuclear envelope is a
continuation of SR, themajority of microsomal markers are also found
in the nuclear pellet [45]. We have shown previously that subcellular
fractionation of smooth muscle from various sources including pig
coronary artery to obtain an SR enriched fraction is accompanied by
loss of yield. The activity of SERCA measured as oxalate dependent
calcium uptake was used as a marker for SR enrichment in various
fractions. Following tissue homogenization and initial centrifugation
to remove nuclear pellet, less than 25% of total SERCA activity in
postnuclear supernatant is associatedwith themicrosomal pellet [37].
Centrifugation of microsomes on sucrose density gradient causes a
further loss leading to an overall yield of only 18%. The Triton X-100

image of Fig.�3
image of Fig.�4
image of Fig.�5


594 I. Kuszczak et al. / Biochimica et Biophysica Acta 1808 (2011) 589–596
concentration chosen in our experiments would solubilize approxi-
mately 50% of total SERCA protein in microsomes (Fig. 1). The present
study concerns only the SERCA2 and NCX1 present in themicrosomes.
This is consistent with our assumption that the SERCA2 that associates
with NCX1 is mostly subsarcolemmal.

Themigration of SERCA2 in a sucrose density gradient shows strong
positive correlation with NCX1 and they distribute preferentially with
flotillin-2 and caveolin-1 as compared to other lipid raft markers
(Figs. 2C–E and 3). This co-distribution of SERCA2 and NCX1with these
lipid raft markers was observed at low (0.15% Triton X-100) and high
(1% Triton X-100) detergent concentrations as well as by a detergent-
free treatment of microsomes during membrane fractionation. This
suggests that the observed co-distribution of proteins does not result
due to any artifacts associated with the methods used; however, the
exactnatureof linkagebetweenNCX1andSERCA2 is not yet known.The
formation of PM–SER junctions by close apposition of superficial SR to
PM and caveolae has been reported in vascular smooth muscle
[26,33,34,46,47]. Such junctionsmay allow ultrastructural arrangement
of NCX1 and SERCA2 in nanospaces. Co-immunoprecipitation studies in
neurons and astrocytes have shown linkage of NCX1 and SERCA2b in
PM–SER junctions that involved cytoskeletal proteins ankyrin and
spectrin [40]. Other studies have also suggesteda role of yet unidentified
anchoringmolecules that are required tomaintain PM–SER junctions or
proteins which may also promote linkage of proteins in the two
membranes. Stim–orai interaction is an example [29,48,49]. Lipid rafts
mediate the clustering of STIM1 and Orai1 in the PM–SER junctions to
facilitate their interaction to form a channel. In another study, both
STIM1 and Orai1 are enriched in the same sucrose density gradient
fractions as caveolin uponmembrane fractionation following treatment
with Na2CO3 and sonication [35,43,50]. The association of NCX1 and
SERCA2 with a subset of lipid rafts suggests a role of these rafts in
promoting their linkage. Co-distribution of SERCA2withNCX1may also
result due to its interaction with other proteins of the PM lipid rafts or
due to its targeting to the lipid raft-like domains in SR [51]. However, the
nature of linkage in the pig coronary artery smooth muscle needs to be
explored.

SERCA2 migrates as a high molecular weight protein instead of a
115 kDa band in Western blots following sonication of microsomes at
high pH (Fig. 4). SERCA2 from pig coronary artery smooth muscle and
other sources has been shown to be highly sensitive to changes in pH.
The optimal Ca2+ transport activity of SERCA2 from pig coronary
artery smooth muscle observed at pH 6.8 declines sharply with
changes in pH [52]. The decline in activity is also accompanied by a
decrease in the amount of 115 kDa Ca2+ dependent acylphosphate
formed by SERCA during its reaction cycle. Similarly, inactivation of
Fig. 6. A schematic model showing localization of NCX1, SERCA2 and caveolin-1 based on re
hairpin structures in the caveolar membrane. Note that the partial co-localization in this m
SERCA2 with various markers.
SERCA2b by other methods like treatment with reactive oxygen
species involves the transition from its functionally active monomeric
form to an oligomeric form [53]. Irrespective of migration of SERCA2
as a high molecular weight band in Western blots, it is important to
note that its distribution pattern in various density gradient fractions
is similar to that observed for the monomer with the detergent
treated microsomes (Fig. 4). Thus, oligomerization does not appear to
affect the SERCA2 distribution.

The importance of analyzing distribution patterns and linkages of
proteins by more than one method is also emphasized by the
discrepancy in the results of studies on co-localization of NCX1 and
caveolin-3 in cardiac myocytes [54–56]. Therefore, we used two
separate methods in the present study. The results from both the non-
ionic detergent and sonication treatment of microsomes showed that
there are subsets of lipid rafts: some rich in markers such as GM1-
gangliosides, prion protein and possibly cholesterol and others rich in
caveolin-1 and flotillin-2 (Figs. 3 and 5). The subsets rich in caveolin-1
would be those associated with caveolae. Studies have also shown
localization of flotillin-2 in caveolae in other cell types [57–59]. These
results are consistent with the heterogeneity of lipid rafts observed in
the literature [27,39,60]. Lipid rafts have been described in coronary
artery smooth muscle and other tissues as very small microdomains
that may be less than 50 nm in size [27,61,62]. It is interesting to note
that, in the present study with smooth muscle microsomes, NCX1 and
SERCA2 co-migrated with caveolin-1 and flotillin-2 despite the
heterogeneity and size of the lipid rafts (Figs. 2D and 3). The co-
distribution of NCX1 and SERCA2 with a subset of lipid rafts is in
agreement with studies that have shown the fraction of two proteins
to be localized in PM–SER junctions, which in turn are closely
associated with caveolae in smooth muscle cells. The present study
used fresh tissues but similar co-localization of NCX1 and SERCA2 has
also been observed in cells cultured from coronary artery smooth
muscle by immunofluorescence microscopy which has a resolution of
200–300 nm [26].

The relationships between the transporters in the PM and the SR
have been described by several models. They all lead to spatial units
responsible for a vectorial control of free [Ca2+]i in defined
nanospaces. It has also been suggested that the juxtaposition of the
PM and the SR membranes may permit NCX1 to regulate SR Ca2+

stores and influence cellular Ca2+ signaling. Models for this type of
function have been proposed for several cell types including cardiac
myocytes and smooth muscle cells [5,21,36,38,40,63].

A superficial buffer barrier model was proposed initially to explain
the results of Ca2+ flux studies [23]. This model has been extended to
the idea of Ca2+ release units via PM–SER junctions, possibly also
sults from this work and from immunofluorescence microscopy. Caveolin-1 is shown as
odel reflects the less than total correlations observed in the distributions of NCX1 and

image of Fig.�6
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involving NCX and nonspecific cation channels [18,19,21]. In support
of this model, an association has been shown between distributions of
calsequestrin, ryanodine receptors, and L-type Ca2+ channels [46].
Other groups have emphasized a functional role for caveolae as
specialized Ca2+ handling domains [31,35]. In elegant studies using
transmission electron microscopy, a model has been proposed for
linking caveolae, SR andmitochondria [33,34]. In this model, caveolae,
superficial SR andmitochondria are shown in close proximity of about
15 nm to create coherent cytoplasmic nanoscale subdomains. In this
model, 80% of caveolae establish close contacts with SR. It is noted that
the protein density in the organelles may be low and/or non-uniform
and hence the organellar distances will often be smaller than those for
the individual proteins in different organelles. Despite such differences,
our current work and thework using transmission electronmicroscopy
come to the same conclusion on co-localization of caveolae and SR.
NCX1was not examined in these studies. Amodel based on the present
work and immunofluorescence overlap and proximity observed in the
distribution of some of NCX1 and SERCA2 is proposed below. Fig. 6 is a
schematic representation of our observations. PM contains non-lipid
raft membrane with planar lipid raft domains and caveolae. NCX1 is
proximal to caveolae but may also be present in other domains in PM.
NCX1 in caveolae are in proximity with SERCA2 in the superficial SR.
SERCA2 is also found in the deep SR that continues into the cytosol from
the superficial SR. The ultrastructural arrangement of NCX1 and SERCA2
in proximity may allow NCX to supply Ca2+ for refilling the superficial
SR. This model is also congruent with the role of caveolae in some Ca2+

signaling pathways. The full implications of this observation may need
examination within the context of signal transduction pathways and
tissue specificity.

Supplementarymaterials related to this article can be found online
at doi: 10.1016/j.bbamem.2010.11.029.
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