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Abstract: The plasma membrane calcium/calmodulin dependent ATPase (PMCA) is a calcium-extruding enzymatic

pump important in the control of intracellular calcium concentration. PMCA is the only system for calcium extrusion in

the majority of cells. In excitable cells such as cardiomyocytes however, PMCA has been shown to play only a minor role

in calcium homeostasis. In these cells the main mechanism of calcium extrusion is the sodium calcium exchanger.

However, increasing evidence points to an important role for PMCA in signal transduction; in particular in the nitric oxide

signalling pathway. In this review we will discuss recent advances that support a key role for PMCA in signal

transduction and the potential for therapeutic targeting of this molecule in the treatment of cardiac diseases.
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INTRODUCTION

Calcium has long been recognised as an important player
in cell regulation. The involvement of calcium has been
recorded in diverse fundamental processes including
apoptosis [1], fertilization [2], transcription regulation [3, 4],
synaptic plasticity [5] and exocytosis [5]. A unique feature of
the calcium ion is its ability to act as a first, second or third
messenger in cellular signalling [3]. This versatility enables
calcium to control a number of important cell processes.

In heart muscle cells calcium is vital not only in
maintaining cyclic contraction through the excitation-
contraction coupling process [6], but also in the regulation of
cell growth and hypertrophy [7, 8]. In the excitation-
contraction cycle, a 100 fold increase in cytosolic calcium
during systole is required for the activation of contractile
molecules [9], while in the regulation of cardiac
hypertrophy, calcium together with calmodulin, is required
in the activation of several signalling molecules involved in
hypertrophy such as protein kinase C, calcineurin and Cam
Kinase II [8].

Despite the 100 fold increase during contraction, the
intracellular calcium concentration ([Ca

2+
]i) is much lower

compared to the extracellular free calcium. In excitable cells
such as cardiomyocytes and neuronal cells, [Ca

2+
]i fluctuates

between 10nM and 1 M, [6, 10] whereas the extracellular
free calcium concentration is approximately 1 mM [1]. The
need to maintain low [Ca

2+
]i is an absolute not only in

myocytes but in most cell types since higher intracellular
calcium levels can damage cells and furthermore, have been
implicated in several diseases [11-13]. An effective calcium
transport system is therefore essential to maintain the
calcium gradient across the plasma membrane and ensure
normal physiological function.
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Two outward transport mechanisms in the plasma
membrane are known to regulate [Ca

2+
]i levels: i)The plasma

membrane calcium/calmodulin dependent ATPase (PMCA),
which pumps calcium out of the cell using energy derived
from the hydrolysis of ATP and is dependent on calmodulin
[14] and ii) The sodium/calcium exchanger (NCX), which
counter-transports one molecule of Ca

2+
 in exchange for

three molecules of Na
+
 utilising the sodium gradient across

the plasma membrane as an energy source [15, 16].

In cardiomyocytes, NCX plays the dominant role in
trans-sarcolemmal calcium ejection during the excitation-
contraction coupling process. It has been shown that the
NCX transports approximately 10-15 times more calcium
(depending on species) than PMCA [6, 9]. Conventional
views have therefore limited PMCA to its minor role in
calcium transport, and the little or no contribution to the
excitation-contraction coupling process. This marginal role
however is challenged by interesting recent evidence
suggesting a modulatory function for PMCA in signal
transduction pathways. The wide-ranging potential of this
signalling role is reflected in the ability of PMCA to interact
with partner proteins via its PDZ binding domain, which is
an amino acid sequence motif that is able to interact with
PDZ motif (stands for PSD 95, Drosophila Discs large
protein and Zona occludens-1) [17-19] and via non-PDZ
binding regions [20, 21]. These novel insights could lead to
the targeting of PMCA for new therapeutic interventions in
important diseases including heart disease.

THE STRUCTURE OF PMCA

PMCA comprises 10 putative trans-membrane domains
with four main units protruding into the cytoplasm (Fig. 1A)
[22]. The first intra-cytoplasmic unit is the N-terminal region
encompassing the first 80-90 amino acids; the second one is
the loop between trans-membrane domains 2 and 3
containing the phospholipid sensitive region. The third and
largest unit is the loop between trans-membrane domains 4
and 5, which contains the catalytic sites including the ATP
binding site and the site of aspartate residue which form
aspartyl-phosphate during Ca

2+
 transport (PI). Finally, the
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fourth intra-cytoplasmic unit is the COOH terminal
containing the regulatory domains including the calmodulin
binding site [23] and the Protein Kinase A and Protein
Kinase C phosphorylation sites [24]. Four PMCA isoforms
encoded by four different genes (PMCA1-4) have been
identified. The isoform diversity, splice variants and tissue
distribution have been reviewed in great detail previously
[22].

 As with other Ca-calmodulin activated enzymes, PMCA
has an autoinhibitory domain which is located in the COOH
terminal tail. In the absence of Ca-calmodulin this 28 amino
acid containing domain [25] interacts with two different
regions of the molecule to keep the pump in an inactive state.
The first binding site (residue 206-271) is located within the
second cytoplasmic loop [26] and the second binding site
(residue 537-544) within the third cytoplasmic loop [27]. In
the presence of elevated calcium levels, the binding of Ca-
calmodulin to the pump releases the autoinhibition and
increases the calcium transport activity of the pump (Fig.
1B). Phosphorylation by Protein Kinases has also been
shown to activate this enzyme. Fig. 1A depicts the potential
sites for phosphorylation by Protein Kinase A or C. The
specificity of phosphorylation appears to be isoform
dependent, for example PMCA isoform 2,3 and 4 are
phosphorylated by Protein Kinase C with variable effects
depending on isoform type, whereas Protein Kinase A
appears to activate PMCA1 only. [28]

SUBCELLULLAR LOCALISATION

A number of studies indicate that PMCA localisation
varies depending on cell type. For example, studies using
heart muscle from dog and hamster showed that PMCA is
not abundant in the T-tubule but is abundant in the surface
plasma membrane [29], whereas in rabbit skeletal muscle
PMCA is found in both the T-tubule and surface plasma

membrane [30]. A rather different location of PMCA is
observed in salivary glands and kidney epithelial cells,
where PMCA is detected in the basolateral membrane [31,
32]. The variation in PMCA localisation in different cell
types reflects the varying cell functions and in particular cell
calcium metabolism.

Recent evidence has shown that in many cell types,
PMCA is concentrated within caveolae, which are
invaginations of the plasma membrane [33-35]. Caveolae are
believed to be the location of signal integration and
modulation, containing a large number of receptors, signal
transducers and effectors, and also linked to the cytoskeletal
networks [36, 37]. As a consequence, PMCA may be
integrated in the cellular signalling network, as well as to be
anchored to the cytoskeletal network.

THE PDZ INTERACTION OF PMCA

Recent work has revealed that the ‘b’ splice variants of
PMCA have a PDZ binding sequence at the COOH terminal
region. The last six amino acid sequence of Ser-Leu/Val-
Glu-Thr-Ser-Leu/Val-* (where * is stop codon) has been
recognised as a ligand for PDZ domain [32, 38]. PDZ
domain was named after the three proteins in which it was
first described: synaptic protein PSD 95, Drosophila Discs
large protein and the epithelial tight junction protein Zona
occludens-1 [39, 40]. This domain is highly conserved and
found largely in proteins responsible for anchoring and
clustering structural and functional molecules, thus
permitting the formation of large multiprotein complexes
[41, 42]. An example of this is the PDZ domain in
syntrophin, a cytoskeletal protein linked to the dystrophin
network. This complex connects the extracellular matrix as
well as membrane proteins to the cytoskeleton involving a
number of proteins such as dystrobrevin, dytroglycan and
dystrophin [43-45]. This network is of crucial importance in

Fig. (1). Structure of Plasma membrane Ca
2+

 ATPase.

A) A schematic model of PMCA, the putative transmembrane domains (TM)are numbered from 1-10. The phospholipid-sensitive region

(PL) is located between transmembrane domains 2 and 3. P is the site of aspartyl-phosphate formed during pump opening, and ATP is the

ATP binding site. The calmodulin binding site (CamBD), the phosphorylation sites for PKA and PKC, and the PDZ binding domain are

located at the extended C-terminal tail of the molecule. B) A schematic representation of PMCA at inactive state (top panel) and upon

stimulation with Ca
2+

-calmodulin (bottom panel). Binding of Ca
2+

-calmodulin to the CamBD will release the autoinhibition of the pump.



Plasma Membrane Calcium Pump Mini-Reviews in Medicinal Chemistry, 2006, Vol. 6, No. 5    585

the myocardium as it is responsible for stretch signal
transduction, and mutations within this complex lead to
cardiomyopathy.

There is a significant body of evidence demonstrating the
interaction of PMCA, particularly the ‘b’ splice variant, with
proteins containing a PDZ domain. The interactions of
PMCA2b and 4b with members of the membrane-associated
guanylate kinase (MAGUK) family have been reported [17,
38]. In addition, PMCA4b also has functional interactions
with calcium/calmodulin dependent protein kinase (CASK)
[19], platelet cytoskeletal protein [46], a novel PMCA-
interacting single PDZ protein (PISP) [47] and of major

importance in cardiomyocyte biology, interaction with
neuronal nitric oxide synthase (nNOS) [18].

In addition to PDZ-mediated binding, our group has also
demonstrated interactions of non-PDZ regions of PMCA
with the tumour suppressor RASSF1 [21] and calcineurin
[20]. The cytoplamic loop between transmembrane domains
4 and 5 is involved in mediating these interactions. These
interactions provide potentially significant functional
implications in the critical processes of cardiomyocyte
apoptosis and hypertrophy.

The subcellular localisation of PMCA in caveolae and its
ability to bind to signalling molecules provides a new

Fig. (2). Modulation of cellular signaling.

A) A schematic illustration of interactions between PMCA-nNOS and PMCA-calcineurin. PMCA modulates the functions of its interacting

partners possibly by maintaining low local Ca
2+

 concentration. B) Strategies for targeting PMCA for therapeutical purpose. A channel

blocker (left panel) will inhibit the Ca
2+

 pump activity and hence increase local Ca
2+

 concentration which subsequently upregulates the

activities of interacting partners. Specific blocking peptides will prevent interactions (right panel) and hence will bring the interacting

molecules to higher local Ca
2+

 concentration.
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dimension to our understanding of the role of PMCA in
cardiomyocytes. The evidence of PMCA involvement in
cellular signalling may answer the question of why, as a
calcium pump, it plays such a minor role in excitation-
contraction coupling; but it also leads to the question:
exactly what is its role in signalling?

ROLE OF PMCA IN SIGNALLING: REGULATION
OF CELL GROWTH

Involvement of PMCA in the regulation of cell growth
and differentiation was first demonstrated in studies using
PMCA over-expressing cells. The L6 myogenic cell line
over-expressing human PMCA4b have an accelerated
differentiation process reflected in multinucleated myotube
formation [48], whereas over-expression of PMCA1a in
vascular smooth muscle cells reduces the rate of cell
proliferation [49]. The role of PMCA in cardiomyocyte
growth has been studied further in transgenic rats over-
expressing PMCA4b in the heart. Transgenic
cardiomyocytes over-expressing PMCA4b displayed
enhanced cellular growth in response to phenylephrine and
isoproterenol stimulation [50], whereas in response to
endothelin-1 infusion, the expressions of BNP,
adrenomedulin and c-fos were reduced [51]. Other than the
finding that over-expressed PMCA4b localises to the
caveolae [50], where signalling processes are known to take
place, there was no direct explanation of how PMCA4b
regulates cardiomyocyte cell growth. However, our group
has recently discovered a functional interaction between
PMCA4b and calcineurin in mammalian cells [20].
Calcineurin is a calcium/calmodulin dependent protein
phosphatase and an important transducer of hypertrophic
signalling in cardiac myocytes [52]. During the pathological
cardiac hypertrophy process calcineurin activates NFAT3,
which subsequently induces the expression of hypertrophic
genes [53]. The catalytic region of calcineurin A subunit was
shown to physically interact with the catalytic region of
PMCA4b, between trans-membrane domains 4 and 5; this
interaction resulted in the down regulation of the
transcriptional activity of one of its best characterised
substrates, NFAT [20]. This finding provides an insight that
modulation of calcineurin mediated hypertrophy by PMCA
may be used as a novel target for controlling cardiac
hypertrophy.

ROLE OF PMCA IN SIGNALLING: REGULATION
OF NNOS

The interaction of PMCA4b and nNOS has been
demonstrated in neuronal cells [18], cardiomyocytes and
smooth muscle cells [54]. The interaction occurs between the
C-terminal PDZ binding domain of PMCA4b with the PDZ
domain of nNOS. In HEK 293 cells, over-expression of wild
type PMCA4b dramatically reduces nNOS activity, whereas
expression of a mutant PMCA4, which is unable to bind
nNOS due to the deletion of the PDZ binding domain, fails
to down regulate nNOS activity [18]. The physiological
relevance of this interaction has been shown in studies using
transgenic mice over-expressing PMCA4b in arterial smooth
muscle cells. Using inducible [55] or constitutive [54] over-
expression systems, the increased expression of PMCA4b in
arterial smooth muscle resulted in increased blood pressure.
Both authors showed that this phenomenon was attributable

to the modulation of nNOS activity as opposed to changes in
cellular calcium. It may be however that the regulation of
local calcium concentration by PMCA is the mechanism
responsible for modulation of nNOS activity since nNOS is a
calcium calmodulin dependent enzyme. Indeed, over-
expression of the mutant PMCA4b Asp672Glu, which
reduces the calcium transport activity, failed to downregulate
nNOS activity [18].

Recently, nNOS has moved to centre stage in cardiac
physiology. It has been shown to regulate excitation
contraction cycle both in isolated cardiomyocytes and in the
heart [56, 57]. In cardiomyocytes nNOS is likely to localise
in several cellular compartments including the sarcoplasmic
reticulum, mitochondria and caveolae [58-60]. The co-
localization of nNOS and PMCA4 in caveolae further
strengthens the notion that this interaction is of physiological
relevance in cardiomyocytes. Furthermore, the involvement
of nNOS in calcium cycling [56], regulation of the beta
adrenergic inotropic response [57, 61] and its up-regulation
in heart failure [62, 63] strongly suggests that modulation of
this enzyme may become an important therapeutic approach.

PMCA INHIBITORS: THE NEW THERAPEUTICAL
APPROACH

The emerging evidence implicating PMCA in cardiac
hypertrophic signalling and nNOS signalling (which
subsequently regulates contractility) raises the possibility
that targeting PMCA may be beneficial in patients with heart
disease. For example, as PMCA downregulates nNOS
activity by a tight molecular interaction, targeting PMCA
will increase nNOS activity. This will be beneficial to
increase the cardiac contractility because it has been shown
that mice lacking nNOS in the heart have reduced -
adrenergic and force frequency response contractility [57,
64]. But the question is how to make PMCA drugable? As
mentioned earlier, PMCA may modulate the function of its
interacting signalling molecules by altering the local calcium
concentration, therefore the approach to targeting PMCA
signalling would be to inhibit the pump activity or to disrupt
the interaction with signalling molecules.

Most inhibitors of calcium pumps traditionally used in
the laboratory, such as carboxyeosin for PMCA [65] and
nickel for NCX, are not suitable for therapeutic purposes due
to their non-specificity and toxicity. Recently, however, a
new compound that is able to inhibit the calcium pump
transport activity of PMCA has been discovered.
Caloxin2A1, a small peptide that binds to the second
extracellular domain of PMCA, inhibits the pump activity in
human erythrocyte leaky ghost preparations which express
mainly PMCA4 [66]. The inhibition was not competitive
with respect to ATP or calmodulin binding, leading to the
suggestion that caloxin2A1 blocks PMCA activity by
inhibiting the conformational changes required for the pump
to eject calcium [67]. Caloxin2A1 was selected by a phage
display screening of peptides which bind the second
extracellular domain of PMCA1; thus the ability of this
peptide to inhibit PMCA4 suggests a non-isoform specific
activity. However, the fact that Caloxin2A1 inhibits PMCA
at a high concentration (1 mM Caloxin2A1 for 80%
inhibition of PMCA) [66] makes it difficult to be developed
for therapeutic purpose since a good inhibitor should be
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effective in a relatively low concentration (~1 M ) .
Additionally, there are no studies examining potential
toxicity of this compound for in vivo use. Nevertheless, the
finding of Caloxin has opened new insights of the role of the
extracellular domain, which may generate new ideas in the
search for modulators of PMCA.

The more challenging aspect for drug discovery is
targeting the protein-protein interaction. The difficulties in
the identification of small compounds that inhibit protein-
protein interactions are caused by a number of factors such
as the lack of a lead compound, difficulties in distinguishing
between real or artefactual binding and the small size of the
molecule [68]. Discovery of a lead compound can be
achieved using fragment based discovery methods [69], high
throughput screening and computational screening.
Understanding of the precise binding site is crucial and
therefore X-ray crystallography and NMR studies are very
useful. X-ray crystallography provides a high resolution
static binding view of the interaction, whilst NMR allows
construction of a three dimensional model of the interaction
in solution [68].

There have been several recent reports on the use of
blocking peptides to interrupt PDZ domain dependent
protein interactions [70]. A number of peptides have been
shown to inhibit the PDZ interaction of PICK1 (Protein
interacting with Ca kinase) with its interacting partners.
Moreover, a few studies on the in vivo use of blocking
peptides suggest potential therapeutic application of this
approach. One example is the blocking of the PDZ
interaction between the N-methyl-p-aspartate receptor
(NMDAR) and PSD95 in whole animal models providing
protection against ischemic brain damage [71].

In the case of PMCA, however, substantial more work is
required before we can find candidate blocking peptides. In
particular, domain mapping using site directed mutagenesis
is needed to determine the precise interaction site; X-ray
crystallography, as well as NMR studies, are also important
to provide a basis for the design of inhibitory compounds.
Alternatively, high throughput screening of small
compounds library using NMR technology [72] or time-
resolved fluorescence resonance energy transfer (TR-FRET)
methods [68] can also be used to identify molecules that
block interaction of PMCA with its interacting partners.

CONCLUDING REMARKS

After about two decades since the first cloning of PMCA
and demonstrating its expression in the heart, a large number
of studies have been conducted to characterise the role of
PMCA in cardiac cells. Recent evidence, particularly in the
case of isoform 4b, has re-directed our attention from its
limited role as a calcium transporter in the excitation-
contraction coupling process, to a more dominant role in
cellular signalling and hence the regulation of cardiac
contractility and hypertrophy. This has provided a potentially
exciting opportunity for a new therapeutic target. Further
studies of PDZ interaction of PMCA however are essential
in order to fully understand the functional role of PMCA in
health and disease and whether it can be manipulated for
therapeutic purpose.
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