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The initial studies on the plasma membrane (PM) Ca’" -transport ATPases were made in the
erythrocyte, a structure that can not be taken as representing a typical eukaryotic cell. In other
cell types however, the study of the PM Ca’" -transport ATPase is complicated by the simul-
taneous expression of related Ca*" -pumps in intracellular stores. Whereas there are as yet no
known specific inhibitors for the PM Ca’* -transport ATPase, a number of selective inhibitors
for the endo(sarco)plasmic reticulum Ca?' pumps have been described: thapsigargin, cyclo-
piazonic acid and 2,5-di-(tert-butyl)-1,4-benzohydroquinone. With the recent introduction of
the molecular biological approach, it became quickly obvious that a family of at least 5 different
PM Ca’* -transport ATPase genes govern the tissue-dependent expression of PM Ca?* pumps.
Moreover alternative splicing of the primary gene transcripts was found to further enhance the
number of pump variants. The PM Ca’* -transport ATPase are subject to modulatory control
by calmodulin, by acidic phospholipids, and by the known families of protein kinases. Each of
the ensuing effects are mutually related and interdependent. The wide variety PM Ca’' pump
isoforms and their regulation by such an intricate modulatory network allows the distinct
tissues to adapt most adequately to the prevailing tissue and stimulus specific requirements.
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INTRODUCTION

It is of vital importance for a cell to keep the con-
centration of its free cytosolic Ca?* between 10~" and
1073, i.e., at a concentration far below equilibrium with
that of the extracellular Ca®*. Most types of eukaryotic
cells express in their plasma membrane (PM) a calmo-
dulin-binding Ca’*-stimulated and Mg’*-dependent
ATPase (Ca’"-transport ATPase) that serves this goal
(Penniston, 1983; Garrahan and Rega, 1986; Wuytack
et al., 1987), sometimes assisted by a Na*: Ca®" exchan-
ger (see Blaustein, 1988; Missiaen et al., 1991 for a
review). A short overview will be presented here of some
recent advances in the study of the family of plasma
membrane Ca’*-transport ATPases (PMCA). Special
attention will be devoted to their tissue- and differen-
tiation stage-dependent expression and on the possibili-
ties this creates for their differential regulation by an
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intricate network of cellular protein and lipid compo-
nents. Recently a number of reviews have appeared
treating different aspects of the PM Ca’*-transport
ATPases, some focussing on the species- and tissue-
dependent distribution of the PM Ca’* pumps and on
their relation to the other Ca** pumps (Penniston, 1983;
Wuytack et al., 1987; Carafoli, 1991), and others more
on their mechanism (Schatzmann, 1989; Garrahan and
Rega, 1990) or on their molecular biology (Strehler,
1991). See also the extensive work on the Ca?* pumps
of the plasma membranes by Garrahan and Rega (1986).

NEW TOOLS TO DISCRIMINATE PMCA AND
SERCA PUMPS

The PM Ca**-transport ATPase family repre-
sents only one group of a number of Ca®*-ATPases
that are expressed in most cells. Among these are a
heterogeneous group of poorly defined PM Ca?*/
Mg** ATPases not involved in transport (Lin and
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Russell, 1988; Magocsi and Penniston, 1991a), which
have recently been reviewed by Dhalla and Zhao
(1988) and also the family of endo/sarcoplasmic reti-
culum Ca?* pumps (SERCA) which account for the
accumulation of Ca** in intracellular stores. Typically
the PMCA pumps represent only a minor fraction
(<0.1%) of the intrinsic membrane proteins. The
combination of the Ca’>* pump’s sparsity and the
simultaneous presence of other unrelated Ca’*-
ATPase activities demands a highly selective and sen-
sitive method to demonstrate the PMCA present in
cells. These technical problems have been extensively
dealt with in a previous review (Wuytack et al., 1987)
but since then some new specific inhibitors of the
SERCA pumps have been introduced: thapsigargin,
cyclopiazonic acid, and  2,5-di(tert-butyl)-1,4-
benzohydroquinone. These inhibitors may be helpful
in defining the relative importance of PMCA versus
SERCA Ca’" pumps in the cellular or subcellular
context. Unfortunately no potent and selective inhibi-
tor of the PMCA pumps has been found yet.

Among the new inhibitors thapsigargin may be
the most promising. Thapsigargin is a tumor-promot-
ing sesquiterpene lactone that is a constituent of the
resin of the umbelliferous plant Thapsia garganica L.
It was first studied for its property to increase cytosol-
ic Ca’* (for a review, see Thastrup et al., 1989), but it
was quickly found to be an inhibitor of the endo-
plasmic-reticulum Ca** pumps (Thastrup et al., 1990).
It was initially thought that the inhibitor was selective
for the SERCA2D variant (i.e., the pump isoform in
most nonmuscle endoplasmic reticulum) and that it
exerted little or no effect on the cardiac (SERCA2a) or
fast-skeletal muscle (SERCAL1) type of Ca?* pumps. It
has by now become clear that thapsigargin inhibits all
of these SERCA pumps and also the SERCA3 Ca**
pump with equal potency. Moreover, thapsigargin
affects neither the PM Ca?* pumps (Sagara and Inesi,
1991) nor the NaK ATPase (Lytton et al., 1991). The
inhibitor forms very rapidly and essentially irrever-
sibly a complex with its target with an apparent affin-
ity in the subnanomolar range (Sagara and Inesi,
1991). This extremely high affinity explains the almost
stoichiometric reaction of the inhibitor with the
SERCA pumps. It is this property that initially
prompted researchers to use too low substoichio-
metrical amounts of the inhibitor, which led to the
premature conclusion that SERCA1 and SERCA2a
pumps were less sensitive to the inhibitor than
SERCAZ2b (Lytton et al., 1991).

The mechanism by which thapsigargin inhibits
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selectively the SERCA pumps without affecting the
PMCA pumps needs further specification and will
help to further define some fundamental differences
between the two families of Ca?* pumps. But already
from the work of Sagara and Inesi (1991) it has
become clear that thapsigargin binds to the Ca**-free
form of the ATPase and not to the Ca?*-bound form.
When under conditions of enzyme cycling the enzyme
assumes the Ca**-free conformation the formation of
the thapsigargin—enzyme complex is favored and the
enzyme is inhibited. Thapsigargin readily penetrates
cells and can be used in living cells.

The mycotoxin cyclopiazonic acid was also found
to make a stoichiometric complex with the SERCAT1
and SERCA2a Ca** pumps, but not to affect the
erythrocyte Ca?* pump. (Seidler et al., 1989). The fact
that ATP protects the enzyme against this inhibitor in
a competitive manner precludes the use of this inhibi-
tor at physiological ATP concentrations.

2,5-Di-(tert-butyl)-1,4-benzohydroquinone is a
potent inhibitor of the Ca?* pump in hepatocyte endo-
plasmic reticulum but not in the plasma membrane
(Moore et al., 1987). It also inhibits Ca’* accumula-
tion in skeletal muscle SR. (Missiaen et al., 1991).
Mason et al. (1991) remark that both this compound
and cyclopiazonic acid at higher concentrations may
affect the Ca?*-entry pathway in the cells.

THE PHOSPHOPROTEIN INTERMEDIATE
PROVIDES AN EASY PMCA
DETERMINATION CHARACTERISTIC

Along with a number of other cation-transport
ATPases, also the PM Ca’*-transport ATPase is
characterized by the formation in its catalytic cycle of
a phosphoprotein intermediate. The y-phosphate
group of the energizing ATP is thereby transferred to
an aspartate residue (D) forming part of a sequence
—CSDKTG—that is highly conserved in each of the
members of this superfamily (Green, 1989; Green and
MacLennan, 1989). This typical property clearly clas-
sifies the PM Ca?" pumps in the group of P-type
ATPases and distinguishes it from two other groups of
cation (H") ATPases: the mitochondrial and vacuo-
lar-type of ATPases (Pedersen and Carafoli, 1987).
The aspartyl-phosphate bond thus formed is of the
acyl-phosphate type and hence alkali- or hydroxyla-
mine-labile. This is in contrast to the alkyl phosphates
(i.e., serine-, threonine- or tyrosine-phosphates) which
are formed in the protein-kinase-mediated phosphate
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transfer reactions. The level of Ca’"-dependent
phosphoprotein intermediate of the PM Ca?*-trans-
port ATPase can be greatly (> 4 fold) increased in the
presence of 50 or 100 uM of La** (Luterbacher and
Schatzmann, 1983). Apparently only a fraction of
the Ca’* pump units remain phosphorylated during
steady-state activity. This is in contrast to the situ-
ation in the endo/sarcoplasmic reticulum Ca*" pumps
(Kodama, 1985) where La** has either no effect or
even slightly decreases the phosphoprotein level
(Wuytack et al., 1982). A Ca’>"-dependent, hydroxyl-
amine-sensitive phosphoprotein of Mr 130,000, the
level of which is increased by La**, is a clear hallmark
of the PM Ca’*-transport ATPase. The SERCA
pumps, on the other hand, show a phosphointer-
mediate of Mr 115,000 whose level is not increased by
La**. Tracing the phosphoprotein intermediates by
electrophoresis thus provides a simple and very sensi-
tive way to demonstrate low levels of Ca’" pumps
even in crude membranes or homogenates and to
assign them to the PMCA or SERCA family (De
Smedt et al., 1983; Wright and van Houten, 1990;
Donnet et al., 1990; Kessler et al., 1990). Characteriz-
ation of the tryptic fragments of the phosphoprotein
intermediates provides a further way to discriminate
PMCA from SERCA pumps (Wuytack et al., 1984)
and even allows one to distinguish SERCAI1 from
SERCA2 pumps (Wuytack et al., 1989).

THE DISTRIBUTION OF THE PMCA-TYPE
ATPASES

The ATP-driven Ca’" pumps of the human
erythrocyte represents the archetype of the PM Ca’*-
transport ATPase (see also the review by Schatzmann
in this series).

The combination of observations by Dunham
and Glynn (1961) who first demonstrated a Ca’*-
dependent ATPase activity in human erythrocytes and
of Schatzmann (1966) who showed an ATP-depen-
dent Ca?* extrusion from erythrocyte ghosts, formed
the basis for the research of PM Ca’*-transport AT-
Pases.

It has by now become obvious that calmodulin-
stimulated Ca?* pumps are ubiquitously expressed in
the plasma membrane of nearly all eukaryotic cells.
Representative examples from all eukaryotic Regnae
are by now known. Besides the examples from the
kingdom of Animalia already mentioned, the pump
was also demonstrated in the kingdom of Plantae like
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in Zea mays (Dieter and Marmé, 1981; Briars et al.,
1988; Robinson et al., 1988), of Fungi like in Sacch-
aromyces (Hiraga et al., 1991), and of Protoctista like
in Paramecium (Wright and van Houten, 1990) or
Leishmania (Benaim and Romero, 1990).

The next leap forward came with the realization
that a Ca’"-dependent binding of calmodulin acti-
vated the PM Ca’" pump (Bond and Clough, 1972;
Gopinath and Vincenzi, 1977; Jarrett and Penniston,
1977, 1978). Notwithstanding the fact that different
types of cells express a number of distinct calmodulin-
binding proteins, affinity chromatography on immob-
ilized calmodulin provided an easy and powerful way
to selectively purify the transport ATPase, first from
erythrocytes (Niggli ef al., 1979; Gietzen et al., 1980)
and later also from cardiac muscle (Caroni and Cara-
foli, 1981a), smooth muscle (Wuytack et al., 1981; De
Schutter et al., 1984), and a number of other systems
including plants (Dieter and Marmé, 1981; Briars
et al., 1988) and yeast (Hiraga et al., 1991). It is not
entirely clear why in this procedure other calmodulin-
binding enzymes only copurify to a limited extent, but
itis a fortunate property for the purification of the PM
Ca’* pumps (Niggli et al., 1987).

One remark is needed concerning the PM Ca**
pump of hepatocytes. Recent work by Kessler et al.,
(1990) throws some new light on this peculiar pump.
This pump combines many characteristics of the clas-
sical PM Ca’* pumps, e.g., it forms a La’*-stimulated
Ca’*-dependent phosphoprotein intermediate, and it
cross-reacts with antibodies against the erythrocyte
Ca?* pump, but at variance with the other PM Ca’*
pumps it is not stimulated by calmodulin. The hepa-
tocyte PM Ca’" pump does, however, bind cal-
modulin under denaturating conditions, and it does so
even more strongly than the erythrocyte pump.

Finally, a third major breakthrough came with
the advent of recombinant DNA technology. This
allowed the cloning and sequencing of a number of
PMCA ¢DNAs. Partial peptide sequencing of the
human erythrocyte Ca’" pump (Verma et al., 1988)
together with the cloning of other members of the
P-type cation pump prepared the field for obtaining
these PMCA ¢DNAs.

Shull and Greeb (1988) first identified two dis-
tinct Ca’*-pump isoforms (PMCA1 and PMCA?2)
from a rat brain ¢DNA library using an oligonucleo-
tide probe derived from a conserved amino acid
sequence of the ATP-binding site of the P-type super-
family of transport ATPases. This was soon followed
by the discovery of a third brain isoform (PMCA3)
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(Greeb and Shull, 1989). All three isoforms exhibited
between 81 and 85% amino acid identity and were
clearly encoded by separate genes.

A PMCALI variant (PMCA1b) was cloned from a
human teratoma library (Verma et al., 1988) and later
also from pig (De Jacgere et al., 1990) and rabbit
(Khan and Grover, 1991) stomach smooth muscle.
The sequence of still a fourth homologous PMCA
gene product was deduced from overlapping cDNA
clones in human small intestinal musoca and teratoma
libraries (Strehler er al., 1990). It showed somewhat
less amino acid identity to the other PMCA pumps
(75% identity to the human PMCA1b). PMCA4 rep-
resents the major Ca’*-pump isoform in mature
human erythrocytes as is shown by partial protein
sequencing of the erythrocyte enzyme. The other iso-
form in mature erythrocytes is PMCAI1b. Finally, a
partial sequence of what appears to be a fifth PMCA
isoform has been derived from bovine brain (Brandt
et al., 1988; Mann et al., 1989). '

Because only 2% of the amino acids differ between
gene products of corresponding PMCA isoforms
among the different mammalian species, whereas the
difference between the PMCA 1-4 gene products is
much larger (15-25%), the evolution of the different
PMCA genes must have preceded mammalian
speciation.

While the genes encoding the different Ca’*-
transport ATPases must have evolved from a common
precursor, they are nevertheless not localized on the
same chromosome. Indeed, whereas the PMCA1 gene
is found on chromosome 12 q21-23, the PMCA4 gene
must be assigned to chromosome 1q25-32 (Olson
et al., 1991). Some other P-type ATPase genes have
also been assigned to these two chromosomes. The
SERCA2 gene, for example, encoding the endoplas-
mic reticulum Ca** pump, and after alternative splic-
ing of its primary transcript also the isoform found in
cardiac/slow-twitch skeletal muscle, is also found on
chromosome 12 (MacLennan ef al., 1987).

The genes for the «; and «, units of the NaK
ATPase are together with PMCA4 found on chro-
mosome 1, but the NaK ATPase o, gene maps to the
short arm, whereas the NaK ATPase «, gene and the
PMCA4 gene have their loci on the long arm albeit at
least 20 mega basepairs separated from each other.
The SERCAL gene for the Ca** pump in the SR of the
fast-twitch skeletal muscle is found on chromosome
16.

A comparison of the primary sequences of the
PMCA pumps with other P-type ATPases, including
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a total of some 30 different sequences, confirmed the
presumption that they are all homologously related
(Green and MacLennan, 1989; Green, 1989). The
organization of conserved segments of sequences of
the ATP-driven cation pumps within different struc-
tural domains allowed the picturing of a tentative
consensus structural model for the P-type ATPase
molecule (Green and MacLennan, 1989; Stokes,
1991). Such a model then served as the basis for a
site-specific mutational analysis of the structure~func-
tion relationship of the SERCA1 Ca’" pumps (See
Maruyama et al., 1989; MacLennan, 1990 for an over-
view of these experiments). Most of the conclusions
pertaining to the SERCA pump might also be valid
for the PMCA pumps, but for the latter pumps no
such site-specific mutation analysis has been reported
yet. One of the underlying reasons for this lack of
information is the difficulty to construct full-length
clones of the PMCA ¢DNAs. Some ‘“‘poisonous”
sequences in the full-length PMCA ¢DNA apparently
prevent its amplification in bacteria (personal
observation).

The expression of the distinct PMCA genes is
clearly tissue-dependent, as is shown by Northern-blot
analysis (Greeb and Shull, 1989). PMCA1 mRNA,
and often exclusively this member of the family, is
found in most (all) tissues. PMCAT1 can therefore be
considered as the housekeeping form of PM Ca**
pump. The other PMCA genes present a more
restricted expression pattern. PMCA2 expression was
detected in brain, heart, and liver, and PMCA3 in
brain and skeletal muscle. Northern-blot analyses
have not been reported for PMCA4, but this gene
must be expressed in erythrocytes and in intestinal
mucosa (Strehler et al., 1990). Greeb and Shull (1989),
using a mixed probe derived from PMCAL, 2 and 3 at
reduced stringency, detected a reaction with a novel
messenger in uterus, stomach, and intestines. Whether
this represents a PMCA4, PMCAS (Brandt et al.,
1988), or rather another related cation pump remains
to be shown. It is remarkable that brain and muscle
are the tissues that slow the widest variety of different
PMCA genes expressed. Brain and muscle are also the
structures where alternative processing of the mes-
sengers shows the largest variation (see below).

It has in recent years become clear that a single
gene is often expressed in the form of several distinct
protein phenotypes as a result of alternative process-
ing (splicing or polyadenylation) of its primary gene
transcript (Breitbart er al., 1987; Smith et al., 1989a).
This is also the case for the SERCA and PMCA



Ca’* -Transport ATPases from Plasma Membrane

pumps. The SERCALI gene can give rise to a neonatal

or an adult protein isoform (Brandl et al., 1987; Korc-
zak et al., 1988), whereas the SERCA2 gene product
shows up in a nonmuscle SERCA2b or a cardiac/slow
skeletal muscle isoform SERCA2a (Lytton and
Maclennan, 1988; Gunteski-Hamblin er al., 1988;
Eggermont et al., 1989). The same is true for the
PMCA gene family and here possibly even to a larger
extent.

Already in the first publication of a PMCA
sequence, Shull and Greeb (1988) remarked that the
3’-untranslated sequence of the PMCA1 transcript has
the potential to encode also a different C-terminal
peptide sequence very similar to that of PMCA2. In a
similar way also the PMCA3 (Greeb and Shull, 1989)
and PMCA4 (Strehler ez al., 1990) transcripts have at
least the potential to be alternatively spliced. Both
splice variants of PMCAL1 are indicated as a or b.
Hitherto actual full-length sequences have been pub-
lished only from PMCAla, PMCAlb, PMCA2b,
PMCA3a, and PMCA4b. Later Strehler et al. (1989)
showed by analysis of human fetal skeletal muscle and
teratoma ¢DNA libraries and of human genomic
sequences, that splicing of the PMCAT1 gene transcript
at this particular point can give rise not only to the a
and b variants but to as many as four different mRNA
species (a, b, cand d). Alternative exclusion, inclusion,
or partial inclusion (87 or 114 basepair) of a single 154
basepair exon in the 3’-end of the PMCA!l gene
explains this diversity. The Ca**-pump isoforms
encoded by these different mRNAs have different C
terminal regulatory regions including part of the
calmodulin-binding domain. Hence the isoform diver-
sity might well have functional significance (see
below).

Interestingly, another major zone in the PMCA
pumps where the distinct enzyme isoforms differ from
each other by insertion of different (5 or 17 residues)
amino acid sequences also forms part of a putative
regulatory domain, i.e., the putative phospholipid-
binding domain which is a highly charged domain,
unique to the PM Ca®* pumps and located upstream
from the third membrane spanning region, following
a glycine that is conserved in all cation transport
ATPases (Andersen et al, 1989). Whether the
observed isoform diversity in this zone (Shull and
Greeb, 1988) is the result of posttranscriptional pro-
cessing or already encoded at the genomic level re-
mains to be elucidated.
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REGULATION OF THE PM Ca’*t PUMP BY
CALMODULIN

One of the most typical properties of the PM
Ca** pumps is their ability to directly interact with
calmodulin, most likely in a 1:1 stoichiometric ratio
(Hinds and Andreasen, 1981). In the absence of cal-
modulin or an alternative form of stimulation such as
acidic phospholipids, oligomerization, proteolysis, or
kinase-mediated phosphorylation (see below), the
enzyme has a K,, value for Ca*>" of about 10 °M. In
the presence of calmodulin, the apparent Ca** affinity
increases about 20-fold (Gietzen et al., 1980; Stieger
and Luterbacher, 1981; Niggli ez al., 1981). The effect
of calmodulin on the ¥, for Ca®" is, however, more
difficult to assess because no true plateau value is
reached at high Ca’* concentrations. At high activat-
ing Ca®" the rate of catalysis decreases again (Kratje
et al., 1985), partially because Ca’* competes with
Mg’* which is needed for activating the enzyme and
partially because high Ca’" prevents Ca*" from leav-
ing its low-affinity binding sites where it resides after
translocation. Values for the increase of V,,, ranging
up to 4- or 10-fold have been reported (Garrahan and
Rega, 1990).

The exact mechanisms by which calmodulin
increases the apparent Ca’* affinity and the turnover
number of the enzyme remain at this moment
unknown. Allosteric effects on Ca** binding as well as
changes in the rate of formation or breakdown of the
different reaction intermediates might be involved in
these processes (Garrahan and Rega, 1990).

In contrast to our ignorance of the mode of
action of calmodulin, considerable progress has
recently been made in defining the calmodulin-binding
domain of the ATPase. Proteolysis studies on the
ATPase had paved the way and pinpointed the calmo-
dulin-binding site of the ATPase to a zone within a
12-kDa fragment near the C-terminus of the enzyme
(Zurini et al., 1984; Sarkadi et al., 1986). The cal-
modulin target zone was further identified and peptide
sequenced using a photoactivatable, radioactive, and
cleavable cross-linker conjugated to calmodulin
(James et al., 1988). Molecular cloning and ¢<DNA
sequencing confirmed the C-terminal domain as the
calmodulin-binding domain. The calmoduiin-binding
domains of different enzymes do not usually show a
strong primary sequence similarity, but they generally
consist of an about 25-30 residue-long stretch which
presents a basic amphiphilic a-helical structure
(O’Neil and DeGrado, 1990). Such a domain can be
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subdivided in an amino terminal A-subdomain and a
carboxy terminal B-subdomain (Buschmeier et al.,
1987). This is also the case for the PM Ca** pump
(Schull and Greeb, 1988).

Remarkably, whereas the A-subdomain is fully
conserved between all known PM Ca’* pump iso-
forms, irrespective of the animal species, the B-sub-
domain differs between the isogenes (Strehler, 1991).
The isoform diversity in this particular B-subdomain
is even further enhanced by the process of alternative
splicing. Strehler et al. (1989) showed how in skeletal
muscle and brain four different splice variants (a, b, ¢
and d) could be obtained from one single PMCA
transcript by exclusion, inclusion, or partial inclusion
of a particular 154 basepair exon (see above). Poly-
merase chain reaction (PCR) analysis of the popu-
lation of mRNAs confirmed that such an mRNA
diversity due to alternative splicing also existed in
other tissues and species (De Jaegere er al., 1990;
Khan and Grover, 1991).

Although in cach of the four protein variants
translated from these alternatively spliced mRNAs a
carboxy terminal tail of a different length follows the
A-subdomain, only two variants of B-subdomains
would be created in this way (Fig. 1). The isoform
derived from the mRNA where the 154-bp exon is
fully excluded (i.e., the b isoform) would be the only
one with a variant b subdomain and would differ from
the three others (c, d and a). Indeed, the primary
structure of the B-subdomain would be independent
of the length of the insert since even the shortest insert
extends beyond the end of the B-subdomain. The
structure further toward the carboxy terminus of the
calmodulin-binding domain is, however, affected by
the splicing.

As a result of these insertions, a putative target
site for cAMP-dependent kinase (James et al., 1989c¢)
would be positioned at increasingly longer distances
from the calmodulin-binding domain in isoforms b, ¢
and d, whereas it would be lacking from isoform a. Its
absence from isoform a follows from frameshift in this
particular mode of splicing resulting in a totally dif-
ferent carboxy terminus in isoform a that has no
sequence homology with the tails of b, ¢, or d.

Also as a result of the extra insert which encodes
a new B-subdomain, isoforms ¢ and d now contain
two B-subdomains: the newly inserted B-subdomain
immediately juxtaposed to the A-subdomain and the
original B-subdomain following at a distance of 29 or
38 amino acid residues.

Binding of calmodulin to the complete 28
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residue-long calmodulin-binding domain (comprising
the A- and B-subdomain) of the erythrocyte pump or
to its first 15 or 20 amino acids but not to its last 14
amino acids could be demonstrated by a number of
biophysical techniques (Vorherr et al., 1990). In other
tests it was investigated to what extent different vari-
ants of the peptides acted as competitive inhibitors for
the activation of the ATPase by calmodulin. Appa-
rently the peptides formed high-affinity 1:1 stoi-
chiometric complexes with calmodulin. Within the
A-subdomain a tryptophan residue that is conserved
in the calmodulin-binding domains of most proteins
appears to play a functional role in the calmodulin-
binding process (Enyedi er al., 1989b; Vorherr ez al.,
1990). Peptides where the conserved tryptophan resi-
due was modified showed a dramatic drop in binding
affinity for calmodulin.

Also very exciting were the observations on the
truncated pump that had been activated by proteolytic
removal of its own endogenous calmodulin-binding
domain. These results confirm the notion that the
calmodulin-binding domain acts as an auto-inhibitor
of the enzyme (Zurini ef al., 1984; Benaim et al., 1984).
Interestingly, after proteolytic removal of the calmo-
dulin-binding domain, the stimulation of the
calmodulin-independent Ca’*-ATPase activity is also
accompanied by a concomitant appearance of a Ca?*-
independent p-nitrophenyl phosphatase activity. Also
this enzyme activity was found to be inhibited by the
synthetic peptides (Caride et al., 1991).

That the class of PM Ca?t ATPases resulting
from the mRNA without an insert (class b), which is
the putative housekeeping form found in all cell types,
might interact with calmodulin in a functionally dif-
ferent way from the classes with an insert (i.e., class a,
¢, or d) follows from experiments by Enyedi et al.,
1991. Here 28-residue long peptides representing the
full-length (A + B) calmodulin-binding domain of
the two main alternative classes were tested for their
calmodulin-binding properties and for their capacity
to interact with the pump from which the calmodulin-
binding domain had been removed by chymotryptic
proteolysis.

The peptide of class b was most effective in both
capacities. These results suggest that the most widely
distributed Ca’* pump isoform (PMCAIlb) has the
highest affinity for calmodulin and an intrinsically
lower activity in the absence of calmodulin. All other
isoforms (a, ¢, or d) would then be more active in the
absence of calmodulin and be activated to a lower
extent by the activator.
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Fig. 1. The different variants of PMCA1 where alternative splicing affects the calmodulin-binding
domain and the more C-terminally located target site for cAMP-dependent kinase. A total of four
different protein isoforms results from alternative splicing of the PMCA1 pre-mRNA. PMCA 1b, ¢, d,
and a are shown from top to bottom. Boxes represent exons, and horizontal lines in between are introns.
The splicing involves four splice donor sites (d, -d,, of which d, and d, are internal to the same exon) and
two splice acceptor sites (a, and a, ). The calmodulin-binding domain consists of an A and a B subdomain.
Note that the A subdomain is the same in PMCAL, b, ¢, and d. The B subdomain presents two variants,
however; it is the same in PMCAlc, d, and a but differs in PMCA1b. PMCAlc and d contain, besides
the B subdomain immediately juxtaposed to the A subdomain, a second similar but distinct B’ domain
located more C terminally. The target site for cAMP-dependent kinase (P) would be found in the
translated protein at increasingly longer distances from the calmodulin-binding domain in PMCAI, b,
¢, and d. It is absent in PMCAIla because the use of splice donor site d, induces a reading frame shift
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resulting in the translation of different and shorter carboxy terminus in this isoform.

The calmodulin-binding domain is bracketed
between two acidic domains. Initially it was thought
to interact (in the absence of calmodulin) with the
negatively charged stretch immediately N-terminal
from it (Enyedi et al., 1989b; Vorherr et al., 1990). But
work of Zvaritch ez al., (1990) excluded this possibility
and pleaded in favor of a more upstream interaction.
Falchetto et al., (1991), using a radioactive derivative
of the synthetic 28-residue long calmodulin-binding
peptide carrying a photoactivatable cleavable cross-
linker, could link this label to the pump at a postition
located just C terminally of the phosphoenzyme-form-
ing aspartic acid and upstream from the FITC-bind-
ing site forming part of the ATP-interaction site.
These cross-linking experiments do not rule out an
independent interaction of the calmodulin-binding
domain with the flanking negatively charged domains.
Indeed the calmodulin-binding domain appears to
protect these acidic domains from proteolytic frag-
mentation by V8 protease. This was interpreted by
Wang et al. (1991a) as evidence for association/

interaction between the positively charged calmo-
dulin-binding domain and both negatively charged
flanking domains.

The Vitamin D-induced Ca’*-binding protein
calbindin 9K is a structural homologue of calmodulin
that was shown to stimulate the PM Ca*"-ATPase in
rat duodenal basolateral membrane fractions in a way
nonadditive to calmodulin (Walters, 1989). Very
recently, also by conjugating calbindin 9K to the same
cross-linker that had been used to identify the calmo-
dulin-binding domain, James ez al. (1991) were able to
show that calbindin 9K also bound to the calmodulin-
binding domain of the erythrocyte PM Ca’" pump.
Calmodulin effectively competes with calbindin 9K
for the same binding domain on the erythrocyte
ATPase. Calbindin shows a 5- to 10-fold lower affinity
for the synthetic calmodulin-binding domain than cal-
modulin itself. In spite of the interaction of calbindin
with the erythrocyte ATPase, an ensuing stimulation
of the enzyme could not (yet) be demonstrated (James
et al., 1991).
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Kosk-Kosicka and her coworkers have recently
published a series of experiments indicating that
besides by calmodulin, the Ca’*-transport ATPase
could also be fully activated by self-association to
form oligomers (Kosk-Kosicka and Bzdega, 1988,
1990). Fluorescence energy transfer studies on purified
erythrocyte ATPase demonstrated that the oligomer-
ization is Ca** dependent (Kosk-Kosicka et al., 1989).

At low Ca’* concentations (K., = 40nM),
increasing the enzyme concentration in the assay
revealed the gradual transformation from a
calmodulin-dependent to a calmodulin-independent
state of the enzyme. Half maximal oligomerization
occurs at an ATPase concentration of 15nM. Cal-
modulin still binds to the preformed oligomers, but
whereas one calmodulin molecule binds to one
ATPase monomer, the binding of calmodulin to the
oligomers presents a lower stoichiometry. Presumably
only one calmodulin binds per oligomer (dimer).
Binding of calmodulin conserves the Ca’" transport
ATPase in the associated state (be it mono- or oligo-
meric) that it had before the addition (Vorherr ez al.,
1991). Vorherr et al. also presented evidence that
it is the calmodulin-binding domain proper that is
involved in this oligomerization process. ATPase
from which the calmodulin-binding domain was pro-
teolytically removed failed to oligomerize with intact
ATPase. Antibodies against the synthetic calmodulin-
binding domain prevent the formation of oligomers.
Synthetic peptides corresponding to the calmodulin-
binding domain of the pump stimulate the ATPase
activity presumably by forming peptide-pump hetero
oligomers.

Very recently Chiesi and coworkers have pro-
posed the unifying view that the autoinhibitory calmo-
dulin-binding domain of the PM Ca’* pump presents
a remarkable structural homology to the hydrophylic
cytosolic part of phospholamban (Chiesi et al., 1991).
Phospholamban is a small intrinsic membrane protein
which interacts with the SR Ca** pumps and inhibits
their Ca’" transport activity. Phosphorylation of
phospholamban counteracts this inhibition (Tada and
Katz, 1982). Unphosphorylated phospholamban inter-
acts with a region of the SR ATPase closely corre-
sponding to the region in the PM Ca’* pump where
the calmodulin-binding autoinhibitory domain inter-
acts (James ef al., 1989b). Hence, in their view, the SR
ATPase could be seen as a truncated form of the PM
ATPase in which a separate regulatory protein phos-
pholamban replaced structurally and functionally the
autoinhibitory domain.
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REGULATION OF THE PM Ca’* PUMP BY
PHOSPHOLIPIDS

Like all integral membrane proteins, the Ca**
pump of the plasma membrane is embedded in mem-
brane lipids and its activity is critically dependent on
the presence of surrounding phospholipids. Phos-
pholipases abolish the ATPase activity (Roelofsen and
Schatzmann, 1977). When the ATPase is purified by
calmodulin-affinity chromatography in the absence of
phospholipids, it becomes largely delipidated and
loses its activity. If purification is done in the presence
of 20% glycerol (Kosk-Kosicka and Inesi, 1985), the
delipidated ATPase can be reactivated easily by the
addition of 100 to 200 phospholipid molecules/
ATPase monomer (Vrolix et al., 1988; Missiaen et al.,
1989a). Acidic phospholipids carrying one or more
negative charges at neutral pH are engaged in a special
type of interaction with the pump. They stimulate the
enzyme both by increasing its ¥, for Ca** and by
lowering its Ky for Ca**. Acidic phospholipids thus
not only exert a distinct calmodulin-like activation of
the pump but also render the ATPase insensitive to
calmodulin (Niggli et al., 1979, 1981; Gietzen et al.,
1980; Carafoli and Zurini, 1982; Enyedi et al. 1987).
The phospholipids do not, however, prevent cal-
modulin from binding. Calmodulin-affinity chroma-
tography works very efficiently in the presence of
negatively charged phospholipids (Gietzen et al.,
1980; Wuytack et al., 1981).

Alternatively the role of the phospholipid en-
vironment in modulating the activity of the ATPase
has also been studied by solubilizing the ATPase in
detergent and adding a large excess of exogenous
phospholipids followed by detergent removal. This
leads to reconstitution of the Ca’* pump into vesicles
where its Ca’™ pump activity can be studied (Niggli e
al., 1981; De Schutter et al., 1984; Verbist et al., 1984;
Hermoni-Levine and Rahamimoff, 1990).

Missiaen et al., (1989a) have made a detailed
analysis of the effect of various acidic phospholipids
on the V.., K,,, and Hill coefficients of the Ca**-
activation curves for the purified Ca’>* pump from
erythrocytes and smooth muscle. The effect of acidic
phospholipids on the V,,, is biphasic. A stimulatory
effect of small amounts of acidic phospholipids is
counteracted by an opposite effect when a large frac-
tion (> 20-50%) of acidic phospholipids surrounds
the Ca?* pump. The inhibitory effect of a large num-
ber of acidic phospholipids is not fully understood. It
may be explained by the requirement of a minimal
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number of neutral lipid molecules surrounding the
Ca’* pump (Nelson and Hanahan, 1985), but it is of
little physiological relevance since in vive the con-
centration of phospholipids surrounding the pump
will not exceed 20-50%.

All acidic phospholipids increase the apparent
affinity of the pump for Ca®*. Remarkably, low con-
centrations of phosphatidylinositol (< 10%) have a
slight decreasing effect. This was also observed by
Niggli et al. (1981) and by Choquette et al. (1984). In
general, a correlation was found between the number
of negative charges on the phospholipid molecules
(PtdinsP, > PtdInsP > PtdIns ~ PtdA ~ PtdS)
and their relative potency in stimulating the ATPase
activity. The importance of the number of negative
charges for mediating the effect of phospholipids was
also clearly demonstrated independently by using
fluorescence energy transfer to investigate the close
interaction of phosphoinositides and ATPase (Verbist
et al., 1991). For the pig erythrocyte ATPase, a posi-
tive correlation was observed between the number of
negative charges on the phospholipids and the potency
of their pyrene-labeled analogs to act as quantum
acceptors in fluorescence energy transfer from trypto-
phan donor residues on the ATPase. As to the ques-
tion how exactly the acidic phopholipids exert their
action on the ATPase, only very fragmentary informa-
tion is available. Circular dichroism and fluorescence
measurements indicated that phosphatidylserine
induces a change in the a-helical content of the
ATPase (Wrzosek et al., 1989).

Different species of acidic phospholipids prob-
ably affect different elementary reaction steps in the
catalytic cycle. Indeed the level of phosphoprotein
intermediate of the PM Ca’* pump from porcine
erythrocytes was not affected by phosphatidylserine
(20%), but it was increased 1.6-fold by phospha-
tidylinositol 4-phosphate. Conversely, phosphatidyl-
serine increased the p-nitrophenyl phosphatase activ-
ity of the ATPase, whereas phosphatidylinositol
4-phosphate had no significant effect. This suggests
that some lipids affect mainly the phosphorylation
reaction whereas others mainly accelerate dephos-
phorylation (Lehotsky et al., 1992). Also from the
work of Vrolix ez al., (1988) it was already clear that
even in the presence of phosphatidylserine, phospha-
tidylinositol 4-monophosphate induced an additional
stimulation of the ATPase. This observation is also
compatible with a model where distinct binding sites
for both types of lipids co-exist on the ATPase.

Arginine residues on the ATPase might be
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involved in mediating the phospholipid effect. Phenyl-
glyoxal, a specific arginine-modifying «-carbonyl
reagent (Takahashi, 1968), inhibits the erythrocyte
(Raess et al., 1985) and the smooth-muscle (Missiaen
et al., 1989c) PM Ca’" transport ATPases in a time-
dependent way by decreasing the V., of the Ca®*-
activation curve. Low concentrations of phospha-
tidylinositol, phosphatidylinositol mono- and bis-
phosphate, and of phosphatidic acid partially prevent
this inactivation.

Since the PM Ca”* pump is activated by negatively
charged phospholipids, it is not surprising to find that
a number of polycationic compounds interfere with
this stimulation. Among these are the polyamines.
Acidic phospholipids, especially phosphatidylinositol
mono- and bisphosphate, are the primary polyamine-
binding sites in membranes (Tadolini and Varani,
1986). Spermine, a polyamine carrying four positive
charges at pH 6.9, prevents the stimulation of the
Ca’" pump by phosphatidylinositol and phospha-
tidylinositol mono- and bisphosphate. The stim-
ulation of the enzyme by calmodulin is, however, not
affected. Spermine (three positive charges) and putres-
cine (two positive tharges) have, respectively, a weak
or no inhibitory effect (Missiacn er al, 1989¢).
Although the total cellular concentration of poly-
amines ranges from 0.5 to 1 mM (Smith and Snyder-
man, 1988), most of these compounds are bound to
other polyanions such as nucleic acids. It is therefore
not clear whether in vivo they would affect the PM
Ca’" pump.

The polycationic antibiotic neomycin shows a
similar inhibitory behavior toward the Ca’* pump
(Missiaen et al., 1989¢). Like for the polyamines, the
inhibition of the ATPase by neomycin shows a pecu-
liar dependence upon the concentration of phos-
phatidylinositol mono- or bisphosphate. the higher
the concentration of the activating phospholipid, the
higher the relative inhibition by neomycin. One pos-
sible explanation for this phenomenon is that the
inhibitors bind cooperatively to more than one poly-
phosphoinositide molecule associated with the pump.
One has to assume that in that case also more than one
polyphosphoinositide molecule is required for the
activation of the pump. Two other polycationic
compounds, ruthenium red and compound 48/80,
were also found to interfere with the phospholipid
activation of the PM Ca’* pump (Missiaen et al.,
1990).

Ruthenium red, a hexavalent polycation, has
long been known to be an inhibitor of the PM Ca?*
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pump (Watson et al., 1971; Sarkadi et al., 1977; Raes
and Vincenzi, 1980; Schuurmans-Stekhoven and
Bonting, 1981). The compound, however, only selec-
tively counteracts the stimulating effect of acidic
phospholipids on the pump. It is ineffective on the
ATPase in the presence of neutral phospholipids or
calmodulin (Hinds ef al, 1981). In contrast, com-
pound 48/80 is a potent inhibitor of the calmodulin-
stimulated fraction of the PM Ca®*-ATPase activity
(Gietzen et al., 1983; Di Julio et al., 1989) but also
counteracts the action of acidic phospholipids on the
ATPase (Missiaen et al., 1990).

MODULATION OF THE PM Ca** PUMP
ACTIVITY BY PROTEIN KINASES

Stimulation of the Pump by cAMP-Dependent
Phosphorylation

The PM Ca?* pump from cardiac muscle (Caroni
and Carafoli, 1981b), skeletal muscle (Michalak ez al.,
1984), and erythrocytes (Neyses et al., 1985) can all be
phosphorylated in vitro by the catalytic subunit of
cAMP-dependent protein kinase. Phosphorylation
increases both the pump’s Ca’* affinity and its ¥, for
Ca’* (Dixon and Haynes, 1989; James et al., 1989c).
To what extent this phosphorylation also occurs
in vivo and if so, what its physiological impact is, has
been learnt from studies in cultured cells. Furukawa
et al. (1988) were unable to demonstrate effects of
forskolin, dibutyryl cAMP, or 8-Br-cAMP on the
Ca’* extrusion by the PM Ca** pump in cultured rat
aortic smooth-muscle cells. Agonists of the ¢cGMP-
dependent protein kinase pathway like sodium nitro-
prusside, atrial natriuretic factor, and 8-Br-cGMP,
however, significantly increased the Ca>" pump activ-
ity in these cells.

Later Wang et al. (1991¢) showed, by immuno-
precipitating the PM ATPase from rat aortic endo-
thelial cells, that various agonists affecting the cAMP-
dependent protein kinase system like 8-(4-chloro-
phenylthio)-cAMP, forskolin, and isoproterenol were
indeed able to provoke phosphorylation of the pump
protein and to concomitantly increase Ca’* extrusion
from the cells. Phosphopeptide mapping further indi-
cated that even in unstimulated cells a basal phos-
phorylation occurs at, most probably, the same target
sites.

One important consideration concerns the loca-
tion of the putative target site(s) for cAMP-dependent
phosphorylation. James et al. (1989c) assigned a serine
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residue in the sequence—KRNSS—of the human
erythrocyte Ca’* pump as the only target site for the
A-kinase. This site is located in between the calmo-
dulin-binding domain and the C-terminus of the
ATPase, and its phosphorylation is inhibited by cal-
modulin. The position of the phosphorylation site in
the regulatory carboxy terminal part of the ATPase in
the vicinity of the calmodulin-binding domain is of
great interest because it resembles the situation in a
number of other calmodulin-binding proteins (Malen-
cik and Anderson, 1982) including myosin light chain
kinase (Conti and Adelstein, 1981) and phosphofruc-
tokinase (Buschmeier e al., 1987), and it allows, in
principle, synergistic/antagonistic effects of the two
different regulatory mechanisms. Remarkably, how-
ever, for the erythrocyte ATPase the effect of cal-
modulin and that of phosphorylation on the V,,, were
nonadditive. In the presence of calmodulin, phos-
phorylation did not affect the V,,, of the ATPase
(James et al., 1989c). This may not come as a surprise
because, as mentioned above, calmodulin prevents
phosphorylation of the ATPase, but is at variance
with the reported 2.4-fold stimulation of the V,,,
under these conditions in cardiac muscle (Dixon and
Haynes, 1989). A possible explanation for this discre-
pancy could be sought in the tissue-dependent Ca**
pump isoform diversity. Indeed, the cAMP-dependent
phosphorylation site is known to be present in
PMCAL1 and in PMCA2 and it could, although this is
not yet demonstrated, theoretically also be expressed
as an alternatively spliced variant (PMCA3b) in
PMCA3 (Greeb and Shull, 1989). It is, however, miss-
ing in PMCAA, the major erythrocyte isoform (Strehler
et al., 1990). Moreover, the mechanism of alternative
splicing creates, at least in the PMCAL gene products,
PMCAI1b, PMCAlc, and PMCAI1d variants which
show a stepwise increase in the distance between the
calmodulin-binding domain and the A kinase target
site. Isoform PMCAla, with the longest insert, lacks
the phosphorylation site because here the insertion
induces a shift in the reading frame (Strehler er al.,
1989). These different splice variants show a specific
tissue-dependent distribution (Strehler et al., 1989,
De Jaegere et al., 1990; Khan and Grover, 1991).
cAMP-dependent protein kinase could also
indirectly affect the Ca’* extrusion from the cells
(Missiaen et al., 1989b) through its effect on cellular
pH (Vigne et al., 1988). An increased intracellular pH
following A kinase activation leads to an increased
Ca** affinity of the PM Ca’* pump (Villalobo et al.,
1986; Missiaen et al., 1989b; Dixon and Haynes,
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1990). Finally, it should be remarked that phosphory-
lation by A kinase might also help to protect the
calmodulin-binding domain of the ATPase against
degradation by calpain (James et al. 1989a; Strehler,
1991) and hence affect the activation of the ATPase
by this proteolytic enzyme (Au, 1987; Wang et al.,
1988a, b).

Stimulation of the Pump by ¢GMP-Dependent
Kinase

The role and mode of action of cGMP-dependent
phosphorylation on the activity of the PM Ca’* pump
is as controversial as that of its cAMP-dependent
counterpart. Smooth muscle has been the tissue of
choice to investigate the effects of this intracellular
messenger system because its function in controlling
relaxation in smooth muscle by lowering cytosolic free
Ca’* was well documented (see Waldman and Murad,
1987 for a review). But also in other cells, like in
pancreatic acinar cells, ¢<GMP has recently been
shown to lower free cytosolic Ca’* (Pandol and
Schoeffield-Payne, 1990a, b).

Ca’*-flux studies on isolated smooth-muscle
tissues or cells showed that the ATP-driven Ca®"
pump could be stimulated by agents that increase
c¢GMP (Itoh et al., 1985, Fujii et al., 1986; Rashatwar
et al., 1987; Furukawa et al., 1988). As for cAMP, also
¢GMP has been reported to increase the pump’s V,,,
(Popescu et al., 1985; Furukawa and Nakamura,
1987; Rashatwar et al., 1987; Vrolix et al., 1988; Imai
et al., 1990) and its affinity for Ca’* (Furukawa and
Nakamura, 1987; Vrolix et al, 1988). Conflicting
reports have been published concerning the mechan-
ism by which G kinase stimulates the ATPase.

Furukawa and Nakamura (1987), working on the
ATPase purified from bovine aorta, reported that
phosphorylation of the Ca*"-pump molecule medi-
ated the stimulatory effect. In contrast, Vrolix ef al.
(1988), who studied the effect of purified ¢cGMP-
dependent kinase on the activity of the PM Ca’'-
transport ATPase from pig stomach smooth muscle,
observed that the kinase only stimulated the ATPase
provided phosphatidylinositol was present. In the pro-
cess phosphatidylinositol was converted to phos-
phatidylinositol monophosphate. These findings
therefore suggest that c¢GMP-dependent protein
kinase activates a phosphatidylinositol kinase which
had been copurified with the ATPase, and that the
phosphatidylinositol thus formed stimulated the
ATPase. Imai ez al. (1990) also came to the conclusion
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that phosphatidylinositol could be a mediator of the
effect of ¢GMP-dependent kinase on pig aortic
smooth muscle. The phosphatidylinositol kinase itself
could be modulated by direct phosphorylation or via
phosphorylation of an associated protein. Any of the
several cGMP-dependent protein kinase specific poly-
peptides could be mediating this effect.

As to the identity of the approximately 130-kDa
phosphoprotein that Furukawa and Nakamura (1987)
considered to be the Ca?* pump, a lot of confusion
remains. Vrolix et al. (1988) suggested that this pro-
tein was myosin light chain kinase. Baltensperger et al.
(1988) also came to the conclusion that in pig aorta the
PM Ca’" pump is not a direct target of the cGMP-
dependent protein kinase and hence that the 130-kDa
phosphoprotein must be a different protein. Sarcevic
et al. (1990), working on rat aortic cells, excluded by
phosphopeptide mapping and by immunoblot analy-
sis that the protein was myosin light chain kinase or
caldesmon.

Very recently Yoshida et al. (1991) confirmed
that ¢cGMP-dependent protein kinase stimulated the
PM Ca>* pump ATPase from porcine aorta. How-
ever, phosphatidylinositol kinase activity was not
detected in the enzyme preparation, nor was the pres-
ence of phosphatidylinositol necessary for stimulation
by the G kinase. They observed phosphorylation of a
135-kDa and a 240-kDa polypeptide in association
with the stimulation of the G kinase. However, they
could only find a correlation between the phosphory-
lation level of the 240-kDa protein and the stimulation
of the PM Ca®" pump.

Stimulation of the Pump by Protein Kinase C

The first indirect indication that protein kinase C
might stimulate the PM Ca’* pump came from obser-
vations on the effect of phorbol esters. Lagast et al.
(1984) showed that PM-enriched fractions prepared
from phorbol ester-pretreated guinea-pig neutrophils
exhibit a much higher rate of Ca’* uptake than con-
trol membranes. Even direct addition of the phorbol
ester to pig coronary artery plasma membranes was
reported to stimulate the ATPase (Popescu er dal.,
1986). Effects of phorbol esters on the extrusion of
Ca’* from cultured rat aortic smooth-muscle cells
could also be observed. Brief pretreatment of these
cells with phorbol esters partially suppressed the intra-
cellular Ca** transients induced by ionomycin or
angiotensin II and at the same time accelerated the
Ca®** extrusion (Furukawa et al., 1989). In many of
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the more recent experiments the effect of exogenous
purified protein kinase C was investigated. Smallwood
et al. (1988), measuring Ca’" transport in inside-out
vesicles from human erythrocytes and the activity of
Ca** ATPase purified from the same source, con-
cluded that protein kinase C increased the V,,, for
Ca®* without affecting the K, for Ca**. The effect on
Viex Was 2- to 3-fold smaller compared to that of
calmodulin. Both the C kinase and calmodulin effect
were additive. Others have, however, described a C
kinase-induced increase of the Ca** affinity of the PM
Ca’" pump (Fukuda er al, 1990; Ogurusu et al.,
1990). Although Imai et al. (1990) confirmed the effect
of protein kinase C on the membrane-bound Ca’*
pump in porcine aortic membranes, no such effect was
observed in the enzyme purified by calmodulin-affinity
chromatography, again suggesting the removal during
purification of an essential protein or lipid component.

In contrast to the situation for cGMP-dependent
kinase however, C kinase is apparently catalyzing a
direct phosphate transfer to the ATPase molecule
itself, as can be shown by immunoaffinity purification
of the prephosphorylated ATPase from bovine aorta
smooth muscle, bovine cardiac muscle, human erythro-
cyte, and rat endothelial cells (Fukuda ef al., 1990;
Ogurusu et al., 1990; Wang et al., 1991b; Kuo et al.,
1991).

Furthermore it was also shown that in vivo phor-
bol esters induced the phosphorylation of the rat
endothelial cell PM Ca®" pump at target sites differing
from the A kinase sites. Angiotensin 11, and also ATP
and ionomycin, stimulated phosphorylation at the
same sites as the phorbol esters (Wang et al., 1991c¢).

In the ATPase purified from human erythrocytes,
Wang et al., (1991b) demonstrated a C kinase-mediated
phosphorylation of the pump molecule, but also other
proteins including adducin and the C-kinase itself as
well as inositol lipids were phosphorylated. Both tryp-
sin- and calpain-mediated fragmentation of the phos-
phorylated Ca®* pump pinpointed a threonine residue
located in the A-subdomain of its calmodulin-binding
domain, which is common to all known isoforms of
PMCA as the phosphorylation target site. An unspeci-
fied additional serine somewhere more downstream
from the calmodulin-binding domain must also be
phosphorylated. It remains, however, to be seen what
the functional implications of these phosphorylations
on the enzyme activity really are. Both inhibition and
stimulation of the ATPase were observed. Different
results were obained with different types of C-kinase
preparations. Furthermore the results depended also
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on the type of lipid associated with the ATPase (Wang
et al., 1991b). In the absence of calmodulin the effects
of C kinase on the pump were a limited (5-15%)
stimulation or inhibition of its activity depending on
the lipid environment. A puzzling potentiation of the
simulatory effect was observed in the presence of A
23187. Maybe the most clearcut functional effects of C
kinase-mediated phosphorylation are the inhibition of
calmodulin activation of the ATPase and the protec-
tion against proteolysis. The physiological relevance
of these two in vitro effects remains elusive as the
antagonism exerted by C kinase on the calmodulin
stimulation is only observed at a low concentration of
calmodulin (150 nM) and of Ca* (0.2 uM). At higher
(> 1 uM) concentrations of Ca’" (and hence at higher
Ca-calmodulin complex concentrations) the effect is
absent. More recently Kuo ef al. (1991) demonstrated
a small (1.3-fold) and rapid (5 min) phosphorylation
of the PM Ca’*-pump molecule isolated by immuno-
precipitation from rat aortic endothelial cells grown in
the presence of phorbol esters as compared to controls
grown in their absence, indicating that endogenous
C-kinase activity is sufficient for phosphorylation.

INTERACTION OF Ca** PUMPS AND
GTP-BINDING PROTEINS

Heterotrimeric («, 5, y) GTP-binding proteins (G
proteins) intervene in signal transduction between
receptors and a number of diverse effectors (Rodbell,
1980; Casey and Gilman, 1988). The PM Ca** pump
could possibly also be subject to such a G-protein
control. GTPyS inhibits the Ca’" pump in cardiac
sarcolemmal vesicles and in liver plasma membranes
(Kuo and Tsang, 1988, Lotersztajn et al., 1990). Chol-
era toxin increases the Ca’" uptake in liver mem-
branes and suppresses the inhibitory effect of GTPyS
(Lotersztajn er al., 1990). One interpretation of these
data is that they are indicative of G protein-Ca’"
pump interaction. It should be remarked, however,
that such observations can also be explained by
GTPyS stimulated phospholipase C activity. This
could lead to decreased levels of polyphosphoinosi-
tides and hence to a decrease in the Ca’* pump’s
activation as has been found to be the case in cardiac
muscle (Kuo and Tsang, 1988). One note of caution
should be made in this respect in relation to the use of
AlF; . The AIF; complex is a well-known activator
of G proteins. But more recently it turned out to be
also an inhibitor of all P-type transport ATPases
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(Robinson et al., 1986; Missiaen et al., 1988a; Loters-
ztajn et al., 1990). The inhibition is noncompetitive
toward ATP and Ca’* (Missiaen et al., 1988a), but the
K is shifted to higher values by inorganic phosphate.
AlF, inhibits the PM Ca®*-transport ATPase from
erythrocytes with a lower affinity than that of smooth
muscle (Missiaen ef al., 1989d). This suggests an iso-
form-specific functional difference for both ATPases
which might differ in their phosphate-binding site or
its accessibility for AlF, .

INHIBITION OF THE Ca’*-TRANSPORT
ATPase BY 1P,

The Ca’*-mobilizing IP, has been claimed to
inhibit the PM Ca®* pump of coronary artery smooth-
muscle cells (Popescu et al., 1986) and of cardiac cells
(Kuo and Tsang, 1988). These observations have
recently been confirmed and elaborated. At 107°M
concentration Ins(1,4,5)P, and Ins(4,5)P, inhibited the
human erythrocyte ATPase for 42 or 31%. Related
compounds Ins, Ins(1,3,4,5)P,, and Ins(1,4)P, were
ineffective. The inhibition by Ins(1,4,5)P, was blocked
by heparin. Moreover, Ins(1,4,5)P; inhibited calmo-
dulin-binding to the red cell membranes (Davies ef al.,
1991a). How these IP; effects would be mediated
deserves further specification.

REGULATION OF THE PM Ca’* PUMP BY
OTHER AGONISTS

A number of naturally occurring hormones or
messengers have been reported to affect the PM Ca**
pump, among which are thyroid hormone which sti-
mulates the ATPase at a posttranscriptional level in
the presence of calmodulin (Smith et al., 1989b; Segal
et al., 1989; Pilarska et al., 1991), and retinoic acid
which appears to counteract the calmodulin stimu-
lation of the Ca®* pump (Davis ef al., 1991b). Thyroid
hormone also controls the lipid composition and
membrane fluidity of the skeletal-muscle sarcolemma
(Pilarska et al., 1991) and may elevate the levels of the
PM Ca’* pump (Famulski et al., 1988). Oxytocin
inhibited the Ca*" ATPase in myometrial membranes
when given immediately before preparing the mem-
branes (Enyedi et al., 1989a; Magocsi and Penniston,
1991b).

Likewise carbachol partially inhibited the PM
Ca*" pump in microsomes from pig stomach (Mis-
siaen ef al., 1988b). Also some mating pheromones in
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yeast might act as inhibitors of the PM Ca’* pump
(Hiraga et al., 1991). See Missiaen et al. (1991) for a
more comprehensive review.

CONCLUSION

From the above, it follows that the PM Ca’'-
transport ATPase system appears as a intricate system
where a whole spectrum of different pump isoforms is
subject to a plethora of different agonists. In this
manner each cell type can adjust its Ca**-extrusion
system to its specific and changing needs. In a large
majority of cell types apparently only one isoform,
i.e., splice variant b of the PMCA1 gene product, is
expressed. But the existence of at least five distinct
PMCA genes in combination with the process of alter-
native splicing of the gene transcripts allows the
expression of a potentially large number of other
pump isoforms.

More specific work at the RNA level showed that
brain and skeletal muscle are systems that can express
the widest variety of isoforms, but as yet this has to be
confirmed at the protein level. Isoform-specific anti-
bodies would be helpful in this respect, but are cur-
rently lacking.

It is interesting to note that the isoform diversity
for a large part comprises two potential regulatory
domains. The C-terminal part of the PM Ca’* pump
where not only the calmodulin-binding domain, but
also phosphorylation target sites for cAMP-depen-
dent protein-kinase or for protein kinase C, are found,
is one of them. The phospholipid-binding domain,
which is found more toward the N-terminal part, is
the other. The PM Ca** pump activity is controlled by
a large number of regulators as calmodulin, phos-
pholipids, cAMP-dependent protein kinase, ¢cGMP-
dependent protein kinase, and protein kinase C. It is,
furthermore, also clear that these effectors are all
interdependent components of an intricate regulatory
network. A given agonist can affect the ATPase at
different levels via interaction with the pump protein
itself as is the case for cAMP-dependent protein
kinase or for protein kinase C, or rather via the phos-
pholipid or another protein interacting with the pump
as for cGMP-dependent protein kinase, or for protein
kinase C.

The phosphorylation of the Ca®*t pump by
cAMP-dependent protein kinase and by protein
kinase C occurs in or nearby the calmodulin-binding
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domain, and hence it is not surprising that phosphory-
lation and calmodulin-binding might affect each
other. Furthermore, phosphorylation can also nega-
tively affect the proteolytic activation of the ATPase
by calpain. I vivo, all these influences might therefore
allow a very delicate fine-tuning of the pump’s activ-
ity, but at the same time this regulatory network defies
any casy description.
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