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"ABSTRACT

The ' sarcoplasmic reticulum Ca2+—pumping ATPase 1is the
primary system responsible for the removal of calcium from the
sarcoplasm during relaxation of skeletal and cardiac muscles.
Since the rat.heart SR is used frequently in our laboratory to
study the Ca2+-transport defects in disease states, the Ca2+-
ATPase activity of this system was characterized. Calmodulin
(CaM) and cAMP-dependent protein kinase (cAMP-PK) are known to
regulate the dog cardiac SR Ca2+-pump. The effects of these
regulators on the rat heart SR Ca2+-pump were studied. Studies
were also carried out to investigate the effects of Triton X-100
on SR Ca2+-ATPase activity and the regulation of this activity
by CaM.

2+—A'I‘Pase was stimulated in a

2+

The rat heart SR Ca
concentration-dependent manner by both Ca and Mg2+ in the
complete absence of the other cation. Magnesium produced a
concentration-dependent 1increase in the basal ATPase activity
without affecting the maximal ATPase activity. This appeared to
result in a gradual disappearance of the Ca2+ dependency of the
ATPase activity. Addition of 100uM CDTA (trans-1,2-diaminocyclo-
hexane-N,N,N' N'-tetraacetic acid), in the absence of added
magnesium, produced no effect on Ca2+ stimulation of ATPase
activity. The results appear to indicate the presence of a low
affinity non-specific divalent cation-stimulated ATPase.

At a constant Mg:ATP ratio, ATP stimulated the SR Ca®'-

ATPase activity 1in a concentration-dependent manner. Double-

ii



reciprocal plots of the data suggest that the true substrate for

rat heart SR Ca2+-ATPase may be ATP and not Mg.ATP.
In the crude SR, CaM did not stimulate total or Ca2+-
stimulated ATPase activity over a range of Ca2+ and Mgz+

concentrations. CaM also failed to stimulate membrane phosphory-
lation over a range of M92+ concentrations. Furthermore, CaM
did not produce a significant effect on calcium transport into
SR vesicles. The catalytic subunit of cAMP-dependent protein
kinase was also ineffective in stimulating membrane phosphoryla-

+ . e . .
2 -ATPase activity. Two CaM antagonists, triflupera-

tion and Ca
zine and compound 48/80, did not affect the rat heart SR ATPase
activity.

The ATPase activity in Triton-washed SR membranes appeared
to be increased at low Triton concentrations. This effect was
probably due to the removal of non-intrinsic proteins, leaky
vesicles or altered membrane fluidity. At higher Triton X-100
.concentrations, the ATPase activity was lost, probably due to
loss of the phospholipid environment.

When SR membranes phosphorylated under conditions similar
to those wused for the ATPase assay were analysed by SDS-PAGE
(sodium dodecyl sulphate-polyacrylamide gel electrophoresis)
followed by autoradiography, a single phosphorylated protein of
7,500-9,000 dalton was observed. This protein may represent the
monomeric form of phospholamban. CaM, however, appeared to have

no effect on the phosphorylation of this 7,500—9,000_ dalton

protein in either untreated or Triton-washed SR membranes. It is
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speculated that the rat heart SR contains tightly bound CaM

which cannot be removed by treatment with Triton X-100.
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INTRODUCTION

1. Role of Calcium in Biological Systems

a). Historical

Calcium (Ca2+) plays a key role in many biological systems.
It began with the serendipidous discovery of Sydney Ringer
(1883) that a solution of sodium chloride and tap water was more
efficacious in maintaining cardiac contractility than sodium
chloride and distilled water; Ringer concluded that the minute
amounts of calcium present in tap water antagonized the
"injurious" effects of sodium.

An important first step in the elucidation of the role of
calcium in biological systems was provided by Mines (1911) who
found that calcium, strontium, or barium could reverse the
gradual diminution in the response of frog gastrocnemius muscle
perfused with 0.7% NaCl to electric stimulation. He concluded
that calcium, strontium and barium had some special chemical
property that enabled them to interact with some unknown consti-
tuent of the cell.

In addition to its importance in providing rigidity by
being a major constituent of bone, calcium is involved 1in a
diversity of functions in biological systems. These include
contraction of all forms of muscle, the metabolic processes of
glycogenolysis and gluconeogenesis, the mobilization and

secretion of exocrine, endocrine and neurocrine products, the



transport and secretion of fluids and electrolytes and the
growth of cells (Rasmussen, 1986).

2+

b). Ca as a Second Messenger

Calcium has been proposed as the universal intracellular
messenger, linking events at the cell surface to functions in
the cell interior. However, calcium affects different systems in
different ways. For example, the manner by which Ca2+ couples
excitation to contraction in skeletal muscle is very different
from that in smooth muscle (Rasmussen, 1986). In brief cellular
responses such as neurosecretion and skeletal muscle contrac-
tion, the magnitude and duration of response is a function of
the magnitude and duration of the Ca2+ message. However, 1in
sustained responses such as insulin secretion, smooth muscle
contraction or aldosterone secretion, a more subtle and complex
relaticonship exists between the intracellular free Ca2+ and the
cellular response.

Two branches of the Ca2+ messenger system, with distinct
temporal roles, have been proposed: a calmodulin (CaM) branch
(Wang and Waisman, 1979) responsible for either brief responses
or the initial phase of sustained responses and a C-kinase
branch (Nishizuka, 1986) responsible for the sustained phase of
cellular responses. The Ca2+ messenger system is intimately
related to and modified by the cyclic AMP messenger system and

the arachidonic acid cascade.



2. Requlation of Intracellular Ca2+

The functional species of calcium is the small pool of free
cytosolic Ca2+. The resting intracellular free Ca2+
concentration is very low (0.1-0.3uM) in virtually all animal
cells (Blinks et al, 1982). In contrast, the extracellular Ca2+
concentration is approximately 1mM (Rasmussen, 1986). Thus,
there is a 4,000-10,000-fold gradient across the membrane. This
gradient 1is maintained by i) a low permeability of the plasma

2+

membrane to Ca (Borle, 1981), 1ii) a number of mechanisms to

extrude Ca2+ from the cell, and 1iii) 1intracellular Ca2+
sequestering systems. Two types of active transport mechanisms
are involved 1in extrusion of Ca2+ from the cell, namely the
Ca2+-ATPase pump (Penniston, 1983) and the Na+—Ca2+ exchange
system (Reeves, 1985). The relative imbortance of the two
mechanisms in various cells is uncertain. Cytosolic free Ca2+ is
alsc removed by two subcellular organelles, mitochondria and
. smooth endoplasmic reticulum (Becker et al, 1980). These
organelles also serve as a pool of releasable Ca2+. A limited
buffering capacity is provided by the cytosolic binding proteins
such as parvalbumin in skeletal muscle (Wnuk et al, 1982) and

vitamin D-induced calcium binding protein in the 1intestinal

columnar epithelial cells (Wasserman and Fullmer, 1982).



3. Sarcoplasmic Reticulum and Regulation of Intracellular

Calcium

a). Morphology of SR

In skeletal and cardiac muscle, the SR Ca2+-pump is the
primary system involved in the rapid sequestration of Ca2+ from
the sarcoplasm during relaxation (Shamoo and Ambudkar, 1984). SR
can be related to the endoplasmic reticulum of the other cell
types. As Porter and Pallade described, it "consists of
membrane-limited vesicles, tubules and cisternae associated in a
continuous reticulum structure which forms face-like sleeves
around the myofibrils. It shows a definable organization which
repeats withb each sarcomere of the fibre so that the entire
system 1is segmented in phase with the striations of the
associated myofibrils" (Porter and Pallade, 1957). It is
differentiated 1into specialized regions consisting of the
junctional SR, mainly the terminal cisternae which form coupling
with the transverse tubules and the longitudinal (free) SR. The
transverse tubules run perpendicular to the longitudinal SR and
form "triads" with the terminal cisternae. The volume of the
tubular network .has been estimated as 11-13% and 6-9% of the
total fibre volume 1in the fast skeletal muscle and cardiac
muscle, respectively (Peachey, 1965; Nayler, 1977). Terminal
cisternae account for 5% of the total fibre volume in the fast
skeletal muscle (Peachey, 1965). Assuming the intravesicular

volume of 10 pl/mg SR protein, the SR Ca2+ concentration has



been estimated to be approximately 10mM (Nayler and Dresel,
1984).

The SR is composed of a lipid bilayer contgining phospha-
tidylcholine (60-75%), phosphatidylethanolamine (10-20%),
phosphatidylserine (5-10%), phosphatidylinositol (10%), and
other phospholipids in smaller concentrations (MacLennan et al,
1971; Meissner and Fleisher, 1971). It also contains a number
of proteins. The ATPase protein of M.W. 100,000 dalton (Meissner
et al, 1973) accounts for 60-80% of total skeletal SR protein
(deMeis and Inesi, 1982; MacLennan et al, 1978) and 35-40% of
cardiac SR protein (Suko and Hasselbach, 1976). Calsequestrin,
an acidic protein with M.W. of 55,000 dalton (Cala and Jones,
1983; Campbell et al, 1983), two high affinity calcium binding
proteins (M.W. 53,000 and 160,000 dalton), a proteolipid of M.W.
12,000 délton and a glycoprotein of 53,000 dalton (Campbell et

al, 1983) are the other major protein constituents.

b) Excitation-Contraction Coupling in Cardiac and Skeletal

Muscle

The depolarization of sarcolemma (SL) is the initial step

in excitation-contraction (E-C) coupling. This depolarization

2+

results in the opening of the Ca channels in the SL (Katz,

1985; Shamoo and Ambudkar, 1984) which allow the passive influx

of Ca2+

down a concentration gradient. However, the amount of
ca® entering 1into the sarcoplasm during this process 1is not

sufficient to account for the activation of contraction on a



beat-to-beat basis (Tada and 1Inui, 1983). Therefore, it is
important that an intracellular pool of Ca2+ be mobilized. The

SR 1is believed to provide most of the required Ca2+

for
contraction,

The mechanism by which excitation results in the release of
Ca2+ from the SR remains controversial. There is evidence for
two different mechanisms: a) Ca’’-induced ca’’ release and b)
depolarization-induced ca’* release. Ford and Podolsky (1972)
have shown that during depolarization a small amount of the

extracellular Ca2+

leaks into the myofilament space causing
release of enough Ca2+ from the SR to raise the cytoplasmic Ca2+
levels to those required for activation of the myofilaments.
Further evidence for this has been provided by Fabiato and
Fabiato (1975). According to the latter theory, the
depolarization 1is passed down the transverse tubules modifying

the SR membrane which results in the release of Ca2+

from SR.
This 1is shown by a direct alteration of the membrane potential
of SR to cause Ca2+ release (Nakajima and Endo, 1973). Fabiato

and Fabiato concluded that while depolarization-induced Ca2+

release is important in skeletal muscle, the Ca2+—induced
calcium release 1is important in cardiac muscle (Fabiato and
Fabiato, 1977).

There is evidence to show that the site of Ca2+ release is
the terminal cisternae (Huxley and Taylor, 1958; Winegrad,

1968). Huxley and Taylor showed that the local excitation of a

single transverse tubule 1leads to a contraction which is



confined to the half sarcomere. Autoradiographic studies by

2+

Winegrad showed that Ca is accumulated by the longitudinal SR

and transported slowly to the terminal cisternae and released

from that site upon excitation. Most of the SR Ca2+

has been
shown to be located in the terminal cisternae (Winegrad, 1968).
More recently, wusing a French press to dissociate transverse
tubules from SR, 1Ikemoto and colleagues (1984) concluded that

the transverse tubules play an important role in depolarization-

induced Ca2+ release.

c). SR as the Relaxing Factor

Muscle relaxation results when the cytosolic Ca2+ is taken

up by the SR, thus lowering the concentration of free Ca2+ to

-8 7

the resting levels of 10 °-10 'M (Blinks et al, 1982). The

ability of the SR Ca2+~transport to control intracellular free
Ca2+ is reflected by its 5-10 times greater affinity for Ca2+
than that of the contractile proteins. Early studies by Ebashi

showed that the binding of ca’*

by a number of chelators corre-
lated well with their relaxing effects (Ebashi, 1960) indicating
that the relaxation 1is caused by removal of Ca2+ from the
myofibril environment. He later suggested that the ATP-dependent
Ca2+ binding capacity of "vesicular relaxing factor" is compara-
ble to the relaxation produced by chelating agents (Ebashi,
1961). It was later shown that inhibition of Ca2+ accumulation

in SR resulted in inhibition of relaxation (Ebashi and Lipman,

1962; Hasselbach and Makinose, 1962) and that agents that



augment Ca2+ uptake also potentiate the relaxing effect of the
SR.

Inside the SR, Ca2+

is bound to calsequestrin (MacLennan
and Wong, 1971; Campbell et al, 1983). Cardiac calsequestrin
has a capacity to bind 650 nmoles of Ca2+/mg protein (Cala and
Jones, 1983), although the skeletal calsequestrin has been
reported to bind up to 970 nmoles Ca2+/mg protein (Cala and
Jones, 1983; Campbell et al, 1983). The distribution of cal-

sequestrin correlates well with the major Ca2+ stores of SR,

i.e. the terminal cisternae (Jorgensen et al, 1979).

d). The SR Ca?’-Transport ATPase

How is Ca2+ transported into the SR lumen? It was noted in
earlier studies that Ca2+ transport into SR vesicles required
ATP (Ebashi and Lipman, 1962; Hasselbach and Makinose, 1962).

Hasselbach and Makinose were probably the first people to demon-

strate that ATP hydolysis and Ca2+ transport were linked

(Hasselbach and Makinose, 1962; Hasselbach, 1964). The enzyme

system responsible for Ca2+ transport was named Ca2+-dependent

2% _ATpPase). This enzyme is capable

of transporting two molecules of Ca2+ for each molecule of ATP

adenosine triphosphatase (Ca

hydrolyzed (Hasselbach, 1978; Tada et al, 1978; Weber, 1966).

2+

This 2:1 ratio has been supported by Ca binding studies in

soluble ATPase systems (Kosk-Kosicka et al, 1983) which showed

2+

that there were 8-10 nmoles high affinity Ca binding sites per

mg protein and only 4-5 nmoles of phosphoenzyme intermediate per



mg protein. Other studies have shown that the enzyme requires
magnesium (Mg) for its activity and therefore, it is normally
referred to as the (Ca2++Mgz+)—ATPase. The Mg2+ dependent
activity (in absence of Ca2+) is referred to as the 'basal'

2+

activity while the Ca“ -stimulated activity is «called the

'extra' ATPase activity (Hasselbach, 1964, 1978). Ca2+ can
potentiate the basal activity by 7-8 fold (Hasselbach and
Makinose, 1962). The actual process of Ca2+ transport 1is
coupled to the extra ATPase activity (Hasselbach, 1978).

The ATPase molecules are asymmetrically embedded in the SR
membrane (deMeis, 1981). Static diffraction studies show the
ATPase molecule to be a tapered rectangle (Herbette and Blasie,
1980). The wider part of the rectangle, accounting for 62% of
the mass, has been shown to be polar and extruding to the
sarcoplasmic surface. The other part, acéounting for 38%, is
inside the lipid bilayer (deMeis, 1981; Herbette and Blasie,
1980). There are essentially no extensions to the lumen of the

SR.
i). Structure of SR Ca2+-Transport ATPase

Radiation-inactivation technigues indicate the molecular
size of the Ca2+—pump protein to be 213,000-229,000 dalton
(Chamberlain et al, 1983). This molecular weight is consistent
with a dimer. However, each monomer has been shown to be able to
perform the entire catalytic cycle of ATP hydrolysis and Ca2+

transport (Moller et al, 1982). Although Martonosi had reported



partial purification of the ATPase with Ca2+ transport and

ATPase activity (Martonosi, 1968), the first successful
purification of the enzyme was made from skeletal muscle by
MacLennan (1970). The enzyme has been fractionated into
different protein fragments.. A mild digestion with trypsin
resulted in two protein fragments: the NH, terminal fragment of
55,000 dalton (fragment A) and the COOH terminal fragment
(fragment B) of 45,000 dalton (Migala et al, 1973; Stewart and
MacLennan, 1974; Thorley-Lawson and Green, 1973). Further
digestion of ATPase resulted in a fragmentation of the 55,000
dalton peptide (60,000 dalton fragment of Thorley-Lawson and
Green) into 30,000 (fragment A1) and 20,000 dalton (fragment AZ)
proteins (Stewart et al, 1976). All three fragments weré tightly
associated with one another and with the membrane (MacLennan et
al, 18976; Thorley-Lawson and Gfeen, 1975). Saito et al (1984)
have recently reported a further trypsin cleavage of the A,
fragment into A1a and A1b and the appearance of another fragment
C (M.Ww. 27,000-28,000 dalton). Based on the observations in the
fluorescein 1isothiocyanate binding studies, the 45,000 dalton
peptide has been identified to be the nucleotide binding protein
(Mitchinson, 1982). Dicyclohexylcarbodiimide binding studies
have shown the 25,000 dalton fragment to contain the Ca2+
binding site (Pick and Racker, 1979). The 30,000 dalton fragment
has been shown to contain the phosphorylation site (Thorley-
Lawson and Green, 1973). The first cleavage of ATPase into A and

B fragments produced no change in the ATP hydrolysis or Ca2+

10



uptake activities (Stewart and MacLennan, 1974). However, the
second cleavage caused a loss of the Ca2+ uptake activity
without affecting ATP hydrolysis (Scott and Shamoo, 1982).

One major concern is the loss of activity in the
solubilized enzyme. It was noted that the detergent removed the
phospholipid environment of the enzyme which was very important
for the activity (MacLennan, 1970). Therefore, attempts were
made to reconstitute the solubilized enzyme by dialysis to
remove the excess detergent and by adding exogenous 1lipids
- (MacLennan et _al, 1971; Racker, 1972; Warren et al, 1974). This
treatment resulted in the return of activity to original or
higher levels. It has recently been reported that a minimum of
23 phospholipids per enzyme were required for enzyme activity
(Hidalgo et al, 1986). However, Dean and Tanford (1978) have
reported that the enzyme can be delipidated down to one mole of

phospholipid per mole of ATPase without loss of activity.

ii). The ca’’ Transport Cycle

The mechanism of Ca2+ transport by the ATPase 1is now
becoming clear. In a recent review, Haynes (1983) has proposed a
Ca2+ transport cycle with the following 8 steps: a) binding of 2
Ca2+ and Mg-ATP to external sites of the enzyme with high
affinity and random order, b) enzyme phosphorylation, c¢) inward
translocation of the Ca2+—1aden sites, d) Ca2+ release to the SR

lumen and ADP to the external medium (random order), e) binding

.y . + +
of Mg2+ or a charge-stoichiometric amount of K plus H to the
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translocator, f) dephosphorylation, g) the return of K* and H'
from the translocator to the outside, h) disscciation of K* and
H' from the translocator and completion of the cycle with step
a). A time-resolved diffraction study has shown that ca??
transport results in a shift of electron density from the extra-
vesicular surface of the SR membrane to the interior of the
membrane (Herbette and Blasie, 1980). The high affinity Ca2+
binding proteins (step a) have been identified to be the 20,000
dalton tryptic fragments of ATPase (Pick and Racker, 1979). The
binding of the first Ca2+ leads to conformational changes .which
result in an increased affinity for binding of the second Ca2+
(Inesi et al, 1980). After phosphorylation, the high affinity
sites are converted to low affinity sites and release the Ca2+
into the lumen of the SR (Ikemoto, 1974).

The phosphorylated intermediate (EP) in step b) has been
shown to be an acyl phosphate (Shigekawa et al, 1976) which can
be hydrolysed by hydroxylamine (Makinose, 1969). The formation
of the EP is Ca2+ dependent and M92+ causes dephosphorylation
(Shigekawa et al, 1976).

A scheme proposed by Tada and Katz (1982) for the ca*

transport cycle incorporates these observations into the

following sequence of steps:
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E, in the above diagram represents the high affinity Ca2+
binding state of the enzyme while E2 represents the low affinity
state. The "in" and "out" refer to the inside and the outside of

the SR vesicles, respectively.

e). Phospholamban and the Regulation of SR Ca2+-Transport ATPase

In the early seventies, cAMP-dependent protein kinase
(cAMP-PK) and CcAMP were observed to produce a stimulation of
Ca2+ transport and ATP hydrolysis in cardiac SR (Kirchberger et
al, 1972). This stimulation was shown to be due to the
phosphorylation of an SR protein (Kirchberger et al, 1974; Tada
et al, 1974), later termed phospholamban (PLB) meaning
'phosphate receptor' (Tada et al, 1975). A recent study with a
PLB-specific antibody provides direct evidence for the involve-
ment of PLB as a regulatory protein of the SR ca?* pump (Suzuki
and Wang, 1986).

It has also been reported that calmodulin (CaM), a calcium
binding protein present in most cells (Cheung, 1980), stimulated

13



C32+ uptake (Katz and Remtulla, 1978; Lopaschuk et al, 1980) and
ATPase activity (Lopaschuk et al, 1980) in the SR. Unlike the
cAMP-PK stimulation, Ca2+ appears to be essential for the CaM-
dependent stimulation. CaM stimulation is also thought to be via
the phosphorylation of PLB (Kirchberger and Antonetz, 1982a;

2* —CaM-

LePeuch et al, 1979). An endogenous kinase, called Ca
dependent protein kinase (CaM-PK) is believed to be responsible
for CaM-dependent phosphorylation of PLB (Davis et al, 1983;
Kirchberger and Antonetz, 1982a; LePeuch et al, 1979). CaM-PK
has, very recently, been partially purified and characterized
(Molla and Demaille, 1986). It is identified as a 56,000 dalton
protein with a broad substrate specificity.

Early observations indicated that the stimulatory effects

of cAMP-PK and CaM on the SR Ca2+ transport system were additive
(Katz, 1980; Lopaschuk et al, 1980), suggesting that different
mechanisms were involved. Therefore, it was suggested that the

PLB phosphorylation occurs at separate and distinct sites
(Bilezikjian et al, 1981; Kranias et al, 1980). A recent report
suggests the involvement of three sites, one phosphorylated by
cAMP-PK and the other two by CaM-PK (Imagawa et al, 1986). One
of the CaM-PK phosphorylated sites may be the same as the cAMP-
PK phosphorylated site. Chiesi et al (1983) have reported
evidence for the possibility of two functionally distinct
proteolipids, one of which is selective for CaM and the other
for cAMP-PK. Tada and Inui (1983) reported that the cAMP-PK-

mediated phosphorylation of PLB can be observed in the absence
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- of any CaM-dependent phosphorylation. However, some workers have
suggested that the CaM-PK system is required for the cAMP-PK-
dependent phosphorylation (LePeuch et al 1979, Wray and Gray,
1977) and that cAMP can only amplify the CaM-dependent phospho-
" rylation. Lindemann and Watanabe (1885), on the other hand, have

2+

suggested that both cAMP and Ca are required for Ca2+-CaM

dependent phosphorylation. -

It has recently been reported that protein kinase C (Ca2+—
phospholipid-dependent protein kinase) also stimulates the
phosphorylation of PLB resulting in a 2-fold stimulation of Ca2+
- transport (Movsesian et al, 1984). The site phosphorylated by
this kinase appears to be different from the two sites phospho-
rylated by cAMP-PK and CaM-PK. Movsesian et al also reported a
common site which could be phosphorylated by all three kinases.

The PLB content has been suggested to bé 3% (Caponi et al,
1983), 4% (Tada et al, 1979) or 6% (LePeuch et al, 1979) of
total SR protein. It appears to be an acidic protein (Tada and
Inui, 1983) which can be extracted into an acidified chloroform-
methanol mixture (Bidlack and Shamoo, 1980). However, recently,
Jones and colleagues have reported that dephosphorylated PLB 1is
strongly basic and rich in cysteine (Jones et al, 1985). This is
in direct <contrast to the previous reports which have shown
little or no cysteine in PLB (see Tada and 1Inui, 1983). PLB

2+-A’I‘Pase molecule (Tada

appears to be strongly bound to the Ca
et al, 1975; LePeuch et al, 1980) with the phosphorylation sites

exposed to the cytosol. The stoichiometry of association between
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the two proteins is believed to be 1:1 (LePeuch et al, 1979).
However, Wegener et al (1986) have recently questioned this 1:1
stoichiometric ratio and suggested a much smaller concentration
of PLB. Kranias et al (1983) have reported the 1isolation of

2+—ATPase essentially free of PLB, indicating only a 1loose

Ca
association between the two proteins. The phosphorylated PLB
displays characteristics of a phosphoester as shown by its
stability in hot alkali and in hydroxylamine. The phosphoryla-
tion 1involves incorporation of the terminal phosphate group of
ATP into a serine residue of PLB (Kirchberger et al, 1974).
Phospholamban has been reported to be a proteolipid with an
apparent molecular weight of 20,000-25,000 dalton (Bidlack et
al, 1982; Jonés et al, 1985; Kirchberger and Antonetz, 1982b;

Lamers and Stinis, 1980; Tada et al, 1975; Wegener and Jones,

1984; Wray and Gray, 1977). Reports have suggested PLB to be a

dimer of 11,000 dalton (LePeuch et al, 1979), a trimer of
11,000, 8,000 and 4,000 dalton (Louis et al, 1982), a tetramer
of 5,500 (Kirchberger and Antonetz, 1982b), a pentamer of 9,000

dalton (Wegener and Jones, 1984) or more recently, a pentamer of
'5,000-6,000 dalton (Fuji et al, 1986; Jones et al, 1985). A
partial amino acid sequence of PLB has recently been reported
(Fuji et_al, 1986).

The mechanism by which phosphorylation of PLB leads to
stimulation of Ca2+ transport 1is not known. Possibilities
include, a) acceleration of dephosphorylation of the phosphory-

lated intermediate of the Ca2+-ATPase (Katz et al, 1985; Tada et
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al, 1982), and b) conformational changes in the active site of
the Ca2+—ATPase which result in the translocation of the ca®*
binding subunit from the outside to the inside (Tada et al,
1982). The stoichiometric relationship of 2:1 between the ca*
transported and the ATP hydrolysed is not altered during PLB-
mediated stimulation of Ca®’ transport (Tada et_al, 1974).

In addition to the PLB pathway, CaM has been postulated to
act directly on Ca2+-ATPase holecules without the mediation of
PLB (Katz, 1980). This conclusion was reached from the
observation that CaM stimulated the dephosphorylation of the
calcium-dependent phosphoprotein intermediate of the ATPase (EP)
and thus the turnover rate of calcium transport (Katz, 1980).
More recently, our laboratory has reported that CaM stimulated
Ca2+—ATPase activity under conditions where no augmentation of
PLB phosphoprotein formation was seen (Katz é&_gl, 1985). Louis
and Maffitt (1982) have also observed that at Ca?’ concentra-
tions where CaM-PK is inactive, CaM stimulation of Ca2+-ATPase
activity is present.

125

In I-CaM binding experiments, Louis and Jarvis observed

that the major product containing the 1251 label was a 40,000

dalton protein with a minor component of 120,000 dalton (Louis
and Jarvis, 1982). They suggested that the 40,000 dalton
component may represent a 1:1 complex of PLB and 125I—CaM. It
was also postulated that the fZ0,000 dalton component was due to
a 1:1t cross-link between the 100,000 dalton Ca2+-ATPase and

125I-CaM. This would indicate a direct interaction of CaM with
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the ATPase. A direct interaction between the two proteins is
also indicated by the observations of Mas Oliva et al (1983) who
reported that for the optimum effect of CaM, approximately
equivalent molaf concentrations of CaM and Ca2+—ATPase vere
required.

Although the evidence presented above appears convincing,
some reports in the literature contradict the hypothesis of a

2

direct effect of CaM on SR Ca‘’-ATPase. Using the labelled CaM

gel overlay techniques, Molla et al (1985) detected at least 7
CaM-binding proteins in SR vesicles. However, none of these was

2

believed to be the Ca +—ATPasc—:. In addition, Caroni and Carafoli

(1981) have found that, wunlike sarcolemmal Ca2+-ATPase, the SR
Ca2+-ATPase failed to bind to CaM affinity chromatography

columns,
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OBJECTIVES OF THE PRESENT STUDY

Most of the work on cardiac SR Ca2

*_ATPase has been done
using dogs as the experimental model. However, since our
laboratory 1is interested in a number of disease models of rat
heart, 1including diabetes and thyroid hormone alterations, we
decided to conduct our studies on rat cardiac SR preparations.
Therefore, the knowledge gained in this study may be pertinent
to the disease models.

2+-17-\TPase activity

In initial experiments, we assayed the Ca
in rat heart SR under identical conditions to those used for dog
heart. A high "basal" ATPase activity was observed in these
experiments with little or no reproducible Ca2+-dependent ATPase
activity. On reviewing the literature, it was discovered that
Penpargkul (1979) had reported this unusually high basal ATPase
activity in rat heart SR. Recently, Velema et al (1985) reported
that in the absence of chelators, Mg2+ (0.45mM and 5.0mM) caused
an apparent loss of Ca2+-dependency of the rat heart sarcolemmal

Ca2+-ATPase. They concluded that Mg2+ was not essential for SL

Ca2+—ATPase activity. Therefore, in this study, we investigated
the effects of M92+ on SR ATPase activity.

As discussed in the INTRODUCTION, dog cardiac SR Ca2+—
ATPase is regulated by CaM, cAMP-PK and protein kinase C.
Although 1its physiological role is not known, CaM has been
suggested to be important in the beat to beat regulation of
cardiac Ca2+-transport (Rirchberger and Antonetz, 1982a) or in

certain pathological conditions (Tada et al, 1983). The role of
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CaM and cAMP-PK in the regulation of rat cardiac SR Ca2+—
transport has not been elucidated. The effects of these

potential regulators on SR Ca2

¥ -ATPase activity and SR membrane
phosphorylation were therefore investigated in the current study.

Detergent treatment of SR membranes has been shown to
solubilize requlatory proteins and alter ATPase activity. 1In
this present investigation, Triton-washed membranes were studied

for possible alterations in the Mgz+ and Ca2+ components of

ATPase activity and membrane phosphorylation.
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MATERIALS AND METHODS

A. MATERIALS

a). Radiochemicals:

{-32P-ATP (10-40 Ci/mmole) was purchased from Amersham and
45CaCl2 (10-40 mCi/mg calcium) was purchased from Amersham or

New England Nuclear.

b). Reagents:

The following chemicals were purchased from Sigma Chemical
Company:
adenosine triphosphate (disodium),
adenosine triphosphate (tris),
bovine serum albumin,
Bromophenol Blue,
catalytic subunit of cyclic AMP dependent protein kinase,
CDTA,
compound 48/80,
EGTA,
glycerol,
glycine,
L-histidine,
hydroxylamine,

magnesium chloride,
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2-mercaptoethanol,

sodium azide,

sucrose,

tetraethyl-methylenediamine (TEMED),
trichloroacetic acid (crystalline)
trichloroacetic acid (100% solution),
trifluoperazine,

Tris-base,

Tris-hydrochloride,

Tris-maleate,

Tris-oxalate,

Triton X-100.

The following chemicals were purchased from BDH
Biochemicals: calcium chloride, sodium bicarbonate, sodium
dodecyl sulphate, sodium hydroxide and potassium chloride.

The following electrophoresis chemicals were obtained from
Bio-Rad: acrylamide, N,N'-methylene-bis acrylamide, ammonium
persulphate, Coomassie Brilliant Blue R-250 and high and 1low
molecular weight standards. The dye reagent for the protein
assay was also purchased from Bio-Rad.

Gamma-globulin was obtained either from Calbiochem or Sigma
Chemical Co.

™ 11 were obtained from Fisher

Cello-sealR and Scinti-Verse
Scientific Co. AquasolR was from New England Nuclear. Potassium
phosphate (monobasic) was purchased from Amechem and sodium

chloride was from Chemonics Scientific. Glacial acetic acid was
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from Mallinckrodt Chemical Works Ltd, while activated charcoal

was purchased either from BDH Biochemicals or Fisher Scientific

Co.
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B. METHODS

1. Preparation of Cardiac Microsomes Enriched in Sarcoplasmic

Reticulum

Method 1. In initial studies, rat cardiac microsomes

enriched in SR were prepared by a modification of the method of
Sumida et al (1978). The entire procedure was carried out at
4°c. wistar rats of both sexes (250-300 grammes) were killed by
stunning and dislocation of the neck; The hearts were immediate-
ly dissected out and placed in ice cold 0.9% NaCl. The
ventricles were trimmed of atria, blood vessels, fat and connec-
tive tissue, cut into small pieces and homogenized in 25 ml 10mM
Tris-maleate, pH 6.8 with a teflon pestle by 5 paéses at 1500
rpm., The homogenate was centrifuged in 50 ml Beckman centrifuge
tubes at 4,000xg for 10 minutes. The supernatant was passed
through four layers of cheese cloth and centrifuged at 15,000xg
for 20 minutes. The second supernatant was again passed through
cheese cloth and the filtrate centrifuged at 40,000xg for 90
minutes. The resulting pellet was resuspended in 10 ml 10mM
Tris-maleate, pH 6.8 containing 0.6M KCl and centrifuged in 15
ml Corex® tubes at 40,000xg for 110 minutes. The final pellet,
enriched in SR, was resuspended in a medium containing 10mM
Tris-maleate and 40% sucrose, quick frozen in liquid nitrogen

and stored at -80°C.

Method 2. In the later studies, the SR vesicles were pre-

pared by the method of Jones et al (1979) with slight modifica-
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tions. The entire procedure was carried out at 4°c. The hearts
were 1isolated and trimmed as before and homogenized in Beckman

50 ml centrifuge tubes in 15 ml 10mM NaHCO pH 7.4 for 3x15

3’
seconds using a Polytron homogenizer (Kinematica PT 10-35) at a
setting of 4.0. The homogenate was diluted to 25 ml and centri-
fuged at 500xg for 5 minutes. The supernatant was filtered
through four layers of cheese cloth and centrifuged at 7,000xg
for 15 minutes. The pellet was discarded and the supernatant was
centrifuged at 31,000xg for 30 miqutes. The pellet was resus-
pended in 10 ml 30mM histidine-Cl, pH 7.0, containing 0.6M KCl
and centrifuged in 15 ml CorexR tubes at 31,000xg for 30
minutes. The resulting pellet, enriched in SR, was resuspended
in a medium containing 0.25M sucrose, O0.3M KCl and 0.1M Tris
base, pH 7.2. These resuspended SR vesicles were quick frozen in
ligquid nitrogen and stored at —BOOC, prior to wuse, normally

within one week.

2. Preparation of "Triton-washed" SR Membranes

THe SR vesicles were diluted in the final resuspending
medium (0.25M sucrose, 0.3M KCl and 0.1M Tris base, PpH 7.2)
containing different Triton X-100 concentrations to give the
required detergent/protein ratio and incubated at 4°c for 60
minutes. This mixture was centrifuged at 105,000xg for 60
minutes to separate the solubilized proteins from the pellet.

This 105,000xg pellet was termed the "Triton-washed" membranes.
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3. Measurement of calcium uptake into SR vesicles

ATP-dependent calcium transport into cardiac SR vesicles
was measured by a modification of the method of Tada et al
(1974). The reaction medium contained 40mM histidine-Cl, pH 6.8,
110mM KCl, 5mM MgCl

2.5mM Tris-oxalate, 5mM NaN, and 5mM ATP.

2' 3
The vesicles (approx. 40 pg) were preincubated with the medium
for 6.5 minutes at 30°C and the reaction was started by the

45

addition of the desired CaCl2 solutions (containing CaCl

'L
200,000 dpm/sample). The desired free Ca2+ concentrations were
maintained by addition of EGTA (ethylene glycol bis(B-aminoethyl
ether)-N,N' tetraacetic acid) and determined by a Fortran prog-
ram (see below). The reaction was terminated after 5 minutes by
filtering a 0.41 ml aliquot of the reaction mixture through a

R Co.). The filter was

0.45 um Millipore filter (HA 45, Millipore
washed twice with 20 ml of 40mM Tris-HCl, pH 7.2, dried and
counted in AquasolR using a TRI-CARB® 4530 Scintillation counter
(Packard).

The rate of Ca2+ uptake by SR vesicles, expressed in

nanomoles calcium transported per mg protein per minute, was

calculated using the following formula:

(sample counts - blank counts) X dilution factor X total calcium

(total counts - blank counts) X incubation time X mg protein

where:
45

sample counts Ca counts (dpm) obtained per sample

total %5ca counts (dpm) added to each tube

total counts
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blank counts = 45Ca counts (dpm) obtained in the absence

of microsomal protein

dilution factor correction for incubation volume sampled

(=1.21)

incubation time length of time microsomal proteins were

incubated in the presence of CaCl, (5min)

total calcium total amount of calcium present in the incu-

bation medium (=62.5 nmoles)

mg protein weight of microsomal protein present in the

incubation medium

"
4, Assay of (Ca‘++M92+)—ATPase Activity in SR Vesicles

2++MgZ+)-ATPase activity was measured by a modification

(Ca
of the method of Katz and Blostein (1975). SR vesicles (25
pg/ml) were preincubated for 5 minutes at 30°¢ in a medium

containing 40mM histidine-Cl, pH 6.8, 100mM KCl, 5mM NaN 100uM

3
EGTA, 0-2mM MgCl2 and CaCl, to give the desired free ca’t as
determined by a Fortran program (see below). Whenever CaM,
catalytic subunit of cAMP dependent protein kinase, trifluo-
perazine (TFP) or compound 48/80 were used, they were included
in the medium. The reaction was started by the addition of S500uM
ATP (containing 32P—ATP; 200,000 dpm/sample). The reaction was
terminated after 2.5 min (except in the time-course experiments)
with 1ice cold "TCA stop solution” containing 5% trichloroacetic
acid (TCa), 5mM NazATP and 2mM KH2P04. A suspension of activated

charcoal (0.15 g per ml) was added to the samples to adsorb
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unhydrolyzed ATP. The samples were shaken in an EppendorfR
Shaker 5432 (Brinkman Instruments) for 5 minutes followed by
centrifugation at 1500xg for 5 minutes. An aliquot of the super-

32

natant, containing liberated Pi was counted in AquasolR or

Scinti-Verse ™ II.

Ca2+-dependent ATPase activity was calculated by subtrac-
ting the "basal" activity (in absence of ca®®) from the T"total"
2+)

activity (in presence of Ca
The ATPase activity, expressed in nmoles ATP hydrolysed per

mg protein per minute, was calculated by the following formula:

ATPase Activity =

(sample counts - background) X dilution factor

S.A. X mg protein per sample X reaction time in minutes

where:
dilution factor =

reaction volume + volume stop solution + volume charcoal

volume counted

S.A. = specific activity =

total cpm added to each sample

nmoles ATP in each sample

sample counts = 32Pi counts (cpm) obtained per sample

background counts (cpm) obtained from scintillation

fluid alone
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5. Phosphorylation of Rat Cardiac SR Vesicles

The conditions for phosphorylation were similar to those
used for the ATPase assay. SR membranes (50 ug) were preincu-
bated for 10 minutes at 30°C in a medium containing 40mM

histidine-Cl, pH 6.8, 100mM KCl, 200 or 500uM MgClz, 5 mM NaN
2+

3'

100uM EGTA and 40 uM CacCl ). CaM (3 ug/ml) or

2 (0.5uM free Ca
catalytic subunit of cAMP—dépendent protein kinase (125 Units
per tube) were added to the desired reaction tubes. The reaction
was initiated by the addition of 200uM ATP (containing 32P-ATP;
2x106 dpm/sample) and was terminated after 1 minute with TCA
stop solution (5% TCA, 5mM Na,ATP and 2mM KH2P04). Bovine serum
albumin (0.125% final concentration) was added to the tubes. The
tubes were mixed by vortexing and centrifuged at 850xg for 5 min
at 4°C. The supernatant was discarded. The pellet was resuspen-
ded in 0.5 ml of either 0.6M hydroxylamine/0.8M sodium acetate,
pH 5.2 or 0.6M NaCl/0.8M sodium acetate, pH 5.2 (control). After
a 10 minute incubation at room temperature, 1 ml ice cold 15%
TCA was added to the samples and the membranes pelleted at B50xg

for 5 min at 4°C. The supernatant was discarded and the pelletb
was resuspended in 5% TCA, applied to glass fibre filters
(Whatman GF/A) and washed with 30 ml1 5% TCA solution. The

32

filters were dried and counted for Pi in AquasolR or Scinti-

VerseTM II.

32 3

The amount of P bound, expressed in pmoles 2P bound per

mg protein, was calculated as follows:
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32P bound =

(sample counts - background)

specific activity X mg protein per sample

where:

specific activity = 32? counts per picomole of ATP

total counts

total ATP in picomoles

32

sample counts P counts (cpm) obtained per sample

total 32

total counts P counts added to each tube

6. Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophoresis

(SDS-PAGE) and Autoradiography of Phosphorylated Cardiac SR

Proteins

Gel Preparation: Polyacrylamide slab gels (12%) were cast

according to the method of Laemmli and Favre (1973), using a 5%
stacking gel. The "separating" gel contained 12% acrylamide-bis
acrylamide mixture (30:0.8 w/w), 375mM Tris-HCl buffer, pH 8.8,
0.1% sodium dodecyl sulphate (SDS), 3.45% glycerol, 0.15 mg/ml
ammonium persulphate and 0.03% tetraethyl-methylenediamine
(TEMED). After mixing, the gel solution was immediately added to
the gel chamber. About 1.0 ml of distilled water was carefullyb
layered on top to keep the surface of the gel from drying and
the gel was allowed to polymerize for 2 hours or more at room
temperature.

The "stacking" gel consisted of 5% acrylamide-bis acryl-
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amide mixture (30:0.8 w/w), 315mM Tris-Cl buffer, pH 6.8, 0.1%
SDS, 0.4 mg/ml ammonium persulphate and 0.136% TEMED. The
distilled water was removed from the separating gel. The
stacking gel solution was mixed and very carefully added to the
top of the stacking gel. A teflon comb was inserted into the
stacking gel and the gel was allowed to polymerize at room

temperature for at least one hour.

Sample Preparation and Electrophoresis: When phosphorylated

SR membranes were to be analysed on SDS-PAGE followed by auto-
radiography, the incubation conditions were identical to those
above except higher protein concentrations (40-100 ug) were used
and the specific activity of 32p_aTP was increased (4x106
cpm/sample). The reaction was stopped with 1.0 ml ice-cold 15%
TCA solution. The samples were then centrifuged at 1500xg for 10
min and the supernatant discarded. The pellet was resuspended in
25 ul of sample buffer containing 43mM SDS, 1.25M urea, 0.125mM
dithiothreitol, 12.5mM Tris-HCl, pH 6.8 and a small amount of
Bromophenol Blue. Samples were vortexed, neutralized to pH 7.0
with 2M Tris base and 60 ul of each sample was applied to
separate wells in the gel.

The »running buffer contained 0.25M Tris buffer, pH 8.3,
1.92M glycine and 1% SDS. The gels were run overnight at room
temperature under a constant current of 10mA (PS 1200 DC Power
Supply, Hoefer Scientific Instruments) per slab. The protein

standards used for estimation of molecular weight (in daltons)

were: myosin (200,000),ﬁ—galactosidase (116,250), phosphorylase
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b (92,500), bovine serum albumin (66,200), ovalbumin (45,000),
carbonic anhydrase (31,000), soyabean trypsin inhibitor (21,500)

and lysozyme (14,400).

Staining, Destaining and Autoradioqraphy: The gels were

stained in a mixture containing methanol, acetic acid, water
(5:1:5) and 0.25% Coomassie Brilliant Blue R-250 for 30 minutes
at room temperature. The gels were then destained in a mixture
of methanol, acetic acid and water (5:1:5) for one hour (3
changes) and then in methanol:acetic acid:waﬁer (4:1:15) until
the background became clear. The gels were fixed 1in acetic
acid:glycerol:water (10:3:87) for 30 minutes and then in 70%
methanol for 20 minutes. The gels were immediately dried unaer
vacuum at 80°C for 90 minutes and exposed to X-ray film (Kodak
Min-R) using an intensifier screen (Cronex Lightning Plus, Du3
pont) for 7-14 days at -80°C. The films were developed to

visvalize the phosphorylated bands.

7. Protein Assay

The protein contents of the cardiac SR-enriched microsomal
preparations were determined by the method of Bradford (1976) as
simplified by Bio-Rad (Bio-Rad Protein Assay, Instruction
Manual). Bovine gamma-globulin was used as the standard to yield
protein ranges of 4-20 pg (micro assay) or 20-100 ug (macro
assay). A full protein concentration curve was produced for each

assay. In the initial macro assays the gamma-globulin or sample
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protein was diluted to 100 ul in distilled water. The diluted
dye reagent (5 ml of 5-fold diluted) was added, and the tubes
were read at 595 nm in a spectrophotometer. The protein concen-
trations were determined by extrapolation from the standard
curves. In the later experiments, ﬁhe procedure was modified so
that the entire assay could be performed in disposable cuvettes.
For this, 1 volume of dye reagent concentrate was diluted with 3
volumes of distilled water instead of a 1:4 dilution and 3 ml of
this diluted dye reagent was used, instead of 5 ml, to develop
colour. The rest of the procedure was the same as before. The
micro assay was carried out in the exact manner as described 1in

the Bio~Rad Manual.

8. Determination of Free Calcium Concentrations

Free calcium concentrations were determined using the
Fortran program "CATIONS" written by Goldstein (1979). Associa-
tion constants for cations and ligands were obtained from
Martell and Smith (1979, 1982) and were corrected for 1ionic
strength, pH and temperature according to the methods described
by these authors. The corrected log association constants of
chelating 1ligands (in order of first to fourth proton associa-
tion) used were: 9.440, 8.820, 2.770 and 2.110 for EGTA; 12.345,
6.210, 3.640 and 2.530 for CDTA; 6.635; 4,125, 0.0 and O.b for
ATP. Association constants for monoprotonated species were
calculated according to the procedure of Blinks et al. (1982).

Log association constants for unprotonated and monoprotonated
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cation-ligand complexes (in order) were: 5.341 and 3.631 for Mg-
EGTA; 11.114 and 0.0 for Mg-CDTA; 4.114 and 2.128 for Mg-ATP;
10.762 and 5.222 for Ca-EGTA; 13.109 and 0.0 for Ca-CDTA; 3.758

and 1.923 for Ca-ATP.

9. Statistical Analysis

Whenever two means were compared, the statistical analysis
was performed wusing Student's wunpaired t-test. The null-
hypothesis was rejected only if the two means were significantly

different at a 0.05 or 0.01 significance level.
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RESULTS

1. Characterization of Rat Heart Sarcoplasmic Reticulum Calcium

Transport ATPase

The rat heart SR Ca2+—transport ATPase has not been well
" characterized. Therefore, in our 1initial experiments we

determined the optimum assay conditions.

a). Effect of SR Protein Concentration on ATPase Activity

To determine the optimum protein concentration for the
assay, the effect of a range of protein concentrations (5-100
mg/ml) was investigated. The ATPase activity increased with
protein concentration in an almost linear manner up to a concen-
tration of 35 ug/ml and then started to plateau (figure 1). A
protein concentration of 25 ug/ml was selected for use in future
experiments. This choice was made since this concentration

produced activity in the linear part of the curve.

b). Time-Course for ATPase Activity

The time-course of ATP hydrolysis was studied in crude SR
préparations. The results wusing SR prepared by method 1 are
shown in figure 2, The increase in ATPase activity with time
showed 1linearity at least up to 4 minutes. A reaction time of
2.5 minutes was chosen for further experimentation. At this

reaction time and SR protein concentration, the ATP hydrolytic
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Figure 1.

Effect of changing protein concentrations on (Ca2++MgZ+)-ATPase
activity. The ATPase activity, at 200uM added MgCl2 and 7.0uM
free Ca2+, was determined as described in Methods. The results
shown represent the mean of observations from two different SR

preparations prepared and assayed on different days.
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Figure 2.

. 2+ 2+ . . .
Time-course of (Ca® +Mg“ )-ATPase activity in the rat heart SR
preparation. The ATPase activity, at 200uM added MgCl2 and 7.0uM
free Ca2+, was determined as described in Methods. The results
shown represent the mean of observations from two different SR

preparations prepared and assayed on different days.
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activity was less than 15% and thus below the Pi accumulation
that might produce product inhibition and increased levels of

non-enzymatic hydrolysis.

c). Effect of Ouabain, Vanadate and Sodium Azide on ATPase

Activity

As shown in table I, ouabain was found to have no effect on
ATPase activity wunder our experimental conditions. Vanadate
(2puM) produced an 8.5% inhibition of the ATPase activity, while
5mM sodium azide, a mitochondrial Ca2+-transport inhibitor,
produced a 19% inhibition of ATPase activity. 1In view of these
results showing some possible mitochondrial contamination,

sodium azide was routinely added to the reaction medium.

d). Study of Calcium Transport

The SR preparation used was able to support oxalate-
facilitated ca®* transport indicating that the preparation is
vesiculated to some degree. This was shown in time-course
studies (figure 3) and a protein concentration curve (figure 4)
for Ca2+ uptake. Calcium was accumulated in a linear manner for
at least 15 minutes incubation time at 30°C (figure 3). This

accumulation was linear up to 80 pg/ml protein.

2. Effect of Magnesium on the ATPase Activity in Rat Heart SR

a). Effect of Magnesium on Ca2+—Activation of ATPase Activity
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Table 1

The effect of sarcolemmal and mitochondrial inhibitors on
total ATPase activity. The results represent mean of
observations from two different experiments.

ATPase activity Percent
Inhibitor (nmoles/mg/min) Inhibition
None 327.18 -
1mM Ouabain 342.77 --
5mM Sodium azide 264.56 19.1
2uM Sodium vanadate 299.40 8.5
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Figure 3.

Time-course of calcium uptake activity in rat heart SR vesicles.
. + . .

Calcium uptake, at 2uM free Ca2 , Wwas measured as described in

Methods. The results shown represent the mean of observations

from two individual SR preparations prepared and assayed on

different days.
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Figure 4.
Effect of changing protein concentrations on calcium uptake

activity. Calcium uptake activity, at 2uM free Ca2+

, was deter-
mined as described in Methods. The results shown represent the
mean *+ S.E.M. of observations from at least three different SR

preparations prepared and assayed on different days.
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In early experiments we observed a high basal ATPase
activity in our preparations and were unable to detect a repro-
ducible Ca2+—dependent ATPase activity (data not shown). We,
thefefore, decided to determine the effect of magnesium on the
Ca2+-dependent component of ATPase activity. Figure 5a shows the
Ca2+ activation of ATPase activity at different magnesium
concentrations (0-2mM). The ATPase was found to be activated by
Ca2+ in the complete absence of added magnesium. Concentrations
of Mg (total added magnesium) up to 10uM had little or no effect
on this activation. However, higher Mg produced a concentration-
dependent increase in the basal ATPase activity and the total
ATPase activity at the lower Ca2+ concentrations without any
significant effect on the maximal ATPase activity at 300uM free
Ca2+. For example, B80uM Mg increased the basal ATPase activity
11-fold as compared to zero Mg, while the total ATPase activity
at 300uM free Ca2+ was not increased. These observations can be
interpreted as a concentration-dependent inhibition of the Ca2+
dependent ATPase activity by Mg. This is illustrated in figure

2+ on Ca2+—dependent ATPase

5b which shows the effect of Ca
activity at different Mg concentrations. The Ca2+ concentration
curves shifted to the right and downward with increasing Mg
concentration. At 350uM Mg, the Ca2+ dependency appeared to be
almost completely lost.

To determine whether the Ca2+ activation at zero Mg was due

to endogenous free Mg, 100uM CDTA was included in the reaction

medium. As seen in figure 6, CDTA did not inhibit this activa-
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- Figure 5.
a). Effect of magnesium on ca?" activation of (Ca2++Mgz+)-ATPase
activity. The ATPase activity was assayed in the absence (A), or

presence of 1.0uM (O), 10uM (X), 20uM (V), 80uM (), 350uM (O),
mM (@) or 2mM (M) MgCl,.
b). Effect of magnesium on Ca2+-dependent ATPase activity. The
ATPase activity was assayed in the absence (A), or presence of
1.0uM (©), 20uM (V), 80uM (), or 350uM (O) MgCl,. The Ca’'-
ATPase activity was calculated by subtracting the basal activity
(in presence of Mg2+ but no Ca2+) from the total ATPase activity
(in presence of Mg2+ and ca®’).
The ATPase activity was determined as described in Methods. The

results shown represent the mean of observations from three

individual SR preparations prepared and assayed on different

days.
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Figure 6.

Effect of magnesium on (Ca2

++M92+)-ATPase activity in the prese-
nce of 100uM CDTA. The ATPase activity was assayed in the
absence (A), or presence of 10uM (X), 20uM (V), 80uM (O0), 350uM
(O), 'mM (@ or 2mM (M) MgCl,. The ATPase activity was deter-
mined as described in Methods. The results shown represent the

mean of observations from two individual SR preparations

prepared and assayed on different days.
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tion of ATPase activity. Under these conditions, increasing Mg
concentrations resulted in a similar pattern of ATPase activity

as seen in the absence of CDTA (figure 5a).

b). Role of Magnesium as a Co-Substrate

At zero free Ca2+, when the Mg to ATP ratio was kept

constant, the ATPase activity increased in a hyperbolic fashion
(figure 7a). The addition of 0.8uM free ca* resulted in stimu-
lation of this activity as shown by a leftward movement of the
curve. An increase in free Ca2+ to 7.0uM had 1little further
effect on the ATPase activity. A double-reciprocal plot ' of
ATPase activity vs. ATP concentration produced straight lines at
all three Ca2+ concentrations (figure 7b). However, when the
reciprocal of ATPase activity was plotted against the reciprocal
of the concentration of the Mg.ATP complex, a non-linear graph

was obtained (figure 7c).

3. Effect of Regulators on Rat Heart SR ATPase Activity

a). Effect of Calmodulin and C-subunit on ATPase Activity in SR

Vesicles

The effect of CaM on ATPase activity was investigated at
various Ca2+ and Mg concentrations. We were unable to show a
stimulatory effect of CaM at zero (figure 8a), 10uM (figure 8b),

50uM (figure B8c) and 500uM (figure B84) Mg and with all free ca?*
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Figure 7.

2

a). Effect of changing ATP concentrations on (Ca ++M92+)-ATPase

activity. The ATPase activity was assayed in the absence (A), or
presence of 0.8uM (X) or 7uM ((J) free Ca2+. The concentration of
MgCl2 was adjusted to give a 1:1 ratio of Mg:ATP. The ATPase
activity was determined as described in Methods. The results

shown represent the mean of observations from two individual SR

preparations prepared and assayed on different days.

b). Double-reciprocal plot of ATP hydrolysis versus ATP concen-

tration,

c). Double-reciprocal plot of ATP hydrolysis versus Mg.ATP

concentration.
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Figure 8.

Effect of calmodulin on (Ca2++MgZ+)—ATPase activity in rat heart
SR. The ATPase activity was measured as described in Methods, in
the absence (a) or presence of 10uM (b), 50uM (c) or 500uM (d)
MgCl,. The activity was assayed at zero A), 0.1uM (X), 1.0uM
V), 1opM (@), 100uM (O) and 300uM (@) free ca??
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concentrations studied.

The effect of cAMP-dependent protein kinase (cAMP-PK) on
the ATPase activity of another regulator of the cardiac SR Ca2+-
pump was also investigated. Catalytic subunit of cAMP-PK (625
units/ml) appeared to inhibit the ATPase activity at high Ca2+
concentrations with little or no effect at low Ca2+ concentra-

tions (figure 9).

b). Effect of Calmodulin on Calcium Uptake

To determine whether CaM stimulated Ca2+—transport in the

£ 45 2+

rat heart SR, uptake o Ca into SR vesicles was studied in

the absence and presence of 3 ug/ml CaM. Under our experimental
conditions, CaM did not produce a significant effect on Cazf

uptake (figure 10).

c). Effects of Calmodulin Inhibitors on ATPase Activity

To 1investigate whether the lack of response to CaM was due
to the presence of endogenous CaM, we studied the effect of CaM
antagonists on ATPase activity. TFP had no effect on basal
ATPase activity, but produced a slight inhibition of total
ATPase activity at concentrations up to 100uM (figure 11). At
higher concentrations, the total activity declined towards the
basal 1levels. Another CaM antagonist, Compound 48/80 (0-100
Mmg/ml) failed to inhibit the basal and the total ATPase activi-

ties (figure 12).
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Figure 9.

Effect of the catalytic-subunit of cAMP-dependent protein kinase
on (Ca2++MgZ+)~ATPase activity. The ATPase activity, in the
absence (A) or presence (X) of catalytic-subunit (625 units/ml),

2+
' as

was measured, at 10uM added MgCl, and 10pM free Ca
described in Methods. The results shown represent the mean of
observations from two individual preparations prepared and

assayed on different days.
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Figure 10.

Effect of calmodulin on calcium uptake by SR vesicles. The
uptake activity was assayed in the absence (A) and presence (X)
of 3 ug/ml calmodulin, using the procedure described in Methods.
The results shown represent the mean + S.E.M. of observations
from three individual preparations prepared and assayed on

different days.
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Figure 11.

Effect of trifluoperazine on the basal (A) and total (X) ATPase
activity in the rat heart SR. The ATPase activity, at 10uM added
MgClz-and 10uM free Ca2+, was measured as described in Methods.
The results shown represent the mean of observations from two

individual preparations prepared and assayed on different days.

51



ATPase Activity, nmoles/mg/minute

200

180

160

140

120 +

100

80

60

40 -

20-

o—p

\ x
. \ //
SN/
|/
A\A/A/A g2
T T

10
[Trifluoperazine], uM

51a



Figure 12.

Effect of compound 48/80 on the basal (A) and total (X) ATPase
activity in the rat heart SR. The ATPase activity, at 10uM added
MgCl2 and 10uM free Ca2+, was measured as described in Methods.
The results shown represent the mean of observations from two

individual preparations prepared and assayed on different days.
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4, Effect of Triton Treatment on ATPase Activity and the

Regulation of This Activity

a) Effect of Triton X-100 on SR ATPase Activity

The effect of three different Mg concentrations on ATPase
activity was studied in Triton-washed membranes. All three Mg
concentrations produced a similar pattern of total ATPase
activity (figurev 13a); the activity was higher at 500uM Mg
compared to zero and 10uM Mg. There was a small, but insignifi-
cant increase in activity with a detergent/protein ratio of 0.2
(0.005% Triton at a protein concentration of 0.3125 ug/ml). The
activity declined sharply at detergent/protein ratios higher
than 0.2, At a detergent/protein ratio of 0.8, the activity was
10.7% (500uM Mg), 19.0% (10uM Mg) and 12.4% (zero Mg) of the
ATPase activity in the control membranes. The decline in ATPase
activity with Triton was faster at 500uM added Mg than zero and
10uM Mg.

The Ca2+-dependent ATPase activity was highest at zero Mg
and lowest at 500uM Mg (figure 13b). While the total ATPase
activities at =zero and 10uM added Mg were almost identical
(figure 13a), the Ca2+-dependen£ ATPase activity at 10uM Mg was
lower than at zero added Mg (figure 13b). This decrease was
significant in control membranes and in Triton-washed membranes
at a Triton/protein ratio of 0.2. The decline of Ca2+—dependent
activity with Triton was fastest at zero Mg and slowest at 500uM

Mg.
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Figure 13.
Effect of magnesium on Total (a) and Ca2+—dependent (b) ATPase

activity in the Triton-washed SR membranes.

The Triton-washed membranes were obtained as described in
Methods. The ATPase activity, at 10uM free Ca2+, was assayed in
the absence (O) or presence of 10uM (A) or 500uM (X) MgCl,. The
results shown represent the mean + S.E.M. of observations from
at least three individual preparations prepared and assayed on

different days.
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Figure 14a compares the total ATPase activity of Triton-
washed membranes and 105,000xg supernatant fractions. The total
ATPase activity of the solubilized fractions declined with
increasing Triton concentration reaching 9.3% of controls at a
detergent/protein ratio of 1.6.- On the other hand, Ca2+-
dependent ATPase activity of the supernatant fraction from
membranes treated with low Triton concentration (detergent/pro-
tein of 0.2) was stimulated 2.4-fold; this activity declined to
23% of control at a detergent/protein ratio of 1.6 (figure 14b).

Table II shows the recovery pattern of the ATPase activity
as calculated by multiplying the specific ATPase activity with
the total protein recovered. The pellet from membranes treated
with low detergent concentrations showed the highest recovery of
both total and Ca2+-dependent ATPase activity. The recovery
declined after a detergent/protein ratio of 0.4, reaching about
10% of control at a detergent/protein ratio of 1.6. The super-
natant fraction showed a high recovery of Ca2+-dependent
activity at a detergent/protein ratio of 0.2 and a high recovery
of both total and Ca2+—dependent activities at high

detergent/protein ratios i.e. 0.8.

b). Effect of Calmodulin on ATPase Activity in Triton-washed

Membranes
When CaM was added to the reaction medium, 1in the presence
of 10puM free Ca2+ it failed to alter the total or Ca2+—dependent

ATPase activity of Triton-washed membranes (figure 15a and 15b).
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Figure 14.
The levels of Total (a) and Ca2+-dependent (b) ATPase .activity
in 105,000xg fractions of Triton-treated SR membranes in the

presence of increasing concentrations of Triton X-100.

The fractions were obtained as described in Methods. The ATPase
activity, 1in the pellet (A) and the supernatant (X) fractions,
was measured as described in Methods. The MgCl2 concentration in
the assay medium was 200uM and the free Ca2+ concentration was
kept constant at 10uM. The results shown represent the mean of
observations from two individual preparations prepared and

assayed on different days.
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Table 11

*
The recovery of ATPase activity in the 105,000xg centrifugation
fractions of Triton-treated SR membranes. The data represent
mean of observations from 2 separate preparations.

Pellet Supernatant
Detergent/protein .

ratio Total Ca2+-dep Total Ca2+—dep
0 142.56 12.90 7.56 0.82
0.2 170.20 37.3% 8.12 3.30
0.4 177.17 27.46 6.76 0.98
0.8 67.86 15.12 10.18 2.52
1.6 12.74 1.20 6.96 2.10

*
The ATPase recovery was calculated by multiplying the
specific activity with the total protein recovered and
is expressed in micromoles per min
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Figure 15.

Effect of calmodulin on Total (a) and Ca2+-dependent (b) ATPase
activity 1in Triton-washed SR membranes. The Triton-washed
membranes were obtained as described in Methods. The ATPase
activity was assayed, at 10uM added MgCl2 and 10uM free Ca2+, in
the absence (O) or presence (A) of 3 ug/ml calmodulin, as
described in Methods. The results shown represent the mean +
S.E.M. of observations from three 1individual preparations
prepared and assayed on different days. Asterisk indicates
significantly different from controls (no calmodulin) at

p < 0.05 (*) or p < 0.01 (**),

58



S0052a)

—O <4
\ -
__+OH
\
\
\
— -
\\
=
FO <= .
T- O I A _l 1 1 | i 1
o (@] (@] (@] (@] o (@] (@] (@]
9] o (9] (@] ) o "] Qo wn
- <t (2] ~) N ()] - -

uiw/Bui/ssjowu ‘AjAIjoY 8sDdly D40l

1.5
Triton X—100/Protein Ratio

1

0.5

58a



N

w

o
1

L e

N
o
o

150 -]

100

CaZt-ATPase activity, nmoles/mg/min

50 -

0.5 1 1.5
Triton X—100/Protein Ratio

58b

o



CaM produced a significant inhibition of the Ca2+—dependent
ATPase activity in the control membranes and Triton-washed
membranes at the 1.6 Triton/protein ratio (figure 15b). However,
at intermediate Triton/protein ratios, CaM did not produce a

significant effect on this ATPase activity.

5. Studies on Phosphorylation of SR Membranes With and Without

Triton Treatment

a). CaM and C-subunit-Dependent Phosphorylation of SR Membranes

Effects of CaM and C-subunit on SR membrane phosphorylation
were investigated in the absence and presence of hydroxylamine
to determine the effects of the two regulators on total (acyl
and serine phosphorylation) and serine phosphorylation,
respectively. Both CaM (3 pg/ml) and C-subunit (625 units per
ml) had slight effects on total phosphorylation at zero ca?*. at

2+ 32

0.5uM and 7.0pM Ca“ , both regulators stimulated P incorpora-

tion into SR membrane proteins (figure 16a). However, only the
C-subunit stimulated phosphorylation at 7.0uM free Ca2+ at
significantly different levels from the controls. When both CaM
and C-subunit were present, the stimulation was additive at zero

and 0.5uM free Ca2+, while at 7.0uM free Ca2+, the combination

resulted in an intermediate level of phosphorylation. However,

2+

only at 0.5uM Ca was this phosphorylation significantly diffe-

rent from control. Membrane phosphorylation was stimulated by

0.5uM and 7.0pM free Ca’

both in the absence and presence of
the regulators.
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Figure 16.

Effect of calmodulin and the catalytic subunit of cAMP-dependent
protein kinase on phosphorylation of rat heart SR in the absence
(a) or presence (b) of 0.6M hydroxylamine. Phosphorylation of SR
membranes was measured, at zero, 0.5uM or 7.0uM free Caz+ in the
absence of a regulator (EZ) or in the presence of 3 ug/ml
calmodulin (BE), 625 units/ml C-subunit (N) or both {CJ). The

32P—incorpora—

concentration of MgCl2 was 200uM. The amount of
tion was determined as described in Methods. The results shown
represent the mean + S.E.M. of observations from three
individual preparations prepared and assayed on different days.

Asterisk indicates significantly different from controls (no

regulator present) at p < 0.05 (*).
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In the presence of 0.6M hydroxylamine, 3 ug/ml CaM produced
no effect on 32P incorporation at zero and 7.0uM free Ca2+
(figure 16b). Although this concentration of CaM showed some
stimulation of hydroxylamine-insensitive phosphorylation at

0.5uM free Ca2+

, it was not statistically significant. C-subunit
appeared to inhibit hydroxylamine-insensitive phosphorylation at
zero and 7.0uM free Ca2+. However, this inhibition was not

statistically significant.

b). Effect of Magnesium on Phosphorylation of SR Membranes

Figure 17 shows the effect of changing Mg concentration on
the phosphorylation of SR membranes in the presence and absence
of 0.6M hydroxylamine. 32P incorporation was stimulated by Mg in
a concentration-dependent manner both 1in the absence and
presence of hydroxylamine. Hydroxylamine-insensitive phosphory-
lation appeared to be more sensitive than total phosphorylation
as shown by stimulation at lower Mg concentrations. CaM had. no
effect on either total or hydroxylamine-insensitive phosphoryla-

tion.

c¢). Phosphorylation of Triton-washed SR Membranes

Quantitation: CaM-dependent phosphorylation of Triton-

washed SR was studied in the presence and absence (NaCl control)

of 0.6M hydroxylamine. In the absence of hydroxylamine (figure

32P

18a), incorporation into Triton-washed membranes decreased
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Figure 17.

‘BEffect of magnesium on phosphorylation of SR membrane proteins

in the absence (A, X) and presence (0J,Q) of 0.6M hydroxylamine.

32

Incorporation of P into SR membrane proteins, in the absence

(A,0) or presence (X,0O) of 3 ug/ml calmodulin was measured at
0.5uM free Ca2+, as described in Methods. The results shown
represent the mean *+ S.E.M. of observations from three

individual preparations prepared and assayed on different days.
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Figure 18,
Effect of calmodulin on phosphorylation of Triton-washed SR
membranes in the absence (a) or presence (b) of 0.6M hydroxyl-

amine. The incorporation of 32

P into SR membrane proteins, in
the absence (A) or presence (X) of 3 ug/ml calmodulin, was
measured at 500uM MgCl2 and 0,5uM free Ca2+, as described in
- Methods. The results shown represent the mean of observations

from three 1individual preparations prepared and assayed on

different days.
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slightly at 0.2 Triton/protein ratio and increased at higher
detergent/protein ratios. However, none of these changes were
significant when compared with membranes that were not treated
with Triton. CaM had no significant effect on the amount of 32P
incorporated.

The hydroxylamine-insensitive phosphorylation showed a
similar pattern (figure 18b). Again, higher Triton concentra-
‘tions appeared to 1increase the hydroxylamine-insensitive
phosphorylation. However, this increase was not significantly
different from membranes washed in control buffer. CaM appeared
to produce an inhibition of phosphorylation, but this inhibition

was not significant.

Autoradiography: Gel electrophoresis followed by autoradio-

graphy of the phosphorylated membranes showed that a low molecu-
lar weight protein (Mr approx. 9,000) was phosphorylated in
crude SR membranes (figure 19, lane t). CaM (3 pg/ml) had no
effect on the amount or the migration properties of this protein
(figure 19, 1lane 2). The amount of phosphorylation of Triton-
washed membranes appeared to increase with Triton concentrations
up to 0.4 mg Triton/mg protein (figure 19, lanes 3, 5 and 7). No
phosphorylation was observed 1in the supernatant fraction of
these low Triton-treated membranes (figure 19, lanes 4, 6 and
'8). However, at 0.8 and 1.6 Triton/protein ratios (fiqure 23,
lanes 10 and 12, respectively), a protein of 7,500 dalton was
phosphorylated in the supernatant fractions, while the 9,000
dalton protein in Triton-washed membranes gradually disappeared

(lanes 9 and 11).
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Figure 19.

32P-Autoradiogram of SDS-polyacrylamide gel electrophoretogram

of SR and Triton-washed membrane proteins phosphorylated with

325_ATP. The phosphorylation (at 500uM MgCl, and 0.5uM free

Ca2+), electrophoresis and autoradiography were carried out as
described in Methods. Results shown are typical of two different
experiments. The lanes represent:

1 - crude SR in absence of CaM,

2 crude SR in presence of 3ug/ml CaM,

3 - membranes washed in zero Triton,

4 - supernatant from zero Triton-treated membranes,

5 - membranes washed in 0.2 mg Triton/mg protein,

6 - supernatant from membranes treated with 0.2 mg Triton/mg
protein,

7 - membranes washed in 0.4 mg Triton/mg protein,

8 - supernatant from membranes treated with 0.4 mg Triton/mg
protein,

9 - membranes washed in 0.8 mg Triton/mg protein,

10 - supernatant from membranes treated with 0.8 mg Triton/mg
protein,

t1 - membranes washed in 1.6 mg Triton/mg protein,

12 - supernatant from membranes treated with 1.6 mg Triton/mg

protein,
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DISCUSSION

It 1is now well established that the contraqtile process in
skeletal and cardiac muscle is terminated by the active removal
of free calcium from the sarcoplasm via the sarcoplasmic reticu-
lum calcium pump. Most of the early knowledge in this area came
from work with skeletal muscle. More recently, differences
between the skeletal and cardiac SR Ca2+~pump have been shown.
For example, the SR from the two sources display a different
affinity for ca?* (KO.S of 4.7uM for cardiac and 1.3uM for
skeletal SR; Shamoo and Ambudkar, 1984). In addition, the ratio
of Ca2+—pump protein to total protein is different (approx. 40%
in cardiac -- Suko and Hasselbach, 1976; and 60-80% in skeletal
SR -- deMeis and Inesi, 1982). There also appears to be a marked
difference 1in the regulation of the Ca2+—pump and the role of
the protein, phospholamban. The majority of the previous studies
have been done on dog cardiac muscle SR. It is normally assumed
that cardiac SR from all species would be similar with respect
to the Ca2+-pumping ATPase, However, our initial experiments
with rat heart SR proved that this is not the case. The assay
of Ca2+-ATPase activity 1in rat heart SR wusing conditions
identical to those used with dog heart SR revealed a high basal
ATPase activity with little or no Ca2+—dependent activity (data
not shown). This prompted us to investigate the effect on this
activity of the modification of our assay parameters; in

2

particular, the requirement of SR Ca *-ATPase for M92+ and its

requlation by CaM was investigated.
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2+

1. The Reguirement of Mg for SR Ca2+—Tran5port Activity

a). The Role of Mg2+ in Ca2+-Transport

The rat heart SR preparation used in our studies appears to
be very active. Protein concentrations as low as 25 ug/ml (5 ug
per tube) produced significant ATP hydrolysis at short reaction
times (2.5 min). This is also substantiated by the fact that the
100,000 dalton protein corresponding to the Ca2+~ATPase molecule
appears to be a very small percentage of the total SR protéin in
our preparation (data not shown). The amount of protein used in
our assays is very small compared to that used in other studies
(Kirchberger and Antonetz, 1982a; Levitsky et al, 1976;
Lopaschuk et al, 1980).

In our preparation, the Ca2+—ATPase could be fully acti-

vated by Ca2+

in the complete absence of added M92+. This
observation could not be explained in light of the currently
accepted view that M92+ is involved in the transport cycle of
the SR Ca2+ pump. M92+ is thought to be involved in two ways:
1) the "true substrate"™ for the ATPase enzyme is thought to be
Mg.ATP (Makinose and Boll, 1979; Vianna, 1975) and 2) free Mg2+
is thought to be essential for dephosphorylation of the enzyme
(Kanazawa et al, 1971; Makinose and Boll, 1979; Souza and
deMeis, 1976).

Vianna (1975) reported that if Mg.ATP is the true
substrate, the double-reciprocal plot between ATP (when Mg:ATP

ratio is 1:1) and ATPase activity would be non-linear. However,
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when our data, showing the dependence of ATP hydrolysis on ATP
(at constant Mg:ATP ratio of 1:1), was plotted on a double-
reciprocal plot, a linear graph was obtained. Furthermore, a
similar plot of ATPase activity vs. Mg.ATP was non-linear. These

2+—ATPase ATP may be the

results indicate that in rat heart SR Ca
true substrate instead of Mg.ATP.
The rat cardiac SR ATPase appeared to be stimulated in a

. . - +
concentration-dependent manner to maximal activity by Mgz or

Ca2+, in the complete absence of the other cation. Thus, when
both cations were present, any increase in ATPase activity due
to increased M92+ resulted in a loss of Ca2+—dependent activity.
These results explain the high basal activity and the absence of

Ca2+—dependent activity in our initial experiments where 500 uM

Mg2+ was routinely used. A high basal ATPase activity in rat
heart SR has previously been reported (Nayler et al, 1975;
Penpargkul, 1979). However, an explanation for this observation
was not provided. Nayler et al (1975) compared the rat SR ATPase
activity with that of guinea-pig and found an almost 3-fold
difference in the basal ATPase activities of the two species.
Rat heart has also been reported to differ from other species
with respect to its Ca2+ accumulating activity and contraction
and relaxation characteristics (Penpargkul, 1979). This appears
to be a species difference and not a phenomenon of the rat heart
SR, since Velema et al (1985) have reported very similar results
2+

in rat heart sarcolemmal preparations. They found that Ca was

able to activate the sarcolemmal Ca2+—ATPase in the absence of
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added M92+; upon addition of 0.45mM or 5 mM free Mg2+ the Ca2+

dependency was completely lost. No chelator system was used in
these experiments; therefore, trace amounts of endogenous M92+

may have been present. In the presence of a chelator, Mg2+

produced a variable effect on the Ca2+

affinity depending on the
chelator and the Ca2+ concentrations used. The reason for not
observing the same effect in the presence of chelators may be
the high concentration of chelators (2mM) used in their study.
At such a high concentration, chelators may have their own
effect on the ATPase activity.

The requirement of Mgz+ in the Ca2+ transport cycle of the
SR Ca2+-pump has recently been questioned. The findings of
Velema et al (1985) as well as ours indicate that Mg2+ is not
required for ATP hydrolysis by rat heart SR and SL Ca2+-ATPases.
Similar conclusions were drawn by Shigekawa et al (1983) in

2+-ATPase; using Ca.ATP as

purified rabbit skeletal muscle SR Ca
a substrate instead of Mg.ATP, they showed that M92+ was not
required for the turnover of the Ca2+—pump ATPase. In their
studies, ATP hydrolysis could be observed with Ca.ATP as sub-
strate with no Mg2+ present. ATP hydfolysis and conversion of
E,P to E,P was slower with Ca.ATP compared to Mg.ATP. The
conversion of E,P to Ezp is suggested to be one of the Mgz+-
requiring steps in the Ca2+ transport cycle (Shigekawa and
Dougherty, 1978). Ca.ATP and Mg.ATP appear to act as competi-

tive inhibitors of each other (Shigekawa et al 1983; Vianna,

E..

1975). Yamamoto et al (1985) have shown that 1in C12 8
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solubilized SR ATPase, ATP can be hydrolysed without going
through the Mgz+-dependent E,P --> E,P step. They suggested that
E,P may be directly hydrolysed to E and P,. Hovever, Shigekawa
et al (1983) reported that in the presence of Ca.ATP, the
conversion of E,P to E,P does take place, but slowly, leading to
a slow turnover rate. These obsevations support our results
which show a decreased Ca’’ dependence of ATPase activity with
increasing Mg2+ concentrations (see figure 3b).

If the E,P --> E,P conversion is indeed stopped or slowed
down, Ca2+-transport would be interrupted since this 1is an
essential step for delivering bound Ca2+ to the interior of the
SR (Tada and Katz, 1982). A recent report by Costa and Madeira
(1986) suggests that M92+ is required for the coupling of ATP
hydrolysis to Ca2+ transport, while ATP hydrolysis is indepen-
dent of Mg2+. It should be mentioned, though, that these authors
did not clearly explain their methodology and did not indicate
the source of the SR preparation used. In addition, the Mg2+
concentrations wused (0.2-50mM) in their study appeared to be
high.

M92+ has been proposed as the counter-transported cation
during calcium uptake by SR (Kanazawa et al, 1971). However, in
their studies, Chiesi and Inesi (1980) showed that M92+ was not

counter-transported. Ueno and Sekine (1978) observed Ca2+

transport in rabbit skeletal muscle SR in the absence of M92+.
Salama and Scarpa (1985) provided further evidence for this by
showing that Mg2+ was not released from SR vesicles during

R +
active Ca2 transport.

70



2+

b). The Non-Specific Ca (or M92+)~ATPase

An alternative explanation for the competitive nature of

2+ 2+

Mg and Ca stimulation of rat heart SR ATPase, can be
provided. There 1is a strong possibility that we have been
studying a low affinity non-specific divalent cation-stimulated
ATPase which has been shown to be present in plasma membrane
preparations of different tissues (Iwasa et al, 1982;
Lotersztajn et al, 1981; Pershadsingh and McDonald, 1980; Verma
and Penniston, 1981). Lotersztajn and colleagues showed that the
basal ATPase activity in native rat liver plasma membranes was

2+ resulted

dramatically increased by 5uM Mg2+ and that 50uM Mg
in a complete loss of Ca2+ stimulation, Verma and Penniston
reported that in their initial experiments with rat corpus
luteum ATPase using é6mM M92+, Ca2+ did not produce a stimulation
above the basal activity. These results are explained by the
presence of a non-specific divalent cation-stimulated ATPase

(also called M92+—ATPase). This ATPase has also - been demon-

strated in rat kidney cortex (Parkinson and Radde, 1971), rat

adipocyte plasma membranes (Pershadsingh and McDonald, 1980),

and rat osteosarcoma plasma membranes (Murray et al, 1983).
2

Furthermore, a high affinity Ca Y _ATPase has been isolated from
plasma membrane preparations of most of these tissues (Iwasa et
al, 1982; Lotersztajn et al, 1981; Verma and Penniston, 1981),
The 'non-specific' ATPase present appears to hinder the activity

of the high affinity ATPase when studied in the native plasma
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membranes under high Mg2+ conditions (Lotersztajn et al, 1981).

2*_ATpase is probably the Ca2+-pumping

The high affinity Ca
enzyme (Verma and Penniston, 1981). The latter ATPase from all
three tissue sources showed maximal stimulation of ATPaseb
activity at 0.5-1.0uM free Ca2+ and no requirement for exogenous
Mgz+. _However, small amounts of M92+ were required for this
activity. ‘This requirement is normally satisfied by endogenous
M92+ as shown by a complete inhibition of the ATPase activity by
CDTA (Pershadsingh and McDonald, 1980; Verma and Penniston,
1981). In our studies, however, 100uM CDTA failed to inhibit the
ATPase activity. One explanation may be that the concentration
of CDTA wused in our study was too low to chelate all the M92+
present in the reaction medium.

Therefore, it is possible that in our study, the activity
of the high affinity Ca2+-pumping ATPase was masked by a low
affinity non-specific ATPase. Further investigation wutilizing
lower free Ca2+ concentrations (0-1.0uM) and no added M92+ would
be necessary to determine this possibility. From the above
discussion it appears that the non-specific ATPase may be
species-specific and not tissue-specific since all the studies
discussed above used rat tissues. A similar ATPase has also been
reported 1in rat liver endoplasmic reticulum (Kraus-Friedman,
Satellite symposium of the 30th cdngress of IUPS, Seattle,
1986). Furthermore, Ca2+-ATPases from other species, of both

plasma membrane and SR origin, have been shown to be active 1in

the presence of high M92+.
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The ATPase activities reported here were completely
insensitive to ouabain, indicating that the ATP hydrolysis was
not due to Na /K’ -ATPase activity. Vanadate (2uM) produced an
8.5% inhibition of the ATPase activity. This concentration