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A rabbit heart membrane fraction enriched in sarcoplasmic reticulum was incubated in a reaction mixture
containing [y-3*PJATP. The catalytic subunit of cyclic AMP-dependent protein kinase enhanced the 32P-la-
belling of both phosphatidylinositol-4-phosphate and phosphatidylinositol-4,5-bisphosphate. Ca2*-calmo-
dulin also increased the 32P-incorporation into both polyphosphoinositides. Upon SDS gel-electrophoretic
analysis of the membrane proteins, phospholamban was found to be concurrently phosphorylated by the
exogenous catalytic subunit as well as by an endogenous Ca?*-calmodulin-dependent protein kinase.

Cyclic AMP Protein kinase Calmodulin

1. INTRODUCTION

The modulation of cytosolic Ca?* levels by
cyclic AMP is an important factor in the intimate
interrelation of:the two intraceliular messenger
systems [1]. The effects of cyclic AMP are general-
ly mediated by-the phosphorylation of specific
target proteins [2] but the exact mechanism by
which cyclic AMP exerts its effect on the Ca’*
transport is not known. We have reported that
cyclic AMP-dependent protein kinase stimulates
the formation of polyphosphoinositides in the
plasma membranes of human lymphocytes [3],
platelets and red cells [4]. Polyphosphoinositides
are powerful activators of a purified reconstituted
Ca?*-ATPase [5], hence the stimulation of poly-
phosphoinositide formation is a possible way to
regulate the Ca?* transport by cyclic AMP. We
have postulated that in the plasma membranes of
lymphocytes, red cells and platelets, the phosphor-
ylation of a 24 kDa protein is responsible for the
stimulation of polyphosphoinositide formation
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[4]. In platelets, a 22 or 24 kDa membrane protein
which'is phosphorylated by cyclic AMP-dependent
protein kinase has been extensively studied by
other groups, and it has been suggested that this
protein plays an essential role in the regulation of
the intracellular Ca2* level [6-8]. This protein has
been regarded as being similar to phospholamban

71, a 22 kDa phosphoprotein which regulates the

Ca’*-pumping activity of cardiac sarcoplasmic
reticulum [9]. The phosphorylation of phospho-
lamban by cyclic AMP-dependent protein kinase
or by a Ca?*-calmodulin-dependent protein kinase
enhances the activity of Ca®*-ATPase of the car-
diac sarcoplasmic reticulum membrane [10-13].
Presuming that the stimulation of polyphospho-
inositide formation is related to the regulation of
calcium pump activity in the membrane [5], the
present experiments were undertaken to demon-
strate whether cyclic AMP-dependent protein
kinase stimulates the polyphosphoinositide forma-
tion in a membrane fraction enriched in sar-
coplasmic reticulum of the heart.
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2. EXPERIMENTAL

A membrane fraction enriched in sarcoplasmic
reticulum was isolated from rabbit heart as in [14].
The preparation was stored at —20°C for several
days. The catalytic subunit of cyclic AMP-depend-
ent protein kinase was prepared as in [3]. Calmo-
dulin was purified from red blood cells [15]. The
standard reaction mixture for membrane phos-
phorylation contained 55 x4M [y->*PJATP (spec.
act., 70 GBq/mmol), 5 mM MgCl,, 20 mM KF and
a membrane preparation containing about 0.25 mg
protein. To this mixture we added 1 mM EGTA
and the catalytic subunit preparation which catal-
yzed the transfer of 1-2 nmol/min phosphate to
H2b histone (1 mg/ml) or, alternatively, 50 M
CaCl, and 500 nM calmodulin. The final volume
was 500 z1. The incubation was carried out as in
{3]. The precipitated membrane pellet was dis-
solved in 5 mi of a chloroform~methanol-HCI
(100: 100:0.6) solution, and a 1-ml aliquot was
taken to measure total 3>P-labelling. The remain-
ing solution was mixed with I ml of 1 N HCL. The
organic phase containing lipids was separated, and
32p_radioactivity was measured as in [3]. The high-
performance thin-layer chromatography (HPTLC)
was carried out on Silica Gel 60 F-254 (Merck)
HPTLC plates in a solvent system of chlorofom-
methanol-2 M NH4OH (45:35:10). Authentic
reference compounds, phosphatidylinositol (PhI),
phosphatidic acid (PhA), phosphatidylinositol-4-
phosphate (PhIP) and phosphatidylinositol-4,5-bis-
phosphate (PhIP,} were run in parallel. The
measurement of *2P-incorporation into lipids was
carried out as in [4]. Membrane proteins were
separated on 10% polyacrylamide gels as in [4].

3. RESULTS AND DISCUSSION

A rabbit heart membrane fraction enriched in
sarcoplasmic reticulum was incubated in the
presence of [y->’P-JATP. The reaction mixture
contained potassium fluoride to inhibit high
phosphoprotein phosphatase activity of the mem-
brane. We investigated the effects of the catalytic
subunit of cyclic AMP-dependent protein kinase
of Ca**-calmodulin on the ¥P-incorporation into
the protein and lipid fractions of the membrane.
Results obtained from one of five similar ex-
periments are shown in table 1. By adding the
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Table 1

Effect of the catalytic subunit of cyclic AMP-dependent

protein kinase or Ca’*-calmodulin on the phosphoryla-

tion of membrane preparations enriched in sarcoplasmic
reticulum from rabbit heart

Addition 32p_incorporation into
membrane
Lipid Protein
EGTA 60 75
EGTA, catalytic subunit 105 170
Ca’* 56 71
Ca®*, calmodulin 79 101

2p_incorporation is expressed as pmol phosphate
transferred per membrane preparation containing 1 mg
protein. The incubation period was 5 min

catalytic subunit, the 3?P-labelling of both protein
and lipid fractions was increased by 50-100% after
5 min incubation. In the presence of heat-stable in-
hibitor protein of the protein kinase [16], the
phosphorylation was not stimulated by the cata-
lytic subunit (not shown). When Ca?* was added
to the reaction mixture the 3?P-incorporation into
the protein and lipid fractions was slightly lower
than that observed in the presence of EGTA.
However, when this reaction mixture was sup-
plemented with calmodulin, a 30-60% increase
of**P-incorporation into both protein and lipid
fractions was demonstrated.

The radioactive membrane lipids were then
analyzed by thin-layer chromatography (TLC). In
the TLC system employed for our previous ex-
periments [3,4], a small amount of radioactivity
was detected in phosphatidic acid, but the increase
of 32P-labelling that was found upon the addition
of the catalytic subunit or Ca’*-calmodulin was
exclusively localized in polyphosphoinositides (not
shown). The results obtained in a HPTLC system
(fig.1) indicated that the formation of PhIP from
PhI was stimulated, and that the *>P-incorporation
into PhIP, was also significantly increased in the
presence of the catalytic subunit or Ca**-calmo-
dulin. Further investigations are necessary to
decide whether the stimulated formation of PhIP,
was a result of the increase in the formation of
PhIP, or whether the cyclic AMP-dependent pro-
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Fig. 1. High-performance thin-layer chromatographic patterns of the 3*P-labelled lipids extracted from membrane

preparations enriched in sarcoplasmic reticulum. The membrane preparation was phosphorylated (A) in the absence

(O---0) or presence (#——e) of the catalytic subunit of cyclic AMP-dependent protein kinase, or (B) in the presence

of 50 xM Ca?* alone (0---O) or 50 xuM Ca®* and 500 nM calmodulin (e——e). The figure shows data from 1 of 3

similar experiments. PhA, phosphatidic acid; Phl, phosphatidylinositol; PhIP, phosphatidylinositol-4-phosphate;
PhIP,, phosphatidylinositol-4,5-bisphosphate.

tein kinase could also stimulate the conversion of
PhIP into PhlP:.

The protein components of the membrane were
investigated by SDS gel electrophoresis on 10%
polyacrylamide gels. It is known that the 22-24
kDa phospholamban is composed of tightly
associated subunits, and its 11 kDa component
carries the phosphorylatable site [12,17]. These
subunits are known to be dissociated by boiling the
protein in SDS prior to gel electrophoresis [17,18].
When the membrane was phosphorylated in the
presence of the catalytic subunit, and was boiled in
SDS before being subjected to electrophoresis, a 11
kDa phosphoprotein band appeared on the gel
(fig.2A,C). When the membrane sample was not
boiled in SDS, a small 22 kDa phosphoprotein
band was observed in addition to the 11 kDa band.
Nevertheless, in rabbit heart a major part of
phospholamban was dissociated into subunits even

when the samples were held at room temperature
(fig.2B). The phosphorylation of the membrane by
an endogenous protein kinase activated by Ca®*-
calmodulin resulted also in the increased labelling
of an 11 kDa protein (fig.2D). In each case, on the
gel a 3?P-abelled band was also found which
migrated slightly faster than the 11 kDa protein.
Under our experimental conditions this 3?P-
labelled membrane component was not clearly
separated from the 11 kDa phosphoprotein.
Apart from this fast moving **P-labelled mem-
brane component the protein band corresponding
to phospholamban was the only protein of our
membrane preparation which was phosphorylated
by the exogenous catalytic subunit or by an en-
dogenous Ca?*-calmodulin-dependent protein
kinase. The formation of polyphosphoinositides
appeared concurrently with this protein phosphor-
ylation. Further investigations are necessary to
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Fig. 2. SDS gel-electrophoretic patterns of the 2P-
labelled proteins of membrane preparations enriched in
sarcoplasmic reticulum. (A,B) A membrane preparation
was phosphorylated in the absence (O---O) or presence
(e——e) of the catalytic subunit of cyclic AMP-depend-
ent protein kinase. The samples were boiled (A) or not
boiled (B) before electrophoresis. (C,D) A membrane
preparation was phosphorylated (C) in the absence
(0---0) or presence (&——e) of the catalytic subunit or
(D) in the presence of 50 xM Ca®* alone (0---0) or 50
#M Ca?* and 500 nM calmodulin (e—se). The arrows
indicate the positions of proteins of 24 kDa (tryp-
sinogen) and 14 kDa (lysozyme).

show what is the exact mechanism and role of the
stimulation of polyphosphoinositide synthesis in
the sarcoplasmic reticulum of the heart.

After the submission of the present manuscript
for publication, authors in [20] reported that the
catalytic subunit of cyclic AMP-dependent protein
kinase directly catalyzed the phosphorylation of
PhIP to PhIP,. Any similar effect of the catalytic
subunit in our membrane preparation has yet to be
examined.
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