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ABSTRACT: Protein kinase A- (PKA-) catalyzed phosphorylation of phospholamban (PLN), the protein
regulator of the cardiac Ca pump, mediates abbreviation of systole in response toâ-adrenergic agonists.
Investigators previously, however, have been unsuccessful in demonstrating an effect of PLN phospho-
rylation or anti-PLN monoclonal antibody (mAb), which is considered to mimic phosphorylation’s well-
known effect onKm(Ca), on microsomal Ca uptake at the (high) Ca2+ concentrations found intracellularly
at peak systole. We therefore compared the effects of the catalytic subunit of PKA and anti-PLN mAb
on the kinetics of Ca uptake in sucrose gradient-purified cardiac microsomes. Both treatments produced
a 33-44% increase inVmax(Ca) at 25 and 37°C, and an 11-31% decrease inKm(Ca) with comparable
changes in Ca2+-ATPase activity. An acceleration of E2P decomposition upon PLN phosphorylation may
contribute to the increasedVmax(Ca)of Ca uptake at 25°C but not at 37°C, based on measurement of the
kinetics of E2P decomposition and steady-state E2P formation from Pi at different temperatures. Our data
document almost identical increases inVmax(Ca)of microsomal Ca uptake with PLN phosphorylation or
addition of anti-PLN mAb and hence provide insight into the kinetic mechanism of PLN’s regulation of
the cardiac sarcoplasmic reticulum Ca pump protein.

The physiological role of PLN,1 the calcium pump
regulator in cardiac SR membranes, has become well-
established with the development of the PLN gene-deficient
mouse (Luoet al., 1994). PLN-deficient hearts exhibit
mechanical properties similar to hearts from wild-type mice
that have been maximally stimulated withâ-adrenergic
agonists. Thus in both cases one observes an increase in
systolic left intraventricular pressure, stroke volume, and rates
of pressure development and muscle relaxation and a
decrease in diastolic and end diastolic left intraventricular
pressure and time to peak tension, hence abbreviation of
systole. The magnitude of these effects varies inversely with
the amount of PLN expressed in the heart (Luoet al., 1996).

On the basis ofin Vitro studies with microsomal prepara-
tions (Inuiet al., 1986; Kirchbergeret al., 1986; Suzuki &
Wang, 1986), the physiological role of PLN can be inter-
preted in terms of an inhibitory function of PLN on the SR
calcium pump and a release from inhibition upon phospho-

rylation of phospholamban by PKA in response toâ-adren-
ergic agonists. Details of the molecular nature of the
interaction of PLN with the calcium pump protein, however,
are still relatively few. Almost all of the laboratories
studying this problem have reported that PLN regulatesKm(Ca)

of calcium transport with little or no effect onVmax(Ca)(Wray
& Gray; 1977; Movsesianet al., 1990; Kimuraet al., 1991;
Morris et al., 1991; Briggset al., 1992; Cantilinaet al., 1993;
Luo et al., 1994; Mattiazziet al., 1994; Reddyet al., 1995,
1996; Toyofukuet al., 1994; Odermattet al., 1996). Hence
a change inKm(Ca) is now recognized by some investigators
as the hallmark of PLN’s regulation of the calcium pump
(Kimura et al., 1996). Recent kinetic data from our own
laboratory, however, constitutes compelling evidence that
PLN may regulate bothVmax(Ca) and Km(Ca) in cardiac
microsomal preparations by acting on two or more steps in
the catalytic cycle of the Ca2+-ATPase (Antipenkoet al.,
1997). In the latter study, we subjected cardiac microsomes
to mild trypsin treatment, which cleaves the inhibitory PLN,
thereby producing calcium pump activation. We had shown
previously that the effects of this treatment on calcium pump
kinetics are similar to those of phosphorylation of PLN by
a protein kinase A that was partially purified from bovine
heart (Kirchbergeret al., 1986). Critical to our demonstra-
tion that PLN affects bothVmax(Ca) of calcium uptake and
Km(Ca) was the development of a preparation of purified
cardiac vesicles that are functionally devoid of ruthenium
red-sensitive calcium release channels. Since these channels
are known to be activated by 2µM and higher concentrations
of Ca2+ (Meissner & Henderson, 1987), effects of PLN on
Vmax(Ca)of calcium uptake measured at these Ca2+ concentra-
tions may be blunted or obscured in most crude microsome
preparations.
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Many of the laboratories that concluded that the main or
only role of PLN is to regulateKm(Ca) of the calcium pump
based their conclusion on the use of mAb against PLN
(Movsesianet al., 1990; Kimuraet al.,1991; Morriset al.,
1991; Briggset al., 1992; Cantilinaet al., 1993; Reddyet
al., 1995, 1996). Since similar decreases inKm(Ca) were
observed with PKA and anti-PLN mAb in crude microsomes
in an initial study (Morriset al., 1991), it was concluded
that anti-PLN mAb mimics PLN phosphorylation (e.g.,
Cantilinaet al., 1993). It is presently unclear whether anti-
PLN mAb can produce also an increase inVmax(Ca)and hence
mimic PLN phosphorylation in this respect as well as with
respect toKm(Ca). Since a considerable body of literature
has been published to indicate that anti-PLN antibody
produces no change inVmax(Ca)of calcium uptake (Movsesian
et al., 1990; Kimuraet al.,1996; Morriset al.,1991; Briggs
et al.,1992; Cantilinaet al., 1993; Reddyet al.,1995, 1996),
we sought to determine whether the reported lack of an
increase inVmax(Ca)in response to anti-PLN mAb is ascribable
to the presence of calcium release channels in crude
microsome preparations, an intrinsic inability of the antibody
to produce such an effect, or yet other reasons. In the present
study, we compare the effects of anti-PLN mAb and the
catalytic subunit of PKA on calcium pump kinetics in
purified cardiac SR vesicles. We present data to demonstrate
that (1) anti-PLN mAb and phosphorylation lead to almost
identical changes in bothKm(Ca) andVmax(Ca)of the calcium
pump and (2) phosphorylation of microsomes (i.e., PLN)
results in an increase in the rate of breakdown of the
phosphorylated Ca2+-ATPase intermediate (E2P), which may
contribute to the increase inVmax(Ca).

EXPERIMENTAL PROCEDURES

Materials. Anti-PLN mAb was purchased from Affinity
Bioreagents. Okadaic acid (free acid or sodium salt),
thapsigargin, and the catalytic subunit of PKA were obtained
from Sigma. Since the PKA catalytic subunit and mAb
preparations contain salts and other reagents, control solutions
were prepared on the basis of information supplied by the
vendor. For the PKA catalytic subunit, the following stock
control solution was prepared: 50 mM sucrose, 32 mM KH2-
PO4, 1.7 mM mercaptoethanol, 0.83µM EDTA (disodium
salt), and 0.22 mM dithiothreitol. This stock solution was
diluted with a solution of 6 mg/mL dithithreitol by an amount
that took into account the amount of nonprotein solids
relative to the specific activity of the enzyme in different
enzyme lots. The calculated concentrations of nonprotein
solids in the control solution, in the specified relative
concentrations, were equivalent to the concentrations of the
nonprotein solids in the stock solution of PKA after
reconstitution with a solution containing 6 mg/mL dithio-
threitol. Typically, the various solids in the control solution
were present in the final reaction mixture at 0.4 times the
concentrations listed above when the PKA catalytic subunit
concentration was 160 units/mL. The control solution for
the stock solution of anti-PLN mAb consisted of phosphate-
buffered saline containing 74 mM 3-(N-morpholino)pro-
panesulfonic acid, 18 mM glycine, and 0.05% NaN3. This
solution was diluted further in the final reaction mixture to
1.4% of specified concentrations when the mAb concentra-
tion was 7.5µg of protein/mL. All other reagents were
obtained as described previously (Antipenkoet al., 1997).

Preparation of Microsomes.Crude cardiac microsomes,
prepared from canine left ventricle, were purified on a
sucrose step gradient (Antipenkoet al., 1997). Crude and
purified microsomes were stored in liquid nitrogen. Unless
indicated otherwise, protein was estimated by the biuret
procedure with bovine serum albumin as the standard.
Calcium Uptake Assay.Calcium uptake was assayed in

a standard reaction mixture that included 1 mM ATP, an
ATP-regenerating system, 2 mM MgCl2, 1µM okadaic acid,
a CaCl2-EGTA buffer system (described below), and either
2.5 or 5.0 mM oxalate-Tris when the reaction was run at 25
or 37 °C, respectively (Antipenkoet al., 1997). The pH of
all additions to the reaction mixture was adjusted, whenever
appropriate, so as to result in a final pH of 6.8 at 25 or 37
°C. The final concentration of DMSO, the vehicle in which
the okadaic acid was dissolved, was 0.5% and had no effect
on calcium uptake or Ca2+-ATPase activity (see below). At
25 °C, the final microsome concentration was 5µg/mL and
reactions were stopped by filtration after 2 and 4 min at all
Ca2+ concentrations except 2, 4, and 9µM, in which case
reactions were stopped at 1 and 2 min. When testing effects
of PKA, microsomes were added to the temperature-
equilibrated reaction mixture containing 160 units/mL (final
concentration) of the catalytic subunit of the enzyme, and
after a 2-min incubation, a CaCl2-EGTA buffer solution
containing 45Ca was added to start the calcium uptake
reaction. The CaCl2-EGTA buffer contained 125µMCaCl2
and varying EGTA concentrations to yield the Ca2+ con-
centrations specified in the text, as determined using the
computer program MaxChelator and the file of constants
BERS.CCM (Berset al., 1994). In assays carried out with
anti-PLN mAb, microsomes were incubated with the anti-
body or control solution for 20 min at 5× their final
concentration in the reaction mixture. The final protein
concentration of the antibody was 7.5 ng/mL. The remainder
of the assay mixture, except the Ca2+ buffer, was then added
and allowed to temperature-equilibrate for 5 min prior to
the addition of Ca2+ to start the reaction. When reactions
were run at 37°C, it was necessary to reduce the microsome
concentration to 2.5µg/mL. The filters were washed and
counted by liquid scintillation (Antipenkoet al., 1997).
Changes in calcium uptake and other assays described below
are considered statistically significant at ap level of 0.05 or
less. Calcium uptake rates, measured as a function of Ca2+

concentration, were fit to the Hill equation,V ) Vmax/[1 +
(Km(L)/[L]) N], by a nonlinear least-squares procedure, where
L represents Ca2+ andN is the Hill coefficient.
Ca2+-ATPase ActiVity. Microsomes (2.4µg/mL) were

incubated in a temperature-equilibrated reaction mixture
containing 40 mM histidine hydrochloride, pH 6.8 at either
25° or 37 °C, 120 mM KCl, 5 mM NaN3, 2 mM MgCl2, 1
mM phospho(enol)pyruvate, 10 units/mL pyruvate kinase,
28.3 units/mL lactic dehydrogenase, 0.2 mM NADH, 0.3µg/
mL A23187, 1 mM ATP, 1µM okadaic acid, and 160 units/
mL PKA catalytic subunit or control solution (see Materials).
After 2 min, either 10 mM EGTA or a CaCl2-EGTA buffer
solution yielding 0.3 or 9µM Ca2+ was added to start the
ATPase reaction. The final concentration of DMSO was
0.9% except when thapsigargin was included in the reaction
mixture (see Results), in which case it was 1.8%. The
CaCl2-EGTA buffer was prepared as described above except
that the radiolabel was omitted. ATPase activity was
followed in a spectrophotometer by recording the rate of
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decrease in NADH absorbance as described previously
(Antipenkoet al., 1997). Ca2+-ATPase activity was taken
as the difference between ATPase activity measured in the
presence and absence of Ca2+. When testing the effect of
anti-PLN mAb, the procedure was identical except that anti-
PLN mAb, 7.5 ng/mL, or an appropriate control solution
was substituted for the PKA catalytic subunit (or control
solution).
Steady-State E2P Formation from32Pi. Prior to measure-

ment of steady-state E2P formation, microsomes (0.36 mg/
mL) were incubated under conditions favorable for PLN
phosphorylation. The phosphorylation mixture contained
(final concentrations) 42 mM histidine hydrochloride, pH
6.8 at 25°C, 3 mM MgCl2, 1 mM ATP, 1µM okadaic acid,
either 990 units/mL PKA catalytic subunit or control solution
(see Materials), and 0.36 mg/mL microsomal protein. After
5 min of incubation, the reaction mixture was chilled on ice
and centrifuged in the cold room in an Airfuge centrifuge
(Antipenkoet al., 1997). The pellets were suspended in a
solution containing 5 mM histidine hydrochloride, pH 6.5
at 25°C, and 1µM okadaic acid. The protein concentration
was determined by the microassay procedure described by
Peterson (1977). The phosphorylated and control mi-
crosomes (0.25 mg/mL, final concentration) were then added
to a temperature-equilibrated reaction mixture containing 40
mM histidine hydrochloride at pH 6.5 at 15, 25, or 37°C,
EGTA (brought to pH 6.5 with Tris at 15, 25, or 37°C), 5
mM MgCl2, and 1µM okadaic acid. After a further 1-min
equilibration period, 2 mM [32P]phosphoric acid-Tris (32Pi),
also at pH 6.5 at the three different temperatures, was added
to allow steady-state E2P formation. The specific radioactiv-
ity of 32Pi was 3.4× 105 Bq/µmol. After 15 s, acid was
added to the reaction tubes and the precipitated protein was
washed on the filters as described previously (Antipenkoet
al., 1997).
E2P Decomposition.Different preparations of purified

microsomes were pooled in order to obtain the required
amount of microsomal protein. Prior to measurement of E2P
decomposition, the microsomes were phosphorylated with
PKA catalytic subunit or treated under control conditions,
as described above, and then were incubated at a concentra-
tion of 4 mg/mL in a reaction mixture favorable for [32P]-
E2P formation, also as described above except that the pH
of the reaction mixture was 6.0 at 15°C and 14% (v/v)
DMSO was included. One volume of the mixture containing
the PKA-phosphorylated or control [32Pi]-labeled microsomes
was mixed with 16 volumes of a chase solution in a Biologic
QFM-5 rapid mixing apparatus (Antipenkoet al., 1997). The
reactions were quenched at different times ranging from 15
to 200 ms by addition of an equal volume of 10.3%
trichloroacetic acid. The acid-quenched samples were ap-
plied to filters and processed as described before (Antipenko
et al., 1997).

RESULTS

Incubation of purified cardiac microsomes in the presence
of increasing concentrations of the catalytic subunit of PKA
under conditions favorable for phosphorylation produced a
saturable increase in calcium uptake at 9µM Ca2+ of about
39% when 1µM okadaic acid, a potent phosphoprotein
phosphatase inhibitor (MacDougallet al., 1991), was present
in the incubation medium (Figure 1). When okadaic acid

was absent from the medium, the PKA-induced increase in
calcium uptake was only about 31%. Okadaic acid produced
a similar increase in calcium uptake across the entire range
of PKA concentrations tested, even in the absence of added
PKA, suggesting a preexisting equilibrium between intrinsic
protein kinase and phosphatase activities. Subsequent
calcium uptake and Ca2+-ATPase assays were therefore
carried out in the presence of 1µM okadaic acid and a
saturating concentration of 160 units/mL PKA catalytic
subunit or control solution. Other preliminary experiments
were carried out to establish conditions for identifying an
effect of anti-PLN mAb on calcium uptake at 9µM Ca2+.
We observed a reproducible stimulation of calcium uptake
that was maximal at an antibody concentration of 7.2 ng/
mL upon preincubation of the microsomes at 15, 25, or 37
°C for 20 min (data not shown). These conditions were
chosen for further experiments unless otherwise indicated.
Ca2+ Concentration Dependence of Calcium Uptake.

Treatment of microsomes with anti-PLN mAb or PKA
catalytic subunit under conditions favorable for phosphory-
lation produced significant and almost identical increases in
calcium uptake over the entire range of Ca2+ concentrations
tested (Figure 2). When the optimized parameters were
obtained by a fit of the data to the Hill equation (see
Experimental Procedures), the mean percent change in
Vmax(Ca)of calcium uptake (i.e., a 33% and 37% increase with
PKA and anti-PLN mAb, respectively) was found to be
similar or somewhat greater than the percent change inKm(Ca)

(i.e., a 22% and 31% decrease with PKA and anti-PLN mAb,
respectively) (Table 1) and only the change inVmax(Ca)was
statistically significant at the 0.05 level. There was no
significant change in the Hill coefficient.
Calcium uptake rates assayed at 37°C were up to 2.5-

fold those obtained at 25°C (Figure 3). More importantly,
the percent increase following treatment with PKA catalytic
subunit was again almost identical to those obtained with
anti-PLN mAb over the entire Ca2+ concentration range
tested (cf. Figure 2). At 37°C, PKA and anti-PLN mAb
both increasedVmax(Ca)by 44% and decreasedKm(Ca)by 14%
and 11%, respectively (Table 1). Also at 37°C, the decrease
in Km(Ca) observed with PKA and mAb was statistically

FIGURE 1: Effect of 1 µM okadaic acid on the stimulation of
microsomal calcium uptake by PKA catalytic subunit. Purified
cardiac microsomes were incubated in the presence (O) and absence
(b) of 1 µM okadaic acid and the indicated concentrations of PKA
catalytic subunit and assayed for calcium uptake at 9µM Ca2+.
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significant in contrast to the findings at 25°C, where the
standard error was considerably larger. As before, there was
no change in the Hill coefficient. As an additional control
to establish the validity of the use of the control solutions
(see Materials) in experiments to test the effects of PKA
and anti-PLN mAb, we determined the magnitude of the
increase obtained with PKA and mAb using boiled protein
preparations as controls. The percent increase with PKA
and mAb was 37%( 9% and 48%( 8% (mean( SE,N
) 3), respectively, which compared favorably with the
corresponding percentages shown in Table 1.

Ca2+-ATPase ActiVity. In order to distinguish whether the
changes in calcium uptake associated with microsomal
phosphorylation and binding of anti-PLN mAb were effects
on the calcium pump protein or on a parallel calcium efflux
pathway, we assayed Ca2+-ATPase activity in microsomes
treated similarly. A Ca2+ ionophore, A23187, was present
in the reaction mixture in order to prevent back-inhibition
of the Ca2+-ATPase by accumulated calcium in the vesicular
lumen. In measurements of calcium uptake, the extent of
calcium pump inhibition can be greatly reduced through the
use of oxalate, which forms an insoluble precipitate when
the intralumenal activities of Ca2+ and oxalate reach the
solubility product of calcium oxalate. In this case, the rates
of calcium uptake are dependent on the oxalate concentration
in the medium. In the presence of A23187, in which the
membrane is presumably fully permeable to Ca2+, it is not
unreasonable to find relatively high Ca2+-ATPase activities
compared to the rates of oxalate-facilitated calcium uptake.
To confirm that the Ca2+-ATPase activity was attributable
to the SR, the Ca2+-ATPase activity was assayed at 37°C
in 9 µM Ca2+ in the presence and absence of thapsigargin,
a specific inhibitor of sarcoplasmic/endoplasmic reticulum
ATPases (Lyttonet al., 1991). Thapsigargin (100 nM)
reduced the Ca2+-ATPase activity from 1.44( 0.19 to 0.02

( 0.00µmol/(min‚mg) (mean( SE,N ) 3) or to 1.6% of
the activity observed in its absence.
Ca2+-ATPase activity was assayed under standard condi-

tions at saturating (9µM) and subsaturating Ca2+ concentra-
tions at different temperatures and pH (Table 2). At 0.48
µM Ca2+ and 25°C, the observed 109% increase in Ca2+-
ATPase activity with microsomal phosphorylation compares
favorably with an 81% increase in calcium uptake, as shown
in Figure 2. A 52% increase in Ca2+-ATPase activity
observed at the same temperature and 9µM Ca2+ with
microsomal phosphorylation was even greater than the
increase inVmax(Ca)of calcium uptake (assayed under different
conditions) shown in Table 1. Also with anti-PLN mAb at
25 °C, the increase in Ca2+-ATPase activity assayed at 9
µM Ca2+ (48%) was slightly higher than the increase in
Vmax(Ca)of calcium uptake (37%) shown in Table 1. How-
ever, in Ca2+-ATPase assays carried out at 37°C, the percent
increases at 9µM Ca2+ with PKA and anti-PLN mAb (45%
and 40%, respectively) were nearly identical to the increase
in Vmax(Ca)observed in the calcium uptake assay (44%, Table
1). Significant increases in Ca-ATPase activity with PKA
and anti-PLN mAb were also obtained at pH 7.3, which
approximates normal physiological intracellular pH.
Steady-State E2P Formation from Pi and E2P Decomposi-

tion. Steady-state E2P formation was assayed in order to
assess whether the observed increase inVmax(Ca) with mi-
crosomal phosphorylation or anti-PLN mAb may, at least
in part, be attributable to an increased rate of E2P decom-
position, as previously demonstrated in trypsin-treated mi-
crosomes (Antipenkoet al., 1997). Steady-state E2P for-
mation from Pi represents an equilibrium between E2P
formation and decomposition. An acceleration in E2P
decomposition will be reflected in a decreased steady-state
E2P level provided no equivalent increase occurs in the rate
of E2P formation. We measured steady-state E2P formation
at three different temperatures in order to determine its
temperature dependence, particularly since we were able to
run our kinetic measurements of E2P decomposition only at
15 °C due to technical limitations (see below).
Steady-state E2P formation decreased by 36% at 15°C

and by 29% at 25°C, but was unchanged at 37°C as a result
of treatment of microsomes with PKA catalytic subunit
(Table 3). There was, moreover, a decrease in steady-state
E2P formation with increasing temperature in control mi-
crosomes and an increase in steady-state E2P formation with
temperature in PKA-treated microsomes. This suggests an
increased rate of E2P decomposition with temperature in the
control microsomes and a decreased effectiveness of PKA.
Kinetic measurement of E2P decomposition at 15°C shows
that PKA treatment does indeed increase the rate of E2P
decomposition, in this case by 70% (Figure 4). Similar
measurements were attempted using anti-PLN mAb. How-
ever under the conditions tested, we observed only a slight
decrease in E2P formation (about 10-20%), which is likely
to be due to a subsaturating, cost-limited amount of mAb
used relative to the amount of microsomal protein required
to obtain enough counts on the filter.

DISCUSSION

The present data demonstrate that PKA-catalyzed cardiac
microsomal phosphorylation and binding of anti-PLN mAb
both produce significant and similar increases inVmax(Ca)of

FIGURE 2: Effects of PKA catalytic subunit and anti-PLN mAb on
the Ca2+ concentration dependence of microsomal calcium uptake
assayed at 25°C. Microsomes were pretreated with either PKA
catalytic subunit (O) or PKA control solution (b) or anti-PLN mAb
(4) or mAB control solution (2) and assayed for calcium uptake
at the indicated Ca2+ concentrations. The symbols represent the
means( SE of three experiments with different microsome
preparations. Error bars are omitted where their size is equal to or
less than the size of the symbol. The lines are the results of
unweighted fits of the data to the Hill equation, as given under
Experimental Procedures. The optimized kinetic parameters ob-
tained from these fits are presented in Table 1.
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calcium uptake and decreases inKm(Ca) (Figures 2 and 3,
Table 1). The fact that comparable results were obtained
when Ca2+-ATPase activity was assayed (Table 2) indicates
a modulation of the calcium pump protein rather than
activation of some parallel Ca2+ efflux pathway. The
following factors appear to contribute to our ability to
demonstrate these findings: (i) the use of purified cardiac
microsomes; (ii) the presence of 1µM okadaic acid in assay
buffers involving phosphorylation reactions; (iii) the use of
appropriate controls for test substances; and (iv) proven
linearity of each reaction with time.

All of the previously cited laboratories studying regulation
of the SR calcium pump by PLN in cardiac microsomes have
utilized crude microsome preparations. The purified cardiac
microsomes used in the present study are enriched in SR
membranes that are devoid of detectable ruthenium-sensitive
calcium release channels (see introduction and Experimental
Procedures) and are less likely than crude microsomes to
contain contaminants released from other subcellular com-
partments that may interact with the calcium pump and its
regulation by PLN. The calcium pump-PLN system has

previously been shown to be sensitive to a wide variety of
substances that are polyanionic, polycationic (Xu & Kirch-
berger, 1989), or amphiphilic (Antipenkoet al., 1997) in
nature. These considerations apply also to cardiac homo-
genates (Luoet al., 1994) or crude microsomes prepared
from cultured cells (Odermattet al., 1996). The reconstitu-
tion of purified Ca2+-ATPase and PLN into lipid vesicles of
known phospholipid composition avoids these problems but
raises other issues: Critical components like phosphatidyl-
inositol phosphates, which have been reported to accelerate
E2P decomposition (Starlinget al., 1995b), may be lacking.
Also, despite the treatment of the reconstituted vesicles with
Bio-Beads to remove nonionic detergents (Reddyet al.,
1995), the possibility that low levels of residual detergent
remain present has not been eliminated. We have previously
demonstrated that low concentrations of commonly used
nonionic detergents (below the critical micelle concentration)
interfere specifically with the regulation ofVmax(Ca)by PLN
in cardiac microsomes but have no apparent effect on calcium
uptake by fast skeletal muscle microsomes (Lu & Kirch-
berger, 1994). Finally, the orientation of the proteins
incorporated into the artificial membrane bilayer may differ
from the orientation in the native membrane (Reddyet al.,
1995).

Cardiac microsome preparations have previously been
shown to contain phosphoprotein phosphatase 1 activity
capable of dephosphorylating PLN (Iyeret al., 1988;
Macdougallet al., 1991). It is therefore not surprising to
find a significant increase in the stimulation of calcium
transport by PKA catalytic subunit in the presence of 1µM
okadaic acid (Figure 1). While thus far not generally used
in studies with microsome preparations (e.g., Odermattet
al., 1996; Reddyet al., 1996), okadaic acid has been shown
to increase PLN phosphorylation and the force of contraction
in cardiomyocytes (Neumanet al., 1993).

Regarding other factors that may affect the demonstration
of PLN’s regulation ofVmax(Ca), the importance of appropriate
controls when testing the effects of PKA catalytic subunit
and other substances has been stressed previously (Odermatt
et al., 1996). In the present study, nonlinearity of the calcium
uptake reaction or Ca2+-ATPase activity was avoided by
reducing either incubation time or microsomal protein
concentration or both. Deviation from linearity is more likely

Table 1: Kinetic Parameters for Calcium Uptake by Purified Cardiac Microsomes Treated with PKA or Anti-PLN Monoclonal Antibodya

treatment
Vmax(Ca)

[µmol/(mg‚min)] % change Km(Ca) (µM) % change ∆pCa Hill coefficientN

Temperature: 25°C
control 0.51( 0.05a 0.59( 0.14e 1.68( 0.12
PKA 0.68( 0.06a +33 0.46( 0.06e -22 0.11 1.62( 0.06

control 0.49( 0.08b 0.70( 0.18f 1.59( 0.16
anti-PLN mAb 0.67( 0.07b +37 0.48( 0.04f -31 0.18 1.52( 0.12

Temperature: 37°C
control 1.17( 0.10c 0.49( 0.02g 1.61( 0.09
PKA 1.69( 0.10c +44 0.42( 0.02g -14 0.07 1.63( 0.07

control 1.13( 0.07d 0.55( 0.03h 1.64( 0.05
anti-PLN mAb 1.63( 0.05d +44 0.49( 0.05h -11 0.15 1.56( 0.08
aMicrosomes were preincubated either in the presence and absence (control) of the catalytic subunit of PKA under conditions favorable for

phosphorylation or in the presence and absence (control) of anti-PLN mAb and assayed for calcium uptake at the indicated temperature. The
values are the means( SE of the optimized parameters that were obtained in separate unweighted fits to the Hill equation of the three data sets
shown in each of Figures 2 and 3. The differences in values identified by the same superscript are significant atp < 0.05 when tested by Student’s
t-test for paired (a, b, g), unpaired (h), or both paired and unpaired (c, d) variates or are not significant (e, f). See Experimental Procedures for
additional details.

FIGURE 3: Effects of PKA catalytic subunit and anti-PLN mAb on
the Ca2+ concentration dependence of microsomal calcium uptake
assayed at 37°C. The experiments were carried out as described
in the legend to Figure 2 except for the change in temperature.
The symbols are the same as in Figure 2.
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to occur at high levels of calcium pump activity and may
result in falsely low rates.
The 0.07-0.18 pCa unit shift produced by PKA catalytic

subunit-catalyzed microsomal phosphorylation or anti-PLN
mAb (Table 1) is significantly less than the 0.3-0.5 pCa
unit shift generally attributed to PLN in crude microsomes.
A relatively small effect of PLN on calcium pump properties
in studies with artificial systems was noted before (Reddy
et al., 1995) but was attributed to technical difficulties. In
a subsequently reported reconstitution system (Hugheset al.,
1996), the shift inKm(Ca)was closer to the 0.3-0.5 pCa unit
shift generally attributed to PLN in crude microsomes. A
possible factor in the large variation in the shifts reported in
pCa is presumably a lack of accurate values forVmax(Ca) in
reconstituted systems and crude microsome preparations
resulting in inaccurate values forKm(Ca).
Besides the demonstration of an increase inVmax(Ca)of the

cardiac SR calcium pump upon treatment of microsomes with
PKA or anti-PLN mAb, a second significant finding in the
present study is the increased rate of E2P decomposition as
a result of PKA catalytic subunit-catalyzed microsomal
phosphorylation (Figure 4) and the related decrease in steady-
state E2P formation from Pi (Table 3). Our findings fail to
support the conclusion of Cantilinaet al. (1993) that PLN
regulates a single kinetic step in the catalytic cycle of the
Ca2+-ATPase, namely, the conformational change in the
calcium pump protein associated with the binding of the first
of two Ca2+; this effect is overcome at saturating Ca2+

concentrations. No effect attributable to PLN was observed
when measuring steady-state Ca2+ binding to the calcium
pump protein or the rate of breakdown of phosphoenzyme
formed in the presence of [32P]ATP upon addition of a chase
solution containing nonradiolabeled ATP and Ca2+ to the
reaction mixture. Our previous study with trypsin-treated
(purified) microsomes (Antipenkoet al., 1997) provided the
initial direct demonstration that the rate of E2P decomposition
is modulated by PLN, in addition to its effect on Ca2+

binding. A change in steady-state E2P formation from Pi
upon binding of anti-PLN mAb was already demonstrated
by Shi et al. (1996), although in the present study only a
minor change was observed, probably as a result of a
subsaturating concentration of antibody. The latter reason
could explain also the lack of effect of anti-PLN mAb on
the decay of32P-labeled phosphoenzyme formed from32P-

Table 2: Effect of PKA and Anti-PLN Monoclonal Antibody on Cardiac Microsomal Ca2+-ATPase Activity Assayed at Different
Temperatures and pHa

25 °C 37°C
0.48µM Ca2+ 9 µM Ca2+ 0.40µM Ca2+ 9 µM Ca2+

treatment pH
activity

[µmol/(mg‚min)] % increase
activity

[µmol/(mg‚min)] % increase
activity

[µmol/(mg‚min)] % increase
activity

[µmol/(mg‚min)] % increase

control 6.8 0.11( 0.01 0.48( 0.03 0.30( 0.04 1.72( 0.18
PKA 0.23( 0.01 109 0.73( 0.07 52 0.68( 0.10 127 2.49( 0.30 45

control 7.3 1.25( 0.08
PKA 1.62( 0.14 30

control 7.3 1.36( 0.52
anti-PL mAb 1.90( 0.08 40

control 6.8 0.46( 0.04 1.47( 0.17
anti-PL mAb 0.68( 0.05 48 2.06( 0.26 40

a The microsomes were pretreated with either the catalytic subunit of PKA or a control solution under conditions favorable for phosphorylation
or with anti-PLN mAb or control solution and then assayed for Ca2+-ATPase activity at the indicated temperature and pH. The values are the
means( SE of three experiments carried out with different microsome preparations. All increases were significant atp < 0.05 when tested by
Student’st-tests for paired or unpaired variates. See Experimental Procedures for additional detail.

Table 3: Effect of Protein Kinase A- (PKA-) Catalyzed Microsomal
Phosphorylation on Steady-State E2P Formation from Pi at Different
Temperaturesa

15 °C 25°C 37°C

treatment
nmol of
E2P/mg %

nmol of
E2P/mg %

nmol of
E2P/mg %

control 1.82( 0.1a 100 1.66( 0.02b,c 100 1.56( 0.01c 100
PKA 1.16( 0.14a,d 64 1.18( 0.02b,e 71 1.63( 0.09d,e 104

a Shown are the means( SE obtained in three experiments with
different microsome preparations. Microsomes were treated with the
catalytic subunit of PKA or control solution, centrifuged, and resus-
pended in buffer prior to measurement of steady-state E2P formation
from Pi. Values identified by the same superscript are significant atp
< 0.05 when tested by Student’st-test for unpaired (a, d) or both paired
and unpaired (b, c, e) variates.

FIGURE4: Effect of microsomal phosphorylation by PKA catalytic
subunit on E2P decomposition. Phosphorylated and control mi-
crosomes were incubated in the presence of32Pi to form E2P and
then mixed at 15°C in a QFM-5 rapid mixing system with 16
volumes of a chase solution. At the indicated times the reaction
was quenched with an equal volume of 10.3% trichloroacetic acid,
as described in Experimental Procedures. In order to obtain the 5
s data points, the reactants were mixed manually. To obtain the
zero-time points, the quench solution was added manually to the
32P-labeled microsomes. Each data point represents an average of
two determinations. The lines represent single-exponential fits with
rate constants of 12.9 (b) and 22.0 (O) s-1.
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ATP upon addition of a chase solution containing unlabeled
ATP (Cantilinaet al., 1993).
Our finding of a PLN-mediated change in E2P decomposi-

tion supports that of Nedianiet al. (1996), who observed a
stimulation of calcium pump activity in the presence of a
purified cytoplasmic acylphosphatase. In the latter study,
the stimulation of calcium uptake produced by the purified
acylphosphatase was decreased upon microsomal phospho-
rylation, which was attributed to a PLN phosphorylation-
induced increase in the rate of decomposition of the
acylphosphoprotein intermediate(s) of the Ca2+-ATPase
(primarily E2P), hence reducing the increase in dephospho-
rylation attributable to the purified acylphosphatase. Al-
though a PLN-mediated change in E2P decomposition could
account for or at least contribute to the increasedVmax(Ca)of
calcium uptake seen at 25°C upon microsomal treatment
with PKA, it is unlikely to account for such an increase at
37 °C since no difference in steady-state E2P formation was
observed at this higher temperature (Table 3). However, an
inhibition by PLN of the calcium transport step (E1PCa2 f
E2PCa2), as was reported by Hugheset al. (1994), might
become evident at the higher temperature. Conceivably,
PLN could inhibit several steps in the catalytic cycle of the
Ca2+-ATPase but its inhibitory effect on any one step
becomes evident only when other factors such as temperature,
pH, or ionic strength render that particular step rate-limiting
for the overall catalytic cycle. Thus at 37°C, E2P decom-
position, which in fast skeletal SR is highly sensitive to
temperature (Champeilet al.,1986; Lacape`re et al., 1981),
may be accelerated by temperature alone so that in measure-
ments of steady-state E2P formation in cardiac microsomes,
the level is significantly reduced as the temperature is
increased from 15 to 37°C (Table 3). PLN phosphorylation
also accelerates E2P decomposition (Figure 4) but, it may
be speculated, the phosphorylation-dependent acceleration
might vary inversely with temperature so that steady-state
E2P formation increases from 15 to 37°C, where it is
approximately equal in control and phosphorylated mi-
crosomes. The observed increase in steady-state E2P levels
with temperature in phosphorylated microsomes (Table 3)
might also be related to a disproportionately greater ac-
celeration of E2P formation than E2P decomposition.
Although much work has been devoted to characterizing

the biochemical effects of PLN on Ca2+-ATPase, the physical
basis for the regulation of the cardiac SR calcium pump by
PLN has been studied to a far lesser extent. A biophysical
model for the mechanism of the regulation has been proposed
by Thomas and co-workers on the basis of electron para-
magnetic resonance and time-resolved anisotropy measure-
ments (e.g., Shi et al., 1996). According to this model,
unphosphorylated PLN produces aggregation of the Ca2+-
ATPase into large oligomers within which the pump
expresses reduced activity, whereas PLN phosphorylation
causes dissociation of these aggregates into dimers or
monomers of Ca2+-ATPase with a concomitant increase in
activity. However, no evidence for a PLN-mediated ag-
gregation-deaggregation of calcium pump units was ob-
served by Negashet al. (1996) on the basis of cross-linking
experiments or by Starlinget al. (1995a) from electron
paramagnetic resonance measurements of spin-labeled ATP-
ase. Nevertheless, despite the controversial nature of the
physical basis for the regulation of the SR calcium pump by
PLN, the presently described kinetic effects of PLN, obtained

with purified microsomes, reflect the overall effect of PLN
on transmembrane calcium fluxes.
The present data demonstrate that the cardiac SR has at

least the potential of regulating its calcium pump through
PLN phosphorylation/dephosphorylation over a wide range
of Ca2+ concentrations. Typical previously reported values
of Km(Ca) for cardiac microsomes are around 0.7µM at 25
°C (e.g., Odermattet al., 1996). If peak systolic Ca2+

concentrations are between 0.8 and 1µM, as estimated by
Peeterset al. (1987), then an ability of PLN to regulate only
theKm(Ca)of the Ca pump might account for the abbreviation
of systole seen in response toâ-adrenergic agonists in the
intact heart. However, the peak systolic Ca2+ concentrations
reported by Peeterset al. (1987) may be underestimated
compared to the value predicted by Fabiatoet al. (1981) of
greater than 1µM. Moreover, systolic Ca2+ concentrations
in the â-adrenergically stimulated heart are likely to be
increased above the estimated basal values, whereas the
Km(Ca)of the calcium pump is decreased, typically, inin Vitro
studies, to 0.4-0.5 µM (e.g., Odermattet al., 1996; Table
1). Also, contrary to previous reports in which a decrease
in Km(Ca) of approximately 50% is not uncommon (e.g.,
Odermattet al., 1996), in the present study (Table 1) the
Km(Ca)was decreased by less than 15% by PLN phosphory-
lation or anti-PLN mAb when calcium uptake was assayed
at 37°C. It could thus be argued that under such conditions
[i.e., increased peak systolic Ca2+ concentrations with
catecholamines with relatively little effect of PLN phospho-
rylation onKm(Ca)], an increase inVmax(Ca)of the SR calcium
pump upon PLN phosphorylation would play an important
role in mediating theâ-agonist-induced abbreviation of
systole and decreased time to peak tension. In view of these
and other considerations, a conclusion as to the relative
importance of the presently demonstrated effects of PLN
phosphorylation on bothKm(Ca) andVmax(Ca) of microsomal
calcium uptake in the intact heart must await further study.

REFERENCES

Antipenko, A. Y., Spielman, A. I., & Kirchberger, M. A. (1997)J.
Biol. Chem. 272, 2852-2860.

Bers, D. M., Patton, C. W., & Nuccitelli, R. (1994)Methods Cell
Biol. 40, 4-29.

Briggs, F. M., Lee, K. F., Wechsler, A. W., & Jones, L. R. (1992)
J. Biol. Chem. 267, 26056-26061.

Cantilina, T., Sagara, Y., Inesi, G., & Jones, L. R. (1993)J. Biol.
Chem. 268, 17018-17025.

Champeil, P., le Maire, M., Andersen, J. P., Guillain, F., Gingold,
M., Lund, S., & Moller, J. V. (1986)J. Biol. Chem. 261, 16372-
16384.

Fabiato, A. (1981)J. Gen. Physiol. 78, 457-497.
Hughes, G., Starling, A. P., Sharma, R. P., East, J. M., & Lee, A.
G. (1996)Biochem. J. 318, 973-979.

Inui, M., Chamberlain, B. K., Saito, A., & Fleischer, S. (1986)J.
Biol. Chem. 261, 1974-1800.

Iyer, R. B., Koritz, S. B., & Kirchberger, M. A. (1988)Mol. Cell.
Endocrinol. 55, 1-6.

Kimura, Y., Inui, M., Kadoma, M., Kijima, Y., Sasaki, T., & Tada,
M. (1991)J. Mol. Cell. Cardiol. 23, 1223-1230.

Kimura, Y., Kurzydlowski, K., Tada, M., & MacLennan, D. H.
(1996)J. Biol. Chem. 271, 21726-21731.

Kirchberger, M. A., Borchman, D., & Kasinathan, C. (1986)
Biochemistry 25, 5484-5492.

Lacapère, J.-J., Gingold, M. P., Champeil, P., & Guillain, F. (1981)
J. Biol. Chem. 256, 2302-2306.

Effects of Phospholamban on SR Ca2+ Pump Kinetics Biochemistry, Vol. 36, No. 42, 199712909



Lu, Y.-Z., & Kirchberger, M. A. (1994)Biochemistry 33, 5056-
5062.

Luo, W., Grupp, I. L., Harrer, J., Ponniah, S., Grupp, G., Duffy, J.
J., Doetschman, T., & Kranias, E. G. (1994)Circ. Res. 75, 401-
409.

Luo, W., Wolska, B. M., Grupp, I. L., Harrer, J. M., Haghighi, K.,
Ferguson, D. G., Slack, J. P., Grupp, G., Doetschman, T., Solaro,
R. J., & Kranias, E. G. (1996)Circ. Res. 78, 839-847.

Lytton, J., Westlin, M., & Hanley M. R. (1991)J. Biol. Chem.
266, 17067-17071.

MacDougall, L. K., Jones, L. R., & Cohen, P. (1991)Eur. J.
Biochem. 196, 725-734.

Mattiazzi, A., Hove-Madsen, L., & Bers, D. (1994)Am. J. Physiol.
267, H812-H820.

Mayer, E. J., McKenna, E., Garsky, V. M., Burke, C. J., Mach, H.,
Middaugh, C. R., Sardana, M., Smith, J. S., & Johnson, R. G.,
Jr. (1996)J. Biol. Chem. 271, 1669-1677.

Meissner, G., & Henderson, J. S. (1987)J. Biol. Chem. 262, 3065-
3073.

Morris, G. L., Cheng, H.-C., Colyer, J., & Wang, J. H. (1991) J.
Biol. Chem. 266, 11270-11275.

Movsesian, M. A., Colyer, J., Wang, J. H., & Krall, J. (1990)J.
Clin. InVest. 85, 1698-1702.

Murphy, R. A., & Hasselbach, W. (1968)J. Biol. Chem. 243, 5656-
5662.

Nediani, C., Fiorillo, C., Marchetti, E., Pacini, A., Liguri, G., &
Nassi, P. (1996)J. Biol. Chem. 271, 19066-19073.

Negash, S., Chen, L. T., Bigelow, D. J., & Squier, T. C. (1996)
Biochemistry 35, 11247-11259.

Neuman, J., Boknik, P., Herzig, S., Schmitz, W., Scholz, H., Dupta,
R. C., & Watanabe, A. M. (1993)Am. J. Physiol. 265, H257-
H266.

Odermatt, A., Kurzydlowski, D., & MacLennan, D. H. (1996)J.
Biol. Chem. 271, 14206-14213.

Peeters, G. A., Hlady, V., Bridge, J. H. G., & Barry, W. H. (1987)
Am. J. Physiol. 253, H1400-H1408.

Peterson, G. L. (1977)Anal. Biochem. 83, 346-356.
Reddy, L. G., Jones, L. R., Cala, S. T., O’Brien, J. J., Tatulian, S.
A., & Stokes, D. L. (1995)J. Biol. Chem. 270, 9390-9397.

Reddy, L. G., Jones, L. R., Pace, R. C., & Stokes, D. L. (1996)J.
Biol. Chem. 271, 14964-14970.

Shi, Y., Karon, B. S., Kutchai, H., & Thomas, D. D. (1996)
Biochemistry 35, 13393-13399.

Starling, A. P., East, J. M., & Lee, A. G. (1995a)Biochem. J. 308,
343-346.

Starling, A. P., East, J. M., & Lee, A. G. (1995b)J. Biol. Chem.
270, 14467-14470.

Suzuki, T., & Wang, J. H. (1986)J. Biol. Chem. 261, 7018-7023.
Toyofuku, T., Kurzydlowski, K., Tada, M., & MacLennan, D. H.
(1994)J. Biol. Chem. 269, 3088-3094.

Wray, H. L., & Gray, R. R. (1977)Biochim. Biophys. Acta 461,
441-459.

Xu, Z.-C., & Kirchberger, M. A. (1989)J. Biol. Chem. 264,
16444-16651.

BI971109V

12910 Biochemistry, Vol. 36, No. 42, 1997 Antipenko et al.


