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ABSTRACT: Phospholamban is an inhibitor of the sarcoplasmic reticulum Ca2+ transport apparent affinity
for Ca2+ in cardiac muscle. This inhibitory effect of phospholamban can be relieved through its
phosphorylation or ablation. To better characterize the regulatory mechanism of phospholamban, we
examined the initial rates of Ca2+-uptake and Ca2+-ATPase activity under identical conditions, using
sarcoplasmic reticulum-enriched preparations from phospholamban-deficient and wild-type hearts. The
apparent coupling ratio, calculated by dividing the initial rates of Ca2+ transport by ATP hydrolysis,
appeared to increase with increasing [Ca2+] in wild-type hearts. However, in the phospholamban-deficient
hearts, this ratio was constant, and it was similar to the value obtained at high [Ca2+] in wild-type hearts.
Phosphorylation of phospholamban by the catalytic subunit of protein kinase A in wild-type sarcoplasmic
reticulum also resulted in a constant value of the apparent ratio of Ca2+ transported per ATP hydrolyzed,
which was similar to that present in phospholamban-deficient hearts. Thus, the inhibitory effects of
dephosphorylated phospholamban involve decreases in the apparent affinity of sarcoplasmic reticulum
Ca2+ transport for Ca2+ and the efficiency of this transport system at low [Ca2+], both leading to prolonged
relaxation in myocytes.

Phospholamban, a 52-amino acid phosphoprotein, is a
prominent regulator of sarcoplasmic reticulum (SR)1 Ca2+-
ATPase (SERCA2) activity and contractility (1-3). The
functional role of phospholamban has been recently eluci-
dated through the generation and characterization of a
phospholamban-deficient mouse (4). This model exhibited
significant decreases in the apparent EC50 values for Ca2+

of the SR Ca2+-uptake and increases in cardiac contractile
parameters (4). The hyperdynamic cardiac function was not
associated with any compensatory alterations in Ca2+ han-
dling proteins, with the exemption of the ryanodine receptor,
which was downregulated (25%) (5). Oxygen consumption
and the active form of the mitochondrial pyruvate dehydro-
genase were also increased, without any changes in intrac-
ellular ATP levels, indicating an increased ATP turnover rate
in the hyperdynamic phospholamban-deficient hearts (5).
However, there was no compromise in exercise capacity (6)

or life span of the phospholamban-deficient mice (7). On
the basis of these findings, it was suggested that inhibition
of phospholamban activity in vivo may represent an attractive
method to increase cardiac contractility in heart disease (1-
3).

The functional unit of phospholamban and the mechanism
by which it mediates its regulatory effects in vivo are
presently unknown. Dephosphorylated phospholamban has
been proposed to interact with and reduce the apparent
affinity of SERCA2 for Ca2+ (8, 9). Phosphorylation of
phospholamban duringâ-agonist stimulation of the heart
removes its inhibition and facilitates Ca2+ transport into the
SR lumen, enhancing cardiac relaxation (10, 11). Using
monoclonal antibodies to disrupt the interaction of phos-
pholamban with SERCA2, it was demonstrated that phos-
pholamban modulates the slow isometric transition produced
by Ca2+ binding to the SR Ca2+-ATPase (12). Furthermore,
time-resolved phosphorescence anisotropy studies indicated
that dephosphorylated phospholamban mediates aggregation
of the SERCA2 molecules, resulting in a slow-down of the
rate-limiting step of the enzymatic cycle (13).

The regulatory effects of phospholamban involve the
cytoplasmic domain of the protein, and site-directed mu-
tagenesis studies showed that specific hydrophilic residues
among amino acids 2-18 in phospholamban interact with
amino acids 336-412 in SERCA2 for functional modifica-
tion (14). The hydrophobic domain is also important in
mediating the regulatory effects of phospholamban (15), and
it is responsible for pentameric assembly of the protein (16,
17). Furthermore, previous studies have indicated that
pentameric phospholamban may also form Ca2+ selective
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channels in lipid bilayers (18). The putative transmembrane
domain responsible for pentamerization and channel proper-
ties of phospholamban is composed of bulky hydrophobic
amino acids and three cysteine residues (Cys36, Cys41, and
Cys46). Extensive mutagenesis studies (17) and consequent
modeling (19) revealed that phospholamban pentameric
formation is a left-handed coiled-coil configuration, with a
cylindrical ion pore. However, the functional relevance of
this ion channel and its implications in intracellular Ca2+

homeostasis remain poorly understood.
The present study was undertaken to provide additional

insights into the regulatory mechanisms of phospholamban
in cardiac SR function. Our findings demonstrate that
ablation or cAMP-dependent phosphorylation of phospho-
lamban in murine SR preparations results in increased
efficiency of the Ca2+ transport system at low Ca2+ concen-
trations, suggesting an additional regulatory role of phos-
pholamban at diastolic calcium concentrations in cardiac
muscle.

EXPERIMENTAL PROCEDURES

Sarcoplasmic Reticulum-Enriched Membrane Prepara-
tions. Phospholamban-deficient and wild-type mice were
sacrificed by cervical dislocation, the hearts were quickly
excised and placed in ice-cold 0.9% saline solution. Any
visible fat and connective tissue as well as the atria were
removed, and the ventricles were frozen in liquid nitrogen
and stored at-80 °C until further use. Hearts (10-15) were
pooled for each SR preparation, powdered under liquid
nitrogen, and homogenized in buffer A containing 20 mM
Tris/maleate and 0.3 M sucrose (pH 7.0). The homogenate
was centrifuged at 1000g for 15 min, and the pellet was
rehomogenized in buffer A and spun at 1000g for 10 min.
The obtained pellet was resuspended in buffer A, and an
aliquot (pellet A) was stored at-80 °C. After an additional
spin at 10000g for 20 min (pellet B), the supernatant was
filtered through four layers of cheesecloth, and 1 M KCl
was added to obtain a final concentration of 0.6 M KCl. After
incubation at 4°C for 15 min, the solution was centrifuged
at 100000g for 1 h, and the supernatant was recentrifuged
at 100000g for 1 h. The final pellet was resuspended in buffer
A and stored at-80 °C (pellet C). Five SR preparations of
phospholamban-deficient or wild-type hearts were obtained,
using this method. The protein amount was determined by
the Bio-Rad method, and the yield was 2.5-4.0 mg of
enriched SR membranes/g of wet weight of myocardium.
Pellets A, B, and C were processed in parallel to assess the
enrichment of SR membranes, utilizing quantitative immu-
noblotting of SERCA2 and phospholamban (5). For the
Coomassie Brilliant Blue staining (0.25%), the SR membrane
preparations were subjected to 13% SDS-PAGE. The
densitometric signal at∼110 kDa was used to estimate the
amount of SR Ca2+-ATPase protein as compared to the total
protein in the SR preparations. The presence of SERCA2 at
∼110 kDa was verified using immunoblotting, as previously
described (5).

Sarcoplasmic Reticulum45Ca2+-Uptake.The sarcoplasmic
reticulum-enriched preparations were diluted in buffer A to
obtain a final concentration of 0.3 mg/mL. Ca2+ uptake rates
were measured by the Millipore filtration technique, as
previously described (4). The reaction mixture contained 40

mM imidazole /HCl (pH 7.0), 100 mM KCl, 5 mM MgCl2,
5 mM NaN3, 5 mM potassium oxalate, 0.5 mM EGTA, 1
µM ruthenium red, and various Ca2+ concentrations ranging
between pCa 8.0 and 5.5. The SR membranes were incubated
for 2 min at 37°C in the reaction mixture, and Ca2+-uptake
was initiated by the addition of ATP (final concentration of
5 mM). The rates of Ca2+-uptake were calculated by least-
squares linear regression analysis of the 30-, 60-, and 90-s
values of Ca2+-uptake. The nonspecific uptake, obtained in
the absence of ATP, was subtracted from the specific Ca2+

uptake at each time point. Furthermore, to examine whether
any passive Ca2+ flux occurred across the SR vesicles during
the Ca2+-uptake assay, initial rates of Ca2+-uptake were
measured for 1 min at pCa 5.5 corresponding toVmax values,
and two pCa (6.9 and 7.2) in the range where the decreased
efficiency of the SR Ca2+ transport was observed (Figure
1). Initial uptake rates were inhibited by adding thapsigargin
(100 nM) at 1 min after initiation of the reaction, and the
SR Ca2+ load was subsequently assessed over 10 min. Upon
inhibition of SERCA, the level of SR Ca2+ load remained
constant up to 10 min in both wild-type and phospholamban-
deficient hearts (Figure 1). Thus, there was no apparent
passive Ca2+ flux from wild-type and phospholamban-
deficient SR vesicles in the presence of oxalate.

FIGURE 1: Ca2+-uptake in phospholamban-deficient (9) and wild-
type (2) SR preparations at several pCa. The applied Ca2+

concentrations were chosen to obtain initial Ca2+-uptake rates in
theVmax range (pCa 5.5; panel A) and at pCa, where the decreased
efficiency of the SR Ca2+-ATPase was observed (pCa 6.9; panel
B and pCa 7.2, panel C). Thapsigargin (100 nM) was added at 1
min after initiation of the reaction to inhibit the SR Ca2+-ATPase.
SR Ca2+ load was monitored over 10 min using the Millipore
filtration method. Three SR preparations were used, and experiments
were performed in duplicates. Values are means( SEM.

Phospholamban and Efficiency of Ca2+ Transport Biochemistry, Vol. 39, No. 46, 200014177



Sarcoplasmic Reticulum Ca2+-ATPase ActiVity. The initial
rates of ATPase activity were determined by measuring the
Ca2+-dependent liberation of phosphate, using malachite
green (20). The reaction conditions were identical to those
utilized in the Ca2+ uptake assay. The SR membranes were
incubated in the reaction mixture for 2 min at 37°C, and
ATPase activity measurements were initiated upon addition
of ATP (5 mM final concentration). The ATP hydrolysis
rates were determined by least-squares linear regression
analysis of the 30-, 60-, and 90-s values of Ca2+-ATPase
activity.

In Vitro Phosphorylation of Cardiac Wild-Type Sarco-
plasmic Reticulum Enriched Preparations.Phosphorylation
of wild-type cardiac SR preparations was performed as
previously described (21). Briefly, cAMP-dependent protein
kinase (PKA) phosphorylation was carried out at 30°C in 5
mL of reaction mixture containing 15µg/mL protein, 50 mM
K+ phosphate buffer (pH 7.0), 10 mM MgCl2, 5 mM NaF,
0.5 mM EGTA, 0.1 mM ATP, and 1000 units of PKA
catalytic subunit (Sigma). The reaction was terminated after
2 min by adding 2 vol of ice-cold solution, containing 20
mM Tris/maleate (pH 7.0) and 0.1 M KCl. The phospho-
rylated SR membranes were centrifuged at 100000g for 30
min at 4°C. The pellet was resuspended in Tris/maleate (pH
7.0), and an aliquot was evaluated for the recovered protein
amount, using the Bio-Rad method, based on the method of
Bradford (22). Control SR membranes were treated under
identical conditions but in the absence of PKA catalytic
subunit.

Thapsigargin-SensitiVe Sarcoplasmic Reticulum Ca2+-
Uptake and Ca2+-ATPase ActiVities.Sarcoplasmic reticulum-
enriched membranes were incubated in the Ca2+-uptake/
ATPase reaction mixture containing thapsigargin, but not
ATP, for 10 min at 37°C. Subsequently, the reactions were
initiated upon addition of ATP. The Ca2+-uptake and Ca2+-
ATPase rates were obtained as described above. The thapsi-
gargin-sensitive, SR-specific Ca2+-uptake and Ca2+-ATPase
activity rates were calculated by subtracting the values
obtained in the presence of thapsigargin from the corre-
sponding rates of Ca2+-uptake and Ca2+-ATPase activities
in the absence of thapsigargin.

MATERIALS AND METHODS

Protein kinase A catalytic subunit, malachite green oxalate,
thapsigargin, and ruthenium red were obtained from Sigma-
Aldrich, St. Louis, MO. All other chemicals were of the best
analytical grade commercially available.

Statistical Analysis.Data are presented as means( SEM.
The numbern indicates the number SR preparations unless
otherwise stated. Statistical analysis was performed by
student t-test for paired and unpaired observations. The
nonlinear fit for the initial rates of Ca2+-uptake and
Ca2+-ATPase activity was obtained using the Hill equation
for a variable slope: Y ) Vmin + (Vmax- Vmin)/
[1+10((log[EC50]-log[Ca])n)] and the software program Prism
Graphs Pad, version 3.0. Values ofp < 0.05 were considered
as statistically significant.

RESULTS

Sarcoplasmic reticulum-enriched microsomal preparations
were isolated from wild-type and phospholamban-deficient

hearts by differential centrifugation. The levels of SERCA2
were 10( 3% and 10( 3% of total protein in wild-type
and phospholamban-deficient preparations, respectively, as
revealed by Coomassie Brilliant Blue staining of SDS gels
(Figure 2, panel A, inset). Furthermore, quantitative immu-
noblotting was used to determine the levels of SERCA2 and
phospholamban in mouse microsomal preparations relative
to cardiac homogenates. Enrichment of these proteins was
4.5-fold in the membrane preparations (pellet C) as compared
to homogenates. The pellets (A and B), obtained during the
isolation procedure, exhibited only minimal levels of SER-
CA2 or phospholamban (<10% of homogenate, data not
shown). Thus, the relative ratio of phospholamban to
SERCA2 in SR-enriched preparations remained similar to
that in cardiac homogenates.

Wild-type and phospholamban-deficient SR were assayed
for the initial rates of Ca2+-uptake and Ca2+-ATPase activity
over a wide range of [Ca2+], similar to those present in the
muscle cell during relaxation and contraction. Ruthenium
red was included in the assays to inhibit the SR Ca2+-release

FIGURE 2: Initial rates of Ca2+-uptake and Ca2+-ATPase in
phospholamban-deficient (9) and wild-type (2) SR preparations.
Five SR preparations, each consisting of 10-15 pooled mouse
hearts from wild-type and phospholamban-deficient mice, were used
to determine the initial rates of Ca2+-uptake (A) and Ca2+-ATPase
(B) in duplicates or triplicates. The apparent coupling ratio (C) was
calculated by dividing the rates of Ca2+ transported by the rates of
ATP hydrolyzed at each pCa. The left inset in panel A shows
Coomassie Brilliant Blue stained gels (lanes 1 and 2) and immu-
noblots (lanes 3 and 4) of wild-type SR preparations (50µg for
lanes 1 and 3, and 30µg for lanes 2 and 4). The right insets in
panels A-C represent Ca2+-uptake rates, Ca2+-ATPase activity,
and coupling ratios at various low Ca2+ concentrations (pCa: 8.0-
7.0;n ) 3 preparations, performed in triplicates). Values are means
( SEM.
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channel (23). A dose-response curve of ruthenium red
versus the initial rates of mouse cardiac SR Ca2+-uptake at
pCa 5.5 indicated that maximal inhibition occurred at 1µM
ruthenium red, and this dose was included in the reaction
assays. The initial rates of both Ca2+-uptake and Ca2+-
ATPase were significantly higher in phospholamban-deficient
SR preparations at low [Ca2+], resulting in an overall
decrease in the apparent EC50 of the Ca2+-uptake and Ca2+-
ATPase activities as compared to wild-type SR (Figure 2,
panels A and B). However, the maximal rates of Ca2+-uptake
and Ca2+-ATPase (Vmax) were similar between the two groups
(Table 1).

The apparent coupling ratio was then calculated by
dividing the Ca2+ transport rates by the ATP hydrolysis rates
at each pCa. We observed a sigmoidal relationship, with low
values at low [Ca2+] and higher values at high [Ca2+] for
wild-type cardiac SR (Figure 2, panel C). However, in
phospholamban-deficient SR, the apparent coupling ratio was
constant, and it exhibited values similar to those obtained at
high [Ca2+] in wild-type SR (Figure 2, panel C). To further
confirm the observed differences in the coupling ratio
between wild-type and phospholamban-deficient SR at low
[Ca2+] the initial rates of Ca2+-uptake and Ca2+-ATPase were
assessed at several pCa values between 8.0 and 7.0 (Figure
2, panels A and B, insets). The apparent coupling ratio
appeared to increase with increasing [Ca2+] in wild-type,
while it remained constant and Ca2+-independent in phos-
pholamban-deficient SR preparations at all Ca2+ concentra-
tions tested (Figure 2, panel C, inset). These findings indicate
that phospholamban regulates the apparent coupling ratio of
Ca2+ transported per ATP hydrolyzed.

To obtain further evidence on the functional role of
phospholamban, SR membrane preparations from wild-type
mouse hearts were phosphorylated by the catalytic subunit
of protein kinase A (PKA). Control membranes were treated
in parallel but in the absence of PKA. Phosphorylation of
phospholamban resulted in significant increases in the initial
rates of Ca2+-uptake and Ca2+-ATPase at low pCa (Figure
3, panels A and B), which was associated with a decrease
in their EC50 values for Ca2+, as compared to nonphospho-
rylated SR (Figure 3 and Table 1). There was no effect of
phosphorylation on theVmax of Ca2+-uptake and Ca2+-

ATPase activities. However, both of these values were 35%
lower than those observed in untreated wild-type SR (Figure
2, panels A and B). These lower activities appeared to be
due to the preincubation conditions, since the rates were
similar between phosphorylated and nonphosphorylated SR.
Calculations of the apparent coupling ratio from these data
indicated a Ca2+-dependent relationship in wild-type SR,
similar to Figure 2, panel C. However, upon phosphorylation
of phospholamban, the coupling ratio exhibited a constant,
Ca2+-independent pattern, similar to the one observed at high
[Ca2+] in wild-type SR preparations (Figure 3, panel C).
Thus, phosphorylation of phospholamban had similar effects
as ablation of this protein on the apparent coupling ratio of
the SR Ca2+ transport system.

Since microsomal preparations have been reported to
contain Ca2+-dependent ATPases, other than the SR-associ-
ated enzyme (24), we used thapsigargin (25) to differentiate
between these activities. Maximal inhibition of oxalate-
supported Ca2+-uptake rates occurred at 100 nM thapsigargin,
consistent with previous observations (25). Thus, Ca2+-uptake
and Ca2+-ATPase activities were assayed, in the presence
of 100 nM thapsigargin, especially since higher concentra-
tions (g 1 µM) have been reported to affect the composition
and leakage of SR vesicles (26). The SR Ca2+-uptake rates
were completely inhibited, while total Ca2+-ATPase activity

Table 1: Calcium Concentration for Half-Maximal Response (EC50)
and Maximal Rates of Ca2+-Uptake and Ca2+-ATPase (VMax) in
Wild-Type and Phospholamban-Deficient SR Preparationsd

Ca2+-ATPase activity 45Ca2+-uptake

EC50 Vmax EC50 Vmax

WT 0.23( 0.04 578( 29 0.24(0.04 140( 3
PLB-KO 0.11( 0.02a 538( 18 0.14( 0.03a 141( 3
WT (control) 0.20( 0.04 356( 14 0.22( 0.03 103( 2
WT + PKA 0.14( 0.03b 347( 11 0.14( 0.02b 102( 6
WT + Th 0.25( 0.04 178( 11 0.25(0.02 134( 12
PLB-KO + Th 0.10( 0.04c 167( 13 0.14(0.02c 137( 11

a p < 0.05 vs WT.b p < 0.05 vs WT (control).c p < 0.05 vs WT+
Th. d Ca2+-uptake and Ca2+-ATPase activities were determined in wild-
type (WT) and phospholamban-deficient (PLB-KO) SR preparations
under identical conditions. Data are means( SEM of 3-5 SR
preparations each assayed in triplicates. PKA: catalytic subunit of
protein kinase A; WT (control): control for PKA experiments;+Th:
thapsigargin-sensitive Ca2+-uptake and Ca2+-ATPase activity; EC50 in
µmol/L; Vmax in nmol mg-1 min-1.

FIGURE 3: Effect of protein kinase A on wild-type SR. Wild-type
SR preparations (2) were phosphorylated by the catalytic subunit
of PKA (9), and the initial rates of Ca2+-uptake (A) and Ca2+-
ATPase (B) were assessed over a wide range of pCa. The apparent
coupling ratio (C) was calculated by dividing the Ca2+-uptake rates
by the corresponding Ca2+-ATPase rates at each pCa. Values
represent the mean( SEM of three SR preparations, assayed in
triplicates.
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was reduced by 35% in the presence of 100 nM thapsigargin
in both wild-type and phospholamban-deficient preparations
(Figure 4). To obtain the SR-dependent Ca2+-uptake and
Ca2+-ATPase activities, the thapsigargin-sensitive Ca2+-
uptake and Ca2+-ATPase activity rates were then subtracted
from the respective rates obtained in the absence of thapsi-
gargin (Figure 5). The maximal velocities (Vmax) of SR Ca2+-
uptake and Ca2+-ATPase were similar between wild-type and
phospholamban-deficient SR preparations (Figure 5, panels
A and B). Furthermore, theVmax values of Ca2+-uptake were
similar to those obtained in the absence of thapsigargin, while
theVmax of SR Ca2+-ATPase was 3.1-fold lower in both wild-
type and phospholamban-deficient SR (Table 1). When the
apparent coupling ratio of Ca2+ transported per ATP
hydrolyzed was calculated, a Ca2+-dependent pattern was
obtained for wild-type SR with a maximal value of 0.82 at
high [Ca2+]. However, in phospholamban-deficient SR, the
value of 0.82 was observed at all [Ca2+] (Figure 5, panel
C). To verify the differences in the apparent coupling ratios
between wild-type and phospholamban-deficient SR, an
additional series of experiments with more points at pCa 8.0
to 6.6 was conducted (Figure 5, panels A and B, insets).
The apparent coupling ratio increased with increasing [Ca2+]
in wild-type SR, but it remained constant in phospholamban-
deficient SR (Figure 5, panel C, inset). A similar constant
coupling ratio would be expected upon phosphorylation of
phospholamban in wild-type SR (see above).

DISCUSSION

The present study suggests that phospholamban may
regulate the apparent efficiency of the SR Ca2+ transport
system, especially at low or diastolic [Ca2+]. The generation
of a phospholamban-deficient mouse model coupled with
biochemical studies on SR Ca2+ transport and Ca2+-ATPase
activities, allowed us to identify this regulatory function of
phospholamban in cardiac SR. In this study, SR-enriched
membrane preparations were used, and cAMP-dependent
phosphorylation or ablation of phospholamban was associ-
ated with decreases in the apparent EC50 for Ca2+ of Ca2+-
uptake, similar to previous observations, using mouse cardiac
homogenates (4). This effect of phospholamban was also
consistent with reports in other species, such as dog (27),
rabbit (28), and rat (29). Furthermore, phospholamban
phosphorylation or ablation resulted in a decrease in the EC50

for Ca2+ of the murine SR Ca2+-ATPase. The decreases in
the EC50 values of SR Ca2+-uptake and Ca2+-ATPase were
similar (Table 1), while there were no alterations on theVmax

of these activities. To obtain an apparent coupling ratio for
the SR Ca2+-transport system, we divided the initial rates of
Ca2+-uptake by those of Ca2+-ATPase, since these activities
were assayed under identical conditions. We observed that
the ratio of Ca2+ transported per ATP hydrolyzed was [Ca2+]-

FIGURE 4: Representative experiment on the effect of thapsigargin
(100 nM) on the initial rates of Ca2+-uptake and Ca2+-ATPase
activity in phospholamban-deficient and wild-type SR preparations.
Phospholamban-deficient (0, 9) and wild-type (4, 2) SR-enriched
preparations were assayed for the initial rates of Ca2+-uptake and
Ca2+-ATPase activity in the absence (open symbols) or presence
(closed symbols) of thapsigargin over a wide range of Ca2+

concentrations. Values represent the mean of triplicate assays.

FIGURE 5: Thapsigargin-sensitive Ca2+-uptake and Ca2+-ATPase
activities in phospholamban-deficient (9) and wild-type SR prepa-
rations (2). Five SR preparations (10-15 pooled mouse hearts/
preparation) were used, and Ca2+ -uptake (A) or Ca2+-ATPase (B)
assays were performed in triplicate. The apparent coupling ratio
(C) was calculated by dividing the rates of Ca2+ transported by the
rates of ATP hydrolyzed at each pCa. The insets represent Ca2+-
uptake rates, Ca2+-ATPase activity, and coupling ratios at various
low Ca2+ concentrations (pCa: 8.0-6.6). Values are means( SEM.
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dependent in wild-type SR, but phosphorylation or ablation
of phospholamban resulted in a [Ca2+]-independent ratio.
Furthermore, the highest value of the coupling ratio in wild-
type SR was obtained at high [Ca2+] or upon maximal
activation of the Ca2+-transport system. This coupling ratio
value was similar to that obtained upon removal of the
phospholamban inhibitory effects, elicited by phosphorylation
or ablation of the protein. Thus, phospholamban appears to
regulate the efficiency of the SR Ca2+-transport system at
low [Ca2+].

Diminished coupling efficiency was also previously ob-
served in the presence of furylacryloyl phosphate (30), acidic
conditions (31), high alkaline EGTA (32), and upon tryptic
digestion (33), changing the aminophospholipid composition
of the SR (34) or inactivating the SR Ca2+-ATPase, which
may result in Ca2+-permeable channel formation (35).
However, none of these conditions were present in our assay
system, and the maximal activity and uptake rates were
similar in wild-type and phospholamban-deficient SR prepa-
rations. Furthermore, no passive Ca2+ flux was observed in
the SR preparations after complete inhibition of the SR Ca2+-
ATPase by thapsigargin. The use of thapsigargin to assess
the SR-specific Ca2+-ATPase activity in the mouse microso-
mal preparations revealed an apparent coupling ratio of 0.82
for Ca2+ transported per ATP hydrolyzed at high [Ca2+]. This
value is among the highest coupling ratios, previously
reported, which varied between 0.08 and 0.88 for SR-
enriched preparations (11, 36-39). However, higher values
(0.5-2.0) have been obtained in reconstitution experiments
of SERCA2 and phospholamban or expression systems of
these two proteins (40-42). It is interesting to note that upon
examination of published reports, a similar pattern of
alterations in the apparent coupling ratio of Ca2+ transported
per ATP utilized was also obtained in two other studies (39,
40). In canine cardiac SR preparations, a change in the
coupling ratio from 0.06 at pCa 7.8 to 0.63 at pCa 6.7 was
observed (39), and it was suggested that this may be due to
the presence of oxalate, which would not sufficiently
precipitate calcium at low pCa. However, in our study, both
SR preparations were treated under identical conditions, and
the differences in coupling ratio were obtained even when
the initial rates of Ca2+-uptake were similar between wild-
type and phospholamban-deficient SR.

Three independent lines of evidence indicate that the
observed reduction in the apparent coupling ratio cannot be
attributed to systematic errors, which may be due to the
relatively low Ca2+-uptake and Ca2+-ATPase rates obtained
at low [Ca2+] (below 320 nM). First, any such error should
occur in all cases, but coupling ratio changes were obtained
only in dephosphorylated wild-type SR and not in either
phospholamban-deficient or phosphorylated wild-type SR
(Figures 2, 4, and 5). Second, an additional series of
experiments with more points at pCa 8 to 6.6 showed
consistent results (Figures 2 and 5 insets). Third, the coupling
ratio is reduced by 50% at pCa 6.9, where levels of SR Ca2+-
ATPase and Ca2+-uptake rates are well above the detection
thresholds of the assay (25 and 13% ofVmax, respectively).
Thus, a reduced coupling ratio at low [Ca2+] seems to be a
genuine property of the SR Ca2+-ATPase associated with
dephosphorylated phospholamban. The mechanism by which
phospholamban mediates its regulatory effects on the SR
Ca2+-ATPase may involve a direct physical interaction

between the two proteins (17, 43), electrostatic modification
of the SR membrane potential (44), or alterations in lipid
chain motion (45) resulting in modulation of the membrane
fluidity. Alternatively, phospholamban may mediate the
apparent Ca2+ leak itself, through formation of ion pores by
its pentameric structure (18, 19). However, studies in
reconstituted systems of the SR Ca2+-ATPase with phos-
pholamban did not detect any significant Ca2+ leakage
promoted in the presence of phospholamban (46). Consistent
with these findings, phospholamban-deficient and wild-type
SR preparations exhibited no passive flux in the presence
of oxalate. Alternatively, phospholamban may regulate the
“backflux” of Ca2+ through the Ca2+ pump, which may
operate in a reverse mode, as recently suggested (47, 48).

An important question is whether the observed alterations
in the SR Ca2+ transport efficiency would have an impact
on intracellular Ca2+-handling in vivo. To address this,
single-cell Ca2+ transients [including Ca2+ current, reversible
SR Ca2+ pump, SR Ca2+ leak and cytosolic as well as intra-
SR Ca2+ buffering (48)] were simulated (Figure 6). The
reduced SR Ca2+-ATPase affinity for Ca2+ and coupling ratio
in the presence of phospholamban appear to contribute
additively to slowing cellular [Ca]i decline. The reduced
coupling especially prolongs the late phase of [Ca]i decline
and relaxation, which may extend myofilament interaction
(and ATP consumption) and alter other Ca2+-dependent
processes (e.g., Ca2+ current, SR Ca2+ release channels and
Na+/Ca2+ exchange). The amount of ATP required to
transport the same number of Ca2+ ions is also increased,
raising the overall energy cost of Ca2+ cycling. Finally, the
lower energetic efficiency of the SR Ca2+ pump at diastolic

FIGURE 6: Simulated single-cell Ca2+ transients in phospholamban-
deficient and wild-type cardiac myocytes. These curves are based
on quantitative analysis and equations for intact cell Ca2+ dynamics
in voltage-clamped ventricular myocytes, as developed by Shannon
et al. (48). Total cytosolic Ca2+ was driven by the SR Ca2+ release,
and free [Ca]i was obtained by numerical integration, which
included Ca2+ buffering (51) and Ca2+ transport by the SR.
Cytosolic and SR Ca2+ buffering, SR Ca2+ release (83µmol/L
cytosol), andVmax for the SR Ca2+-ATPase [178µmol (L cytosol)-1

s-1] were assumed to be the same in all three cases. The
phospholamban-deficient (PLB-KO) curve used EC50 ) 98 nM and
nH ) 2.014, which produced at1/2 of 150 ms, similar to previous
observations (52). The lower wild-type (WT) curve used EC50 )
245 nM,nH ) 1.797, as derived from Figure 5, panel B. The top
wild-type curve used the same EC50 and nH, but the forward
transport rate was multiplied by the measured coupling ratio in
Figure 5, panel C, which was normalized to a maximum value of
1 (i.e., 0.9043/{1 + (145 /[Ca]i)2.55} + 0.0957). The simulation
indicates that uncoupling of the SR Ca2+ transport significantly
prolongs relaxation.
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[Ca2+] in the presence of phospholamban could reduce the
maximal free [Ca2+] gradient that the pump can establish,
which would limit total SR Ca2+ load and the fraction of
SR Ca2+ released during a twitch (48-50). Thus, the ability
of dephosphorylated phospholamban to reduce SR Ca2+

pump coupling may have far-reaching physiological implica-
tions.

In summary, our findings suggest that dephosphorylated
phospholamban reduces the affinity of the SR Ca2+-ATPase
as well as the apparent efficiency of the Ca2+-transport
system in cardiac SR. The reduced coupling ratio at low
[Ca2+] would prolong especially the late phase of [Ca]i

decline, which might result in elevated diastolic [Ca]i, upon
repeated Ca2+ transients, leading to increased cardiac diastolic
tension and consequent energy consumption. Thus, phos-
phorylation of phospholamban resulting in enhancement of
the apparent SR Ca2+ transport coupling ratio may provide
an additional mechanism to prevent increases in heart rate-
dependent diastolic tension duringâ-adrenergic stimulation.
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