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ABSTRACT:. Phospholamban is an inhibitor of the sarcoplasmic reticuludt @ansport apparent affinity

for Ca&" 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 €auptake and CH-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*Gaansport by ATP hydrolysis,
appeared to increase with increasing{Qan wild-type hearts. However, in the phospholamban-deficient
hearts, this ratio was constant, and it was similar to the value obtained at higif} {iCwild-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%dft@msported 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
Ca&* transport for C&" and the efficiency of this transport system at low{gaboth leading to prolonged
relaxation in myocytes.

Phospholamban, a 52-amino acid phosphoprotein, is aor life span of the phospholamban-deficient mi@g. ©n
prominent regulator of sarcoplasmic reticulum (SR "- the basis of these findings, it was suggested that inhibition
ATPase (SERCA2) activity and contractiliti{3). The of phospholamban activity in vivo may represent an attractive
functional role of phospholamban has been recently eluci- method to increase cardiac contractility in heart disedse (
dated through the generation and characterization of a3).

phospholamban-deficient mous#).(This model exhibited The functional unit of phospholamban and the mechanism
significant decreases in the apparentsElues for C&" by which it mediates its regulatory effects in vivo are
of the SR C&"-uptake and increases in cardiac contractile presently unknown. Dephosphorylated phospholamban has
parameters4). The hyperdynamic cardiac function was not peen proposed to interact with and reduce the apparent
associated with any compensatory alterations iA"®an- affinity of SERCA2 for C&" (8, 9). Phosphorylation of
dling proteins, with the exemption of the ryanodine receptor, phospholamban during-agonist stimulation of the heart
which was downregulated (25%)( Oxygen consumption  removes its inhibition and facilitates Eatransport into the
and the active form of the mitochondrial pyruvate dehydro- SR lumen, enhancing cardiac relaxatidt0,(11). Using
genase were also increased, without any changes in intracmonoclonal antibodies to disrupt the interaction of phos-
ellular ATP levels, indicating an increased ATP turnover rate pholamban with SERCAZ2, it was demonstrated that phos-
in the hyperdynamic phospholamban-deficient heab)s (  pholamban modulates the slow isometric transition produced
However, there was no compromise in exercise capa@jty ( by C&* binding to the SR Ca-ATPase 12). Furthermore,
time-resolved phosphorescence anisotropy studies indicated
T This study was supported by the National Institutes of Health Grants that dephosphorylated phOSphOIa.mban mediates aggregation
HL-26057, P40RR12358, HL-52318 (to E.G.K.), and HL-30077 (to Of the SERCAZ molecules, resulting in a slow-down of the
D.M.B.) and a research fellowship grant of the Deutsche Forschungs- rate-limiting step of the enzymatic cyclé3).

gemeinschaft (FR-1466, K.F.). .
*To whom correspondence should be addressed. Evangelia G. The regulatory effects of phospholamban involve the

Kranias, Ph.D., Department of Pharmacology & Cell Biophysics, Cytoplasmic domain of the protein, and site-directed mu-
College of Medicine, University of Cincinnati, 231 Bethesda Avenue, tagenesis studies showed that specific hydrophilic residues
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PKA: cAMP-dependent protein kinase A; PLB-KO: phospholamban- i : ; ;
deficient; SERCA2: sarcoplasmic reticulum?CaATPase, isoform 2; it is responsible for pentameric assembly of the protéf (

SR: sarcoplasmic reticulunV,,.c maximal C&*-ATPase activity and 17). Furthermore’ previous studies have indicate_d that
Ca*-uptake; WT: wild-type. pentameric phospholamban may also forn?‘Cselective
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channels in lipid bilayersl@). The putative transmembrane
domain responsible for pentamerization and channel proper- 400 -
ties of phospholamban is composed of bulky hydrophobic %@tﬁ%
amino acids and three cysteine residues {€ysys', and

Cys*9). Extensive mutagenesis studid¥)and consequent
modeling (9) 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?Ca
homeostasis remain poorly understood.
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The present study was undertaken to provide additional B? 160 607
insights into the regulatory mechanisms of phospholamban % 5 120 5
in cardiac SR function. Our findings demonstrate that = £ l:ﬁ '4°f§§
ablation or cAMP-dependent phosphorylation of phospho- :“g 80 ¥ ::,;g
lamban in murine SR preparations results in increased ‘é' 0 FEII—:—I‘{'I—I -2oz§v
efficiency of the C&" transport system at low €aconcen- pCa 6.9
trations, suggesting an additional regulatory role of phos- o5 e o 75 100 0
pholamban at diastolic calcium concentrations in cardiac ’ " Time (min) )
muscle. C 8
EXPERIMENTAL PROCEDURES < 40 !,!__i_i_i_:__i 3

O CI

Sarcoplasmic Reticulum-Enriched Membrane Prepara- %é’ * ‘;’i %;E
tions. Phospholamban-deficient and wild-type mice were Sg 2 x 4 S‘E
sacrificed by cervical dislocation, the hearts were quickly E 10 P : 1 L, &=
excised and placed in ice-cold 0.9% saline solution. Any © pCa7.2 o
visible fat and connective tissue as well as the atria were 0% 25 50 75 100 °
removed, and the ventricles were frozen in liquid nitrogen Time (min)

and stored at-80 °C until further use. Heartd 0—15) were : - .
. .. FiGure 1: Ca&"-uptake in phospholamban-deficiem)(and wild-
pooled for each SR preparation, powdered under liquid type ) SR preparations at several pCa. The applied+Ca

nitrogen, and homogenized in buffer A containing 20 MM concentrations were chosen to obtain initiaPGaptake rates in
Tris/maleate and 0.3 M sucrose (pH 7.0). The homogenatethe Vnaxrange (pCa 5.5; panel A) and at pCa, where the decreased

was centrifuged at 10@0for 15 min, and the pellet was  efficiency of the SR CH-ATPase was observed (pCa 6.9; panel

; ; ; B and pCa 7.2, panel C). Thapsigargin (100 nM) was added at 1
rTehhomgg.e”'zed 'lrl‘ buffer A and Sp‘(‘j” dat. 195?; 10Am'”' 4 aryMin after initiation of the reaction to inhibit the SR TaATPase.
e obtained pellet was resuspended In buifer A, and angr ca+ load was monitored over 10 min using the Millipore

aliquot (pellet A) was stored at80 °C. After an additional filtration method. Three SR preparations were used, and experiments
spin at 10009 for 20 min (pellet B), the supernatant was were performed in duplicates. Values are meanSEM.
filtered through four layers of cheesecloth,dah M KCI
was added to obtain a final concentration of 0.6 M KCI. After mM imidazole /HCI (pH 7.0), 100 mM KCI, 5 mM MgG|
incubation at £C for 15 min, the solution was centrifuged 5 mM NaNs, 5 mM potassium oxalate, 0.5 mM EGTA, 1
at 10000@ for 1 h, and the supernatant was recentrifuged «M ruthenium red, and various €aconcentrations ranging
at 10000@ for 1 h. The final pellet was resuspended in buffer between pCa 8.0 and 5.5. The SR membranes were incubated
A and stored at-80 °C (pellet C). Five SR preparations of for 2 min at 37°C in the reaction mixture, and €auptake
phospholamban-deficient or wild-type hearts were obtained, was initiated by the addition of ATP (final concentration of
using this method. The protein amount was determined by 5 mM). The rates of Cd-uptake were calculated by least-
the Bio-Rad method, and the yield was 240 mg of squares linear regression analysis of the 30-, 60-, and 90-s
enriched SR membranes/g of wet weight of myocardium. values of C&"-uptake. The nonspecific uptake, obtained in
Pellets A, B, and C were processed in parallel to assess thehe absence of ATP, was subtracted from the specifi¢ Ca
enrichment of SR membranes, utilizing quantitative immu- uptake at each time point. Furthermore, to examine whether
noblotting of SERCA2 and phospholambah).(For the any passive Ca flux occurred across the SR vesicles during
Coomassie Brilliant Blue staining (0.25%), the SR membrane the C&*-uptake assay, initial rates of &auptake were
preparations were subjected to 13% SHBA\GE. The measured for 1 min at pCa 5.5 correspondinyfg values,
densitometric signal at110 kDa was used to estimate the and two pCa (6.9 and 7.2) in the range where the decreased
amount of SR CH-ATPase protein as compared to the total efficiency of the SR C¥ transport was observed (Figure
protein in the SR preparations. The presence of SERCAZ2 at1). Initial uptake rates were inhibited by adding thapsigargin
~110 kDa was verified using immunoblotting, as previously (100 nM) at 1 min after initiation of the reaction, and the
described ). SR C&" load was subsequently assessed over 10 min. Upon
Sarcoplasmic ReticulufiCa?*-Uptake.The sarcoplasmic  inhibition of SERCA, the level of SR Ga load remained
reticulum-enriched preparations were diluted in buffer A to constant up to 10 min in both wild-type and phospholamban-
obtain a final concentration of 0.3 mg/mL. Caiptake rates  deficient hearts (Figure 1). Thus, there was no apparent
were measured by the Millipore filtration technique, as passive C& flux from wild-type and phospholamban-
previously described4. The reaction mixture contained 40 deficient SR vesicles in the presence of oxalate.
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Sarcoplasmic Reticulum EaATPase Acitiity. The initial
rates of ATPase activity were determined by measuring the
C&"-dependent liberation of phosphate, using malachite
green R0). The reaction conditions were identical to those
utilized in the C&" uptake assay. The SR membranes were
incubated in the reaction mixture for 2 min at 3¢, 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 o GATPase
activity.

In Vitro Phosphorylation of Cardiac Wild-Type Sarco-
plasmic Reticulum Enriched Preparatiorighosphorylation
of wild-type cardiac SR preparations was performed as
previously described?). Briefly, cAMP-dependent protein
kinase (PKA) phosphorylation was carried out at’80in 5
mL of reaction mixture containing 1&g/mL protein, 50 mM
K* phosphate buffer (pH 7.0), 10 mM MgCE 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 KCI. The phospho-
rylated SR membranes were centrifuged at 109000 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 @2). Control SR membranes were treated under
identical conditions but in the absence of PKA catalytic
subunit.

Thapsigargin-Sensite Sarcoplasmic Reticulum €&a
Uptake and C&-ATPase Actiities. Sarcoplasmic reticulum-
enriched membranes were incubated in thé*@etake/
ATPase reaction mixture containing thapsigargin, but not
ATP, for 10 min at 37C. Subsequently, the reactions were
initiated upon addition of ATP. The Gauptake and C4-
ATPase rates were obtained as described above. The thaps
gargin-sensitive, SR-specific €auptake and Ca-ATPase
activity rates were calculated by subtracting the values
obtained in the presence of thapsigargin from the corre-
sponding rates of Ca-uptake and CH-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 AnalysisData are presented as meanSEM.

The numbem 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 Ca-uptake and
Ca&*-ATPase activity was obtained using the Hill equation
for a variable slope: Y = Vpin + (Vmax—  Vmin)/
[1+10Cog[ECSOF-log[Caln] and the software program Prism
Graphs Pad, version 3.0. Valuespof 0.05 were considered
as statistically significant.

RESULTS

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

Frank et al.
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Ficure 2: Initial rates of Cé&™-uptake and CH-ATPase in

phospholamban-deficien®j and wild-type @) SR preparations.
Five SR preparations, each consisting of~16 pooled mouse
hearts from wild-type and phospholamban-deficient mice, were used
to determine the initial rates of €auptake (A) and Ca-ATPase

(B) in duplicates or triplicates. The apparent coupling ratio (C) was
calculated by dividing the rates of &atransported 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 £50for
lanes 1 and 3, and 3@g for lanes 2 and 4). The right insets in
panels A-C represent Cd-uptake rates, Ca-ATPase activity,
and coupling ratios at various low &aconcentrations (pCa: 80
7.0;n = 3 preparations, performed in triplicates). Values are means
+ SEM.

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
SERCAZ2 in SR-enriched preparations remained similar to
that in cardiac homogenates.

Wild-type and phospholamban-deficient SR were assayed
for the initial rates of C&-uptake and Ca-ATPase activity
over a wide range of [Gd], similar to those present in the
muscle cell during relaxation and contraction. Ruthenium
red was included in the assays to inhibit the SR'@alease
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Table 1: Calcium Concentration for Half-Maximal ResponsesgrC A
and Maximal Rates of Ca-Uptake and C&-ATPase Vua) in __ 100
Wild-Type and Phospholamban-Deficient SR Preparations 2 E 80
8=
Ca*-ATPase activity 45Cg2t-uptake g-g’ 60
ECSO Vmax ECSO Vmax ‘4‘;‘; g 40
WT 0.23+0.04 578+29 0.24+0.04 140+ 3 cE
PLB-KO 0.11+ 0.02 538+ 18 0.14+0.03* 141+3 20
WT (control)  0.20+0.04 356+ 14 0.22+0.03 103+2 0
WT + PKA 0.14+0.03 347411 0.14+0.02 10246 80 75 7.0 65 60 55
WT + Th 0.25+0.04 178+11 0.254+0.02 134+ 12 pCa
PLB-KO+ Th 0.10+0.0# 167+ 13 0.14+0.02 137+11 B
ap < 0.05vs WT.bp < 0.05 vs WT (control)¢p < 0.05 vs WT+ 2
Th. 9 C&*-uptake and Ca-ATPase activities were determined in wild- = 300
type (WT) and phospholamban-deficient (PLB-KO) SR preparations - E
under identical conditions. Data are meatts SEM of 3-5 SR § g 200
preparations each assayed in triplicates. PKA: catalytic subunit of a3
protein kinase A; WT (control): control for PKA experimentsTh: <E 490
thapsigargin-sensitive €auptake and Ca-ATPase activity; EG in &=
UmMOl/L; Vimax in nmol mg min~2, © 0

(@)

channel 23). A dose-response curve of ruthenium red
versus the initial rates of mouse cardiac SR'@aptake at * i
pCa 5.5 indicated that maximal inhibition occurred atM 0.3 T ;

ruthenium red, and this dose was included in the reaction

Coupling Ratio

assays. The initial rates of both €auptake and Cd- 02
ATPase were significantly higher in phospholamban-deficient o1
SR preparations at low [G4, resulting in an overall '
decrease in the apparent &0f the C&"-uptake and Ca- 0.0

75 7.0 65 6.0 55

ATPase activities as compared to wild-type SR (Figure 2, 8.0 "ca

panels A and B). However, the maximal rates of Gaptake o ] .
and C&"-ATPase Vma) Were similar between the two groups Ficure 3: Effect of protein kinase A on wild-type SR. Wild-type
SR preparationsa)) were phosphorylated by the catalytic subunit
(Table 1). of PKA (M), and the initial rates of Ca-uptake (A) and C&-
The apparent coupling ratio was then calculated by ATPase (B) were assessed over a wide range of pCa. The apparent

widi o i coupling ratio (C) was calculated by dividing the®Caiptake rates
dividing the C&" transport rates by the ATP hydrolysis rates by the corresponding Ga-ATPase rates at each pCa. Values

at each pCa. We observed a sigmoidal relati'onship, with low represent the meast SEM of three SR preparations, assayed in
values at low [C&"] and higher values at high [€§ for triplicates.

wild-type cardiac SR (Figure 2, panel C). However, in

phospholamban-deficient SR, the apparent coupling ratio wasATPase activities. However, both of these values were 35%
constant, and it exhibited values similar to those obtained atlower than those observed in untreated wild-type SR (Figure
high [C&"] in wild-type SR (Figure 2, panel C). To further 2, panels A and B). These lower activities appeared to be
confirm the observed differences in the coupling ratio due to the preincubation conditions, since the rates were
between wild-type and phospholamban-deficient SR at low similar between phosphorylated and nonphosphorylated SR.
[C&a?*] the initial rates of C&'-uptake and Ca-ATPase were  Calculations of the apparent coupling ratio from these data
assessed at several pCa values between 8.0 and 7.0 (Figuriadicated a C&-dependent relationship in wild-type SR,
2, panels A and B, insets). The apparent coupling ratio similar to Figure 2, panel C. However, upon phosphorylation
appeared to increase with increasing {Gan wild-type, of phospholamban, the coupling ratio exhibited a constant,
while it remained constant and €aindependent in phos-  Ca*-independent pattern, similar to the one observed at high
pholamban-deficient SR preparations at alfCeoncentra- [C&'] in wild-type SR preparations (Figure 3, panel C).
tions tested (Figure 2, panel C, inset). These findings indicate Thus, phosphorylation of phospholamban had similar effects
that phospholamban regulates the apparent coupling ratio ofas ablation of this protein on the apparent coupling ratio of
C&*" transported per ATP hydrolyzed. the SR C&" transport system.

To obtain further evidence on the functional role of  Since microsomal preparations have been reported to
phospholamban, SR membrane preparations from wild-typecontain Ca*-dependent ATPases, other than the SR-associ-
mouse hearts were phosphorylated by the catalytic subunitated enzyme24), we used thapsigargir2¥) to differentiate
of protein kinase A (PKA). Control membranes were treated between these activities. Maximal inhibition of oxalate-
in parallel but in the absence of PKA. Phosphorylation of supported C&-uptake rates occurred at 100 nM thapsigargin,
phospholamban resulted in significant increases in the initial consistent with previous observatio28), Thus, C&™-uptake
rates of Ca'-uptake and CH-ATPase at low pCa (Figure and C&"-ATPase activities were assayed, in the presence
3, panels A and B), which was associated with a decreaseof 100 nM thapsigargin, especially since higher concentra-
in their EGs values for Ca", as compared to nonphospho- tions (= 1 uM) have been reported to affect the composition
rylated SR (Figure 3 and Table 1). There was no effect of and leakage of SR vesicle2d). The SR C& -uptake rates
phosphorylation on thé/n.x of C&™-uptake and Ca- were completely inhibited, while total €aATPase activity
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FIGURE4: Representative experiment on the effect of thapsigargin 80 7.5 7-0pc:-5 60 55

(100 nM) on the initial rates of Ca-uptake and Cd-ATPase
activity in phospholamban-deficient and wild-type SR preparations. Ficure 5: Thapsigargin-sensitive €auptake and CH-ATPase
Phospholamban-deficieril( ) and wild-type &, o) SR-enriched activities in phospholamban-deficiem) and wild-type SR prepa-
preparations were assayed for the initial rates of"@mptake and rations @). Five SR preparations (a5 pooled mouse hearts/
Ca*-ATPase activity in the absence (open symbols) or presence preparation) were used, andCauptake (A) or C&-ATPase (B)
(closed symbols) of thapsigargin over a wide range offCa assays were performed in triplicate. The apparent coupling ratio
concentrations. Values represent the mean of triplicate assays. (C) was calculated by dividing the rates ofZ#ransported by the
rates of ATP rg;tg_lry;ed at t?[_a(_:th pC:é. The Ii_nsetst_repretsearﬁg Cz:
was reduced by 35% in the presence of 100 nM thapsigarginuptake rates, Ca-ATPase activity, and coupling ratios at variou
in both wild-type and phospholamban-deficient preparations /oW C&" concentrations (pCa: 88.6). Values are mears SEM.
(Figure 4). To obtain the SR-dependent?Gaptake and
Ca&"-ATPase activities, the thapsigargin-sensitive?'Ca
uptake and Cd-ATPase activity rates were then subtracted  Tpe present study suggests that phospholamban may
from the respective rates obtained in the absence of thapsiyegylate the apparent efficiency of the SRZCaransport
gargin (Figure 5). The maximal velocitieg () of SR C&"™- gystem, especially at low or diastolic [ The generation
uptake and Ca-ATPase were similar between wild-type and of 4 phospholamban-deficient mouse model coupled with
phospholamban-deficient SR preparations (Figure 5, panelsyiochemical studies on SR &aransport and G4-ATPase
A and B). Furthermore, then, values of C&'-uptake were  activities, allowed us to identify this regulatory function of
similar to those obtained in the absence of thapsigargin, while phospholamban in cardiac SR. In this study, SR-enriched
the Vimax Of SR C&*-ATPase was 3.1-fold lower in both wild-  membrane preparations were used, and cAMP-dependent
type and phospholamban-deficient SR (Table 1). When the phosphorylation or ablation of phospholamban was associ-
apparent coupling ratio of Ca transported per ATP  ated with decreases in the apparendd6r Ca2+ of Ca*-
hydrolyzed was calculated, a €adependent pattern was uptake, similar to previous observations, using mouse cardiac
obtained for wild-type SR with a maximal value of 0.82 at homogenates4). This effect of phospholamban was also
high [C&*]. However, in phospholamban-deficient SR, the consistent with reports in other species, such as @@y (
value of 0.82 was observed at all [€a(Figure 5, panel  rabbit 28), and rat 29). Furthermore, phospholamban
C). To verify the differences in the apparent coupling ratios phosphorylation or ablation resulted in a decrease in thg EC
between wild-type and phospholamban-deficient SR, an for Ca&* of the murine SR Ca-ATPase. The decreases in
additional series of experiments with more points at pCa 8.0 the EG; values of SR CH-uptake and Ca-ATPase were
to 6.6 was conducted (Figure 5, panels A and B, insets). similar (Table 1), while there were no alterations onthg
The apparent coupling ratio increased with increasingflCa  of these activities. To obtain an apparent coupling ratio for
in wild-type SR, but it remained constant in phospholamban- the SR C&"-transport system, we divided the initial rates of
deficient SR (Figure 5, panel C, inset). A similar constant Ca*-uptake by those of C&-ATPase, since these activities
coupling ratio would be expected upon phosphorylation of were assayed under identical conditions. We observed that
phospholamban in wild-type SR (see above). the ratio of C&" transported per ATP hydrolyzed was fCha

DISCUSSION
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dependent in wild-type SR, but phosphorylation or ablation

of phospholamban resulted in a [Chindependent ratio. 06 1
Furthermore, the highest value of the coupling ratio in wild-
type SR was obtained at high [€& or upon maximal
activation of the C#&-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

WT-constant
coupling ratio

[Ca] i (uM)

regulate the efficiency of the SR &atransport system at 0.2 -
low [Cat].

Diminished coupling efficiency was also previously ob- ot — : i
served in the presence of furylacryloyl phosph&t®,(acidic 0 500 1000 1500

conditions 81), high alkaline EGTA 82), and upon tryptic
digestion 83), changing the aminophospholipid composition

of the SR 64) or inactivating the SR Ca-ATPase, which - {ErER: BIERED ngee T oS O e ave pased
may result in C&'-permeable channel formatior8%). on quantitative analysis and equations for intact cefifGlynamics

However, none of these conditions were present in our assayin voltage-clamped ventricular myocytes, as developed by Shannon
system, and the maximal activity and uptake rates were et al. @8). Total cytosolic C& was driven by the SR Carelease,
similar in wild-type and phospholamban-deficient SR prepa- and free [Ca] was obtained by numerical integration, which

; ; ; included C&" buffering 61) and C&" transport by the SR.
rations. Furthermore, no passive?Célux was observed in Cytosolic and SR G4 buffering, SR C& release (83moliL

the SR preparations after complete inhibition of the SR"Ca cytosol), andVimax for the SR CA-ATPase [178mol (L cytosol)
ATPase by thapsigargin. The use of thapsigargin to assess™1] were assumed to be the same in all three cases. The
the SR-specific Cd-ATPase activity in the mouse microso- phospholamban-deficient (PLB-KO) curve useds&€ 98 nM and

mal preparations revealed an apparent coupling ratio of 0.82M = 2.014, which produced &, of 150 ms, similar to previous

+ ; ; observations§2). The lower wild-type (WT) curve used EE=
for Ca* transported per ATP hydrolyzed at high fCR This 245 nM,ny = 1.797, as derived from Figure 5, panel B. The top

value is among the highest coupling ratios, previously yjiqtype curve used the same ECand ns, but the forward
reported, which varied between 0.08 and 0.88 for SR- transport rate was multiplied by the measured coupling ratio in
enriched preparationd {, 36—39). However, higher values  Figure 5, panel C, which was normalized to a maximum value of
(0.5-2.0) have been obtained in reconstitution experiments 1 (i-e., 0.90431 + (145 /[Ca])>5% + 0.0957). The simulation
of SERCA2 and phospholamban or expression systems ofg]r%'l‘;?]tgss rtglztxgt?gr?umlng of the SR Tatransport significantly
these two proteingl0—42). It is interesting to note that upon '
examination of published reports, a similar pattern of between the two proteind T, 43), electrostatic modification
alterations in the apparent coupling ratio oPCtaansported of the SR membrane potentiad4), or alterations in lipid
per ATP utilized was also obtained in two other stud®S ( chain motion 45) resulting in modulation of the membrane
40). In canine cardiac SR preparations, a change in thefluidity. Alternatively, phospholamban may mediate the
coupling ratio from 0.06 at pCa 7.8 to 0.63 at pCa 6.7 was apparent C# leak itself, through formation of ion pores by
observed 39), and it was suggested that this may be due to its pentameric structurel, 19). However, studies in
the presence of oxalate, which would not sufficiently reconstituted systems of the SR?GATPase with phos-
precipitate calcium at low pCa. However, in our study, both pholamban did not detect any significant 2Cdeakage
SR preparations were treated under identical conditions, andpromoted in the presence of phospholambts). (Consistent
the differences in coupling ratio were obtained even when with these findings, phospholamban-deficient and wild-type
the initial rates of C&-uptake were similar between wild- SR preparations exhibited no passive flux in the presence
type and phospholamban-deficient SR. of oxalate. Alternatively, phospholamban may regulate the
Three independent lines of evidence indicate that the “backflux” of Ca?* through the C& pump, which may
observed reduction in the apparent coupling ratio cannot beoperate in a reverse mode, as recently suggegéddg).
attributed to systematic errors, which may be due to the Animportant question is whether the observed alterations
relatively low C&"-uptake and Ca-ATPase rates obtained in the SR C&" transport efficiency would have an impact
at low [C&"] (below 320 nM). First, any such error should on intracellular C&-handling in vivo. To address this,
occur in all cases, but coupling ratio changes were obtainedsingle-cell C&" transients [including Ga current, reversible
only in dephosphorylated wild-type SR and not in either SR C&" pump, SR C&' leak and cytosolic as well as intra-
phospholamban-deficient or phosphorylated wild-type SR SR Ca&" buffering @8)] were simulated (Figure 6). The
(Figures 2, 4, and 5). Second, an additional series of reduced SR Ca-ATPase affinity for C&" and coupling ratio
experiments with more points at pCa 8 to 6.6 showed in the presence of phospholamban appear to contribute
consistent results (Figures 2 and 5 insets). Third, the couplingadditively to slowing cellular [Ca]decline. The reduced
ratio is reduced by 50% at pCa 6.9, where levels of SR-Ca  coupling especially prolongs the late phase of [@afline
ATPase and Ca-uptake rates are well above the detection and relaxation, which may extend myofilament interaction
thresholds of the assay (25 and 13%\@f, respectively). (and ATP consumption) and alter other ?Galependent
Thus, a reduced coupling ratio at low [Chseemsto be a  processes (e.g., €acurrent, SR CH release channels and
genuine property of the SR €aATPase associated with Na'/C&" exchange). The amount of ATP required to
dephosphorylated phospholamban. The mechanism by whichtransport the same number of dons is also increased,
phospholamban mediates its regulatory effects on the SRraising the overall energy cost of €acycling. Finally, the
Ca*-ATPase may involve a direct physical interaction lower energetic efficiency of the SR €apump at diastolic

Time (ms)



14182 Biochemistry, Vol. 39, No. 46, 2000

[C&*] in the presence of phospholamban could reduce the
maximal free [C&"] gradient that the pump can establish,
which would limit total SR C&" load and the fraction of

SR Ca&" released during a twitc8—50). Thus, the ability

of dephosphorylated phospholamban to reduce SR Ca 9o
pump coupling may have far-reaching physiological implica-

tions.

In summary, our findings suggest that dephosphorylated 24.

phospholamban reduces the affinity of the SR'CATPase
as well as the apparent efficiency of the 2Gé&ransport

system in cardiac SR. The reduced coupling ratio at low

[Ca?*] would prolong especially the late phase of [Ca]
decline, which might result in elevated diastolic [Capon

repeated G transients, leading to increased cardiac diastolic 28.
tension and consequent energy consumption. Thus, phos-
phorylation of phospholamban resulting in enhancement of

the

an additional mechanism to prevent increases in heart rate-

apparent SR Catransport coupling ratio may provide

dependent diastolic tension durifieadrenergic stimulation.
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