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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 respgfiseltenergic 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 orKm(cay 0N microsomal Ca uptake at the (high)’Caoncentrations 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 inVmaxcaat 25 and 37°C, and an 1+31% decrease im(ca) With comparable
changes in Cd-ATPase activity. An acceleration obE decomposition upon PLN phosphorylation may
contribute to the increasedhaxca)0f Ca uptake at 28C but not at 37C, based on measurement of the
kinetics of EP decomposition and steady-stat€Eormation from Pat different temperatures. Our data
document almost identical increasesMiaxca) 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, the calcium pump rylation of phospholamban by PKA in responsestadren-
regulator in cardiac SR membranes, has become well-ergic agonists. Details of the molecular nature of the
established with the development of the PLN gene-deficient interaction of PLN with the calcium pump protein, however,
mouse (Luoet al, 1994). PLN-deficient hearts exhibit are still relatively few. Almost all of the laboratories
mechanical properties similar to hearts from wild-type mice studying this problem have reported that PLN regul&tgss)
that have been maximally stimulated wiffradrenergic of calcium transport with little or no effect Mnax(ca)(Wray
agonists. Thus in both cases one observes an increase i& Gray; 1977; Movsesiaet al, 1990; Kimuraet al,, 1991,
systolic left intraventricular pressure, stroke volume, and rates Morris et al, 1991; Briggset al., 1992; Cantilinzet al,, 1993;
of pressure development and muscle relaxation and aluo et al, 1994; Mattiazziet al, 1994; Reddyet al,, 1995,
decrease in diastolic and end diastolic left intraventricular 1996; Toyofukuet al,, 1994; Odermatet al., 1996). Hence
pressure and time to peak tension, hence abbreviation ofa change ifKmca)is now recognized by some investigators
systole. The magnitude of these effects varies inversely with as the hallmark of PLN'’s regulation of the calcium pump
the amount of PLN expressed in the heart (let@l., 1996). (Kimura et al, 1996). Recent kinetic data from our own

On the basis oin sitro studies with microsomal prepara- laboratory, however, constitutes compelling evidence that
tions (Inuiet al, 1986; Kirchbergeet al, 1986; Suzuki &  PLN may regulate bothVmaxca) and Kmca) in cardiac
Wang, 1986), the physiological role of PLN can be inter- microsomal preparations by acting on two or more steps in
preted in terms of an inhibitory function of PLN on the SR the catalytic cycle of the Ca&-ATPase (Antipenkeet al,
calcium pump and a release from inhibition upon phospho- 1997). Inthe latter study, we subjected cardiac microsomes

to mild trypsin treatment, which cleaves the inhibitory PLN,
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Many of the laboratories that concluded that the main or
only role of PLN is to regulatéyca) of the calcium pump
based their conclusion on the use of mAb against PLN
(Movsesiaret al,, 1990; Kimuraet al., 1991; Morriset al.,
1991; Briggset al., 1992; Cantilinaet al, 1993; Reddyet
al., 1995, 1996). Since similar decreasesKpcs 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 phosphorylatiore.§.,
Cantilinaet al, 1993). It is presently unclear whether anti-
PLN mAb can produce also an increasé/ifcaand hence
mimic PLN phosphorylation in this respect as well as with
respect toKmcay Since a considerable body of literature
has been published to indicate that anti-PLN antibody
produces no change Waxca)of calcium uptake (Movsesian
et al, 1990; Kimuraet al.,1996; Morriset al.,1991; Briggs
et al.,1992; Cantilinaet al, 1993; Reddet al.,1995, 1996),

Antipenko et al.

Preparation of MicrosomesCrude cardiac microsomes,
prepared from canine left ventricle, were purified on a
sucrose step gradient (Antipenko 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 AssayCalcium uptake was assayed in
a standard reaction mixture that included 1 mM ATP, an
ATP-regenerating system, 2 mM Mgl uM okadaic acid,

a CaC}—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 (Antipenket 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 C&-ATPase activity (see below). At

we sought to determine whether the reported lack of an 25 °C, the final microsome concentration wagg/mL and

increase iVmaxca)in response to anti-PLN mAb is ascribable

reactions were stopped by filtration after 2 and 4 min at all

to the presence of calcium release channels in crudeCa&*' concentrations except 2, 4, andu®, in which case

microsome preparations, an intrinsic inability of the antibody

reactions were stopped at 1 and 2 min. When testing effects

to produce such an effect, or yet other reasons. In the presenof PKA, microsomes were added to the temperature-

study, we compare the effects of anti-PLN mAb and the
catalytic subunit of PKA on calcium pump kinetics in

equilibrated reaction mixture containing 160 units/mL (final
concentration) of the catalytic subunit of the enzyme, and

purified cardiac SR vesicles. We present data to demonstrateafter a 2-min incubation, a Ca&StEGTA buffer solution

that (1) anti-PLN mAb and phosphorylation lead to almost
identical changes in botkyca) and Vimax(ca) Of the calcium
pump and (2) phosphorylation of microsomeé.( PLN)
results in an increase in the rate of breakdown of the
phosphorylated Ca-ATPase intermediate ¢B), which may
contribute to the increase Mnax(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

containing °Ca was added to start the calcium uptake
reaction. The CaGHEGTA buffer contained 126M CaClk

and varying EGTA concentrations to yield the?Caon-
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 theZauffer, was then added
and allowed to temperature-equilibrate for 5 min prior to
the addition of C& to start the reaction. When reactions

preparations contain salts and other reagents, control solutiongvere run at 37C, it was necessary to reduce the microsome
were prepared on the basis of information supplied by the concentration to 2.xg/mL. The filters were washed and

vendor. For the PKA catalytic subunit, the following stock
control solution was prepared: 50 mM sucrose, 32 mVy-KH
POy, 1.7 mM mercaptoethanol, 0.88V1 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

counted by liquid scintillation (Antipenket al, 1997).
Changes in calcium uptake and other assays described below
are considered statistically significant gp &vel of 0.05 or
less. Calcium uptake rates, measured as a function &f Ca
concentration, were fit to the Hill equatiol,= Vma/[1 +
(Kmwy/[L]) M, by a nonlinear least-squares procedure, where
L represents Cd andN is the Hill coefficient.

Cat-ATPase Actiity. Microsomes (2.4ug/mL) were
incubated in a temperature-equilibrated reaction mixture

concentrations, were equivalent to the concentrations of thecontaining 40 mM histidine hydrochloride, pH 6.8 at either

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

25° or 37°C, 120 mM KCI, 5 mM NaN, 2 mM MgClk, 1
mM phospho(enol)pyruvate, 10 units/mL pyruvate kinase,
28.3 units/mL lactic dehydrogenase, 0.2 mM NADH, 0d3

mL A23187, 1 mM ATP, 1uM okadaic acid, and 160 units/

concentrations listed above when the PKA catalytic subunit mL PKA catalytic subunit or control solution (see Materials).

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{morpholino)pro-
panesulfonic acid, 18 mM glycine, and 0.05% NaN his
solution was diluted further in the final reaction mixture to

After 2 min, either 10 mM EGTA or a CagtEGTA buffer
solution yielding 0.3 or M Ca&" 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

1.4% of specified concentrations when the mAb concentra- CaCL—EGTA buffer was prepared as described above except

tion was 7.5ug of protein/mL. All other reagents were
obtained as described previously (Antiperdwal, 1997).

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). Ca&-ATPase activity was taken

as the difference between ATPase activity measured in the
presence and absence of?CaWhen 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 /2 Formation fron®2P;. Prior to measure-
ment of steady-state,E 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 MgCl, 1 mM ATP, 1uM 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
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Ficure 1: Effect of 1 uM okadaic acid on the stimulation of

microsomal calcium uptake by PKA catalytic subunit. Purified
cardiac microsomes were incubated in the presebtarid absence

0.45 ‘

(®) of 1 uM okadaic acid and the indicated concentrations of PKA

solution containing 5 mM histidine hydrochloride, pH 6.5 catalyfic subunit and assayed for calcium uptake aMBCZ",

at 25°C, and 1uM okadaic acid. The protein concentration

was determined by the microassay procedure described by . r . .
Peterson (1977). The phosphorylated and control mi- was absent from the medium, the PKA-induced increase in

) o o
crosomes (0.25 mg/mL, final concentration) were then added calcium uptake was only about 31%. Okadaic acid produced

to a temperature-equilibrated reaction mixture containing 40 a similar increase in calcium uptake across the entire range
mM histidine hydrochloride at pH 6.5 at 15, 25, or 32, of PKA concentrations tested, even in the absence of added

; . PKA, suggesting a preexisting equilibrium between intrinsic
EGTA (brought to pH 6.5 with Tris at 15, 25, or 3€), 5 . - L
mM MéCIz gnd 1/,¢}I:\)/I okadaic acid. After a further 1)-min protein kinase and phosphatase activities. Subsequent

Y , o calcium uptake and C&ATPase assays were therefore
gglgl:;ra:_l'og g??ﬁé%hrpe'\gsgliafl‘grg:ﬂg?:Cea:;ﬁ-rrer!ss \(I3V<’TS) ’addeac arried out in the presence of /AM okadaic acid and a
to aIIowpstea.d -state P formation Theg ecific ra7dioactiv- saturating concentration of 160 units/mL PKA catalytic
ity of 32 wasys A 10P Bq/ymo.l Afterp15 s acid was subunit or control solution. Other preliminary experiments
added to the reaction tubes and the precipitated protein wa were carried out to establish conditions for identifying an

s : ;
. X A ineail effect of anti-PLN mAb on calcium uptake atygM Ca+.
\;vlas{lgg?c))n the filters as described previously (Antipeeko We observed a reproducible stimulation of calcium uptake

N ) ] - that was maximal at an antibody concentration of 7.2 ng/
E,P Decomposition. Different preparations of purified  m ypon preincubation of the microsomes at 15, 25, or 37
microsomes were pooled in order to obtain the required o for 20 min (data not shown). These conditions were
amount of microsomal protein. Prior to measurement®fE  chosen for further experiments unless otherwise indicated.
decomposm_on, the rmicrosomes were phosphorylate_ql with Ca&" Concentration Dependence of Calcium Uptake.
PKA catalytic subunit or treated under control conditions, .o i<t of microsomes with anti-PLN mAb or PKA

as described above, and then were incubated at a ConCemrac’atalytic subunit under conditions favorable for phosphory-

EOS ?fr:‘n rrt\ig/ran Im a regchorr;bm(ljxtul;evfavoxrabI(i I;ﬁz Ft]h HIation produced significant and almost identical increases in
2 formation, aiso as described above except that the pH ., m uptake over the entire range o?Caoncentrations

of the reaction mixture was 6.0 at P& and 14% (v/v) ; .
DMSO was included. One volume of the mixture containing gebst:g eEjFlg;rZ Zﬁ)t O\fNthn (;gfa <)tgt|rt?]|éegil|lc)aerglrjr£it§;s (;veeere

the PKA-phosphorylated or contréfP]-labeled microsomes Experimental Procedures), the mean percent change in

was mixed with 16 volumes of a chase solution in a Biologic : . ; -
L . V of calcium uptakei(e., a 33% and 37% increase with
QFM-5 rapid mixing apparatus (Antipenkal, 1997). The Pnlzzfcgnd anti-PLNp mAb(, respectively) was found to be

reactions were quen_c_hed at different times ranging from 15 similar or somewhat greater than the percent chané@is
E?icﬁl% ?o;?:Ztitc)yaggdltjﬁhne (;Lig?qui?]liilegosl:mgleosf V\}gr's(?p_(i.e., a 22% and 31% decrease with PKA and anti-PLN mAb,

lied to filters and .rocessed as described before (Anti enkorespectively) (Table 1) and only the changeMfxca was
Pl ' P ' P statistically significant at the 0.05 level. There was no
et al, 1997). significant change in the Hill coefficient.

Calcium uptake rates assayed at ‘& were up to 2.5-
fold those obtained at 28C (Figure 3). More importantly,

Incubation of purified cardiac microsomes in the presence the percent increase following treatment with PKA catalytic
of increasing concentrations of the catalytic subunit of PKA subunit was again almost identical to those obtained with
under conditions favorable for phosphorylation produced a anti-PLN mAb over the entire Ca concentration range
saturable increase in calcium uptake at\ Ca?" of about tested ¢f. Figure 2). At 37°C, PKA and anti-PLN mAb
39% when 1uM okadaic acid, a potent phosphoprotein both increase®¥maxcaby 44% and decreasdcaby 14%
phosphatase inhibitor (MacDougalial, 1991), was present  and 11%, respectively (Table 1). Also at3Z, the decrease
in the incubation medium (Figure 1). When okadaic acid in Kyca Observed with PKA and mAb was statistically

RESULTS
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0.8 T T T T T :l: 000,Ltm0|/(m|n'mg) (mean:i: SE,N = 3) or tO 16% Of
- the activity observed in its absence.

Ca&"-ATPase activity was assayed under standard condi-
tions at saturating (M) and subsaturating aconcentra-
tions at different temperatures and pH (Table 2). At 0.48
uM C&* and 25°C, the observed 109% increase in*Ga
ATPase activity with microsomal phosphorylation compares
favorably with an 81% increase in calcium uptake, as shown
in Figure 2. A 52% increase in €aATPase activity
observed at the same temperature andM Ca?* 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 C&ATPase activity assayed at 9
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0.01 0.1 1 10 uM Cat (48%) was slightly higher than the increase in
Ca’* CONCENTRATION  (uM) Vmax(ca)Of calcium uptake (37%) shown in Table 1. How-
FiGURE 2: Effects of PKA catalytic subunit and anti-PLN mAb on  €Ver, in C&’-ATPase assays carried out at"&, the percent
the C&* concentration dependence of microsomal calcium uptake increases at M Ca?" with PKA and anti-PLN mAb (45%
assayed at 28C. Microsomes were pretreated with either PKA and 40%, respectively) were nearly identical to the increase
catalytic subunit®) or PKA control solution @) or anti-PLN mAb in Vinax(cajObserved in the calcium uptake assay (44%, Table

(2) or mAB control solution &) and assayed for calcium uptake S - . ) Al .
at the indicated Cd concentrations. The symbols represent the 1). Significant increases in Ca-ATPase activity with PKA

means+ SE of three experiments with different microsome and anti-PLN mAb were also obtained at pH 7.3, which
preparations. Error bars are omitted where their size is equal to orapproximates normal physiological intracellular pH.
mweighted fis of the data o the Hill squaton, s given under  Steady-Stated® Formation from Pand EP Decomposi-
Experimental Procedures. The optimized kineti’c parameters ob- tion. Steady-state £ formatlon. was assgyed 'r.] Ord‘?r to
tained from these fits are presented in Table 1. assess whether the observed increas¥uifca) With mi-
crosomal phosphorylation or anti-PLN mAb may, at least
significant in contrast to the findings at 2&, where the  in part, be attributable to an increased rate g Hecom-
standard error was considerably larger. As before, there wasPosition, as previously demonstrated in trypsin-treated mi-
no change in the Hill coefficient. As an additional control crosomes (Antipenket al, 1997). Steady-state;E for-
to establish the validity of the use of the control solutions Mation from P represents an equilibrium betweenPE
(see Materials) in experiments to test the effects of PKA formation and decomposition. An acceleration inPE
and anti-PLN mAb, we determined the magnitude of the decomposition will be reflected in a decreased steady-state
increase obtained with PKA and mAb using boiled protein E2P level provided no equivalent increase occurs in the rate
preparations as controls. The percent increase with PKA Of E2P formation. We measured steady-stai® Bbrmation
and mAb was 37%k: 9% and 48%+ 8% (meant SE,N at three different temperatures in order to determine its
= 3), respectively, which compared favorably with the temperat_ure _dependence, particularly since we were able to
corresponding percentages shown in Table 1. run our kinetic measurements offFEdecomposition only at

Ca?"-ATPase Actiity. In order to distinguish whether the 15°C ciljue to technflcal I|m|tatljons (see dbEIOW)'O %
changes in calcium uptake associated with microsomal Stéady-state & formation decreased by 36% at 16

phosphorylation and binding of anti-PLN mAb were effects apd by 29% at ?BC_’ but was unchﬁngeK('jA\at 3¢ Ias_a resgjlt .
on the calcium pump protein or on a parallel calcium efflux of treatment of microsomes wit catalytic subunit
pathway, we assayed EaATPase activity in microsomes (Table 3). There was, moreover, a decrease in steady-state

treated similarly. A C#& ionophore, A23187, was present EP formation Wit.h increas_ing temperature in qontrql mi-
in the reaction mixture in order to prevent back-inhibition crosomes and an increase in steady-stafef@rmation with

of the C&"-ATPase by accumulated calcium in the vesicular temperature in PKA-treated m_i(_:roso_mes. This suggests an
lumen. In measurements of calcium uptake, the extent Ofmcreased_ rate of£2 decomposition with temperature in the
calcium pump inhibition can be greatly reduced through the control microsomes and a decreased effectiveness of PKA.

use of oxalate, which forms an insoluble precipitate when mgftchrXet?:;{;rgﬁphgfef ﬁ}%ce%rgﬁzi':;%rggttﬁ?;?gvg £
the intralumenal activities of Ca and oxalate reach the 2

solubility product of calcium oxalate. In this case, the rates decomposition, in this case by 7.0/0 (F|_gure 4). Similar
. .~ _measurements were attempted using anti-PLN mAb. How-
of calcium uptake are dependent on the oxalate concentration

) ! : . ever under the conditions tested, we observed only a slight
in the medium. In the presence of A23187, in which the ;0 20 i s formation (about 1020%), which is likely
membrane is presumably fully permeable t&Cit is not

i . g - to be due to a subsaturating, cost-limited amount of mAb

unreasonable to find relatively high €aATPase activities . : ) :
~ : used relative to the amount of microsomal protein required

compared to the rates of oxalate-facilitated calcium uptake. to obtain enoudh counts on the filter
To confirm that the CH-ATPase activity was attributable g '
to the SR, the Ca-ATPase activity was assayed at 32 DISCUSSION
in 9 uM C&* in the presence and absence of thapsigargin,
a specific inhibitor of sarcoplasmic/endoplasmic reticulum  The present data demonstrate that PKA-catalyzed cardiac
ATPases (Lyttonet al, 1991). Thapsigargin (100 nM)  microsomal phosphorylation and binding of anti-PLN mAb
reduced the Ca-ATPase activity from 1.44- 0.19 to 0.02 both produce significant and similar increase¥ifyca)of
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Table 1: Kinetic Parameters for Calcium Uptake by Purified Cardiac Microsomes Treated with PKA or Anti-PLN Monoclonal Antibody

Vmax(Ca)
treatment [«mol/(mgmin)] % change Kmn(ca) (uM) % change ApCa Hill coefficientN

Temperature: 2%C

control 0.51+ 0.08 0.59+ 0.14 1.68+0.12

PKA 0.68+ 0.06 +33 0.46+ 0.08 —22 0.11 1.62+ 0.06

control 0.49+ 0.02 0.70+ 0.18 1.59+0.16

anti-PLN mAb 0.67+ 0.07 +37 0.484 0.04 —-31 0.18 152+ 0.12
Temperature: 37C

control 1.17+ 0.1C¢ 0.49+ 0.02 1.61+ 0.09

PKA 1.69+ 0.1C¢ +44 0.42+ 0.02 -14 0.07 1.63t 0.07

control 1.13+ 0.07 0.55+ 0.03 1.64+ 0.05

anti-PLN mAb 1.63+ 0.058' +44 0.494+ 0.0%" —-11 0.15 1.56t 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 signifisadiit when tested by Student’s
t-test for paired &, b, g, unpaired ), or both paired and unpaired,(d) variates or are not significane(f). See Experimental Procedures for
additional details.

R L] B L] I AL AR previously been shown to be sensitive to a wide variety of
substances that are polyanionic, polycationic (Xu & Kirch-
berger, 1989), or amphiphilic (Antipenket al., 1997) in
nature. These considerations apply also to cardiac homo-
genates (Lucet al, 1994) or crude microsomes prepared
from cultured cells (Odermaét al, 1996). The reconstitu-
tion of purified C&"-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
E,P decomposition (Starlingt al., 199%), may be lacking.
Also, despite the treatment of the reconstituted vesicles with
2 Bio-Beads to remove nonionic detergents (Reddyal,
00 — vl o 1995), the possibility that low levels of residual detergent
0.01 01 1 10 remain present has not been eliminated. We have previously
Ca®* CONCENTRATION  (uM) demonstrated that low concentrations of commonly used
FicURE 3: Effects of PKA catalytic subunit and anti-PLN mAb on  nonionic detergents (below the critical micelle concentration)
the C&* concentration dependence of microsomal calcium uptake interfere specifically with the regulation &fmaxcaby PLN
assayed at 37C. The experiments were carried out as described i cardiac microsomes but have no apparent effect on calcium
?htehgyﬁ%%rl‘g atfe ':r']ge“; rﬁ ee;geiﬁtggutrge;hange In temperature. | iake by fast skeletal muscle microsomes (Lu & Kirch-
berger, 1994). Finally, the orientation of the proteins
incorporated into the artificial membrane bilayer may differ
calcium uptake and decreasesKnca) (Figures 2 and 3, from the orientation in the native membrane (Readal,,
Table 1). The fact that comparable results were obtained 1995).
when C&"-ATPase activity was assayed (Table 2) indicates ~ Cardiac microsome preparations have previously been
a modulation of the calcium pump protein rather than shown to contain phosphoprotein phosphatase 1 activity
activation of some parallel Ca efflux pathway. The capable of dephosphorylating PLN (lyest al, 1988;
following factors appear to contribute to our ability to Macdougallet al, 1991). It is therefore not surprising to
demonstrate these findings: (i) the use of purified cardiac find a significant increase in the stimulation of calcium
microsomes; (i) the presence ofiM okadaic acid in assay  transport by PKA catalytic subunit in the presence g\
buffers involving phosphorylation reactions; (iii) the use of okadaic acid (Figure 1). While thus far not generally used
appropriate controls for test substances; and (iv) provenin studies with microsome preparatiorsd, Odermattet
linearity of each reaction with time. al., 1996; Reddyet al, 1996), okadaic acid has been shown
All of the previously cited laboratories studying regulation o increase PLN phosphorylation and the force of contraction
of the SR calcium pump by PLN in cardiac microsomes have in cardiomyocytes (Neumaet al., 1993).
utilized crude microsome preparations. The purified cardiac  Regarding other factors that may affect the demonstration
microsomes used in the present study are enriched in SRof PLN'’s regulation 0Vmaxca) the importance of appropriate
membranes that are devoid of detectable ruthenium-sensitivecontrols when testing the effects of PKA catalytic subunit
calcium release channels (see introduction and Experimentaland other substances has been stressed previously (Odermatt
Procedures) and are less likely than crude microsomes toet al, 1996). In the present study, nonlinearity of the calcium
contain contaminants released from other subcellular com-uptake reaction or Ca&-ATPase activity was avoided by
partments that may interact with the calcium pump and its reducing either incubation time or microsomal protein
regulation by PLN. The calcium pum{PLN system has  concentration or both. Deviation from linearity is more likely
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Table 2: Effect of PKA and Anti-PLN Monoclonal Antibody on Cardiac Microsomat'caTPase Activity Assayed at Different
Temperatures and gH

25°C 37°C
0.48uM Ca* 9uM Ca* 0.40uM Ca2* 9uM Ca*
activity activity activity activity
treatment  pH [umol/(mgmin)] % increase [umol/(mgmin)] % increase [umol/(mgmin)] % increase [umol/(mgmin)] % increase
control 6.8 0.1 0.01 0.48+ 0.03 0.30+ 0.04 1.72+0.18
PKA 0.23+0.01 109 0.73t 0.07 52 0.68t 0.10 127 2.49t 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 mADb 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

a2 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 fof"@&TPase activity at the indicated temperature and pH. The values are the
meanst SE of three experiments carried out with different microsome preparations. All increases were significana25 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-StatePH-ormation from Pat Different
Temperatures

15°C 25°C 37°C

=
nmol of nmol of nmol of 2
treatment  E;P/mg %  EP/img %  EPImg % g 4
control  1.82+ 0.2 100 1.66+0.02¢ 100 1.564+ 0.0* 100 g
PKA 1.16+0.149 64 1.18+0.02¢ 71 1.63+0.09¢ 104 g I
aShown are the means SE obtained in three experiments with f i
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-stake fBrmation
from B. Values identified by the same superscript are significapt at
< 0.05 when tested by Student¢est for unpairedd, d) or both paired
and unpairedl, c, @ variates.

to occur at high levels of calcium pump activity and may
result in falsely low rates.

The 0.070.18 pCa unit shift produced by PKA catalytic
subunit-catalyzed microsomal phosphorylation or anti-PLN
mAb (Table 1) is significantly less than the 6:8.5 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 (Hughak
1996), the shift irKmcaywas closer to the 0:30.5 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 valuesVgyca in
reconstituted systems and crude microsome preparation
resulting in inaccurate values f&fmcay

Besides the demonstration of an increas@igca)of the

100

150 200
TIME (msec)

Ficure 4: Effect of microsomal phosphorylation by PKA catalytic
subunit on EP decomposition. Phosphorylated and control mi-
crosomes were incubated in the presencéf@fto form E;P 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) and 22.0 Q) s™.

concentrations. No effect attributable to PLN was observed
when measuring steady-state?Cainding to the calcium
$oump protein or the rate of breakdown of phosphoenzyme
formed in the presence oPP]JATP upon addition of a chase
solution containing nonradiolabeled ATP and?C#o the

cardiac SR calcium pump upon treatment of microsomes with reaction mixture. Our previous study with trypsin-treated

PKA or anti-PLN mAb, a second significant finding in the
present study is the increased rate gl Elecomposition as
a result of PKA catalytic subunit-catalyzed microsomal

(purified) microsomes (Antipenket al., 1997) provided the
initial direct demonstration that the rate gffedecomposition
is modulated by PLN, in addition to its effect on €a

phosphorylation (Figure 4) and the related decrease in steadybinding. A change in steady-stateFEformation from P

state BEP formation from P(Table 3). Our findings fail to
support the conclusion of Cantiliret al. (1993) that PLN
regulates a single kinetic step in the catalytic cycle of the
Cat-ATPase, namely, the conformational change in the
calcium pump protein associated with the binding of the first
of two C&"; this effect is overcome at saturating Ca

upon binding of anti-PLN mAb was already demonstrated
by Shiet 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 of?P-labeled phosphoenzyme formed fréfR-
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ATP upon addition of a chase solution containing unlabeled with purified microsomes, reflect the overall effect of PLN
ATP (Cantilinaet al, 1993). on transmembrane calcium fluxes.

Our finding of a PLN-mediated change inFEdecomposi- The present data demonstrate that the cardiac SR has at
tion supports that of Nediargt al. (1996), who observed a  |east the potential of regulating its calcium pump through
stimulation of calcium pump activity in the presence of a p|N phosphorylation/dephosphorylation over a wide range
purified cytoplasmic acylphosphatase. In the latter study, of Ca?* concentrations. Typical previously reported values
the stimulation of calcium Uptake prOdUCGd by the pUriﬁed of Km(Ca) for cardiac microsomes are around QM at 25
acylphosphatase was decreased upon microsomal phosphoc (e.g, Odermattet al, 1996). If peak systolic Ca
rylation, which was attributed to a PLN phosphorylation- concentrations are between 0.8 andM, as estimated by
induced increase in the rate of decomposition of the peeterst al.(1987), then an ability of PLN to regulate only
acylphosphoprotein intermediate(s) of the*GATPase  theKpc, of the Ca pump might account for the abbreviation
(primarily E;P), hence reducing the increase in dephospho- of systole seen in response feadrenergic agonists in the
rylation attributable to the purified acylphosphatase. Al- intact heart. However, the peak systolic?Ceoncentrations
though a PLN-mediated change igFEdecomposition could  reported by Peeterst al. (1987) may be underestimated
account for or at least contribute to the increa¥ggk(ca)of compared to the value predicted by Fabietal. (1981) of
calcium uptake seen at Z& upon microsomal treatment  greater than kM. Moreover, systolic C& concentrations
with PKA, it is unlikely to account for such an increase at jn the B-adrenergically stimulated heart are likely to be
37°C since no difference in steady-statg®Hormation was  increased above the estimated basal values, whereas the
observed at this hlgher temperature (Table 3) However, an Km(Ca)Of the calcium pump is decreased, typ|Ca||y|nn/|tr0
inhibition by PLN of the calcium transport step,(ECa — studies, to 0.40.5 uM (e.g, Odermattet al, 1996; Table
E.PCa), as was reported by Hughes$ al. (1994), might 1) Also, contrary to previous reports in which a decrease
become evident at the higher temperature. Conceivably,in Kmcay Of approximately 50% is not uncommor.g,
PLN could inhibit several steps in the catalytic cycle of the Qdermattet al, 1996), in the present study (Table 1) the
Ca&*-ATPase but its |nh|b|t0ry effect on any one step Km(Ca)WaS decreased by less than 15% by PLN phosphory-
becomes evident only when other factors such as temperaturelation or anti-PLN mAb when calcium uptake was assayed
pH, or ionic strength render that particular step rate-limiting at 37°C. It could thus be argued that under such conditions

for the overall catalytic cycle. Thus at 3T, EP decom-  [je, increased peak systolic &aconcentrations with
position, which in fast skeletal SR is highly sensitive t0 catecholamines with relatively little effect of PLN phospho-
temperature (Champegtt al., 1986; Lacapee et al, 1981),  rylation onKpca], an increase itVimaxca)of the SR calcium

may be accelerated by temperature alone so that in measurepump upon PLN phosphorylation would play an important
ments of steady-state,l formation in cardiac microsomes, role in mediating theS-agonist-induced abbreviation of
the level is significantly reduced as the temperature is systole and decreased time to peak tension. In view of these
increased from 15 to 37C (Table 3). PLN phosphorylation  and other considerations, a conclusion as to the relative
also accelerates;E decomposition (Figure 4) but, it may importance of the presently demonstrated effects of PLN
be speculated, the phosphorylation-dependent accelerationhhosphorylation on bothmcay and Vinaxca) 0f microsomal

might vary inversely with temperature so that steady-state calcium uptake in the intact heart must await further study.
E.P formation increases from 15 to 3T, where it is
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