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ABSTRACT. Activation of cardiac muscle sarcoplasmic reticulun?GATPase (SERCA2a) h§;-agonists
involves cAMP- and PKA-dependent phosphorylation of phospholamban (PLB), which relieves the
inhibitory effects of PLB on SERCAZ2a. To investigate the mechanism of SERCA2a activation, we compared
the kinetic properties of SERCA2a expressed with) &and without ) PLB in High Five insect cell
microsomes to those of SERCAL and SERCAZ2a in native skeletal and cardiac muscle SR. Both native
SERCAL and expressed SERCA2a without PLB exhibited high-affinity-80uM) activation of pre-
steady-state catalytic site dephosphorylation by ATP, steady-state accumulation of the ADP-sensitive
phosphoenzyme (E1P), and a rapid phase of EGTA-induced phosphoenzyme (E2P) hydrolysis. In contrast,
SERCAZ2a in native cardiac SR vesicles and expressed SERCA2a with PLB lacked the high-affinity
activation by ATP and the rapid phase of E2P hydrolysis, and exhibited low steady-state levels of E1P.
The results indicate that the kinetic differences iFQeansport between skeletal and cardiac SR are due

to the presence of phospholamban in cardiac SR, and not due to isoform-dependent differences between
SERCA1 and SERCA2a. Therefore, the results are discussed in terms of a model in which PLB interferes
with SERCA2a oligomeric interactions, which are important for the mechanism?oftaasport in skeletal

muscle SERCA1 [Mahaney, J. E., Thomas, D. D., and Froehlich, J. P. (B)0dhemistry 434400~

4416]. We propose that intermolecular coupling of SERCA2a molecules during catalytic cycling is
obligatory for the changes in €atransport activity that accompany the relief of PLB inhibition of the
cardiac SR Ca-ATPase.

Activation of cardiac muscle sarcoplasmic reticulum (SR) dependent phosphorylation of an intrinsic low-molecular
Ca"-ATPase (SERCAZ2a) bgs-adrenergic agonists, which  weight CSR protein, phospholamban (PLB)).( Phos-
leads to enhanced coupled Zatransport and cardiac  phorylation of PLB increases the apparentCaffinity (2)
sarcoplasmic reticulum (CSR) &astores, involves PKA-  andVmax (3) of SERCA2a, reflecting the loss of regulatory
(inhibitory) control by PLB. These effects on SERCA2a are
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plasmic reticulum CH-transporting adenosine triphosphatase; PLB, activity in SERCA2a following stimulation by;-agonists
phospholamban; CSR, cardiac sarcoplasmic reticulum; SSR, skeletalhas not been elucidated.

muscle sarcoplasmic reticulum; HF, High Five; PKA, protein kinase . .
A; 2D12, anti-phospholamban monoclonal antibody; cAMP, cyclic ~ Saturation transfer EPR (ST-EPR) measurements of spin-

adenosine monophosphate; EGTA, ethylenebis(oxyethylenenitrilo)- labeled SERCAZ2a in native CSR show that phosphorylation
tetraacetic acid; PCA, perchloric acid; TCA, trichloroacetic acid; MOPS, of PLB by CAMP-dependent PKA enhances interaction
3-(N-morpholino)propanesulfonic acidi s, polyoxyethylene 8-laury! bet CH-ATP €1 This i istent with
ether; EP, phosphoenzyme; Rorganic phosphate; ST-EPR, saturation P€tween La- ase monomersg). This is consistent wi

transfer electron paramagnetic resonance spectroscopy. the hypothesis that the PLB-regulated CSR'Cpump is
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functionally monomeric, whereas SERCAZ2a uncoupled from an enzyme with kinetic properties closely resembling those
PLB is functionally oligomeric. Unlike the skeletal muscle of the skeletal muscle isoform, SERCAL. We have incor-
Ca*-ATPase isoform (SERCALPY, native CSR SERCA2a  porated these features into a molecular modepfeagonist
does not show allosteric activation of pre-steady-state de-activation of the CSR Ga pump in which C&"-ATPase
phosphorylation by ATP in the micromolar concentration oligomer formation 8, 20—26) and interprotomeric free
range (0). High-affinity activation by ATP of the intermedi-  energy transfer14, 36) are associated with the relief of
ate reactions downstream from phosphorylation is charac-inhibition of SERCA2a by PLB.
teristic of the kinetic behavior of SERCAB,(11), which
has a single nucleotide binding site in the cytoplasmic N MATERIALS AND METHODS
domain as demonstrated by X-ray diffraction measurements Enzyme PreparatioNative skeletal SR (SSR) membranes
(12). In addition to the allosteric effects of ATP, the stable containing SERCA1 were prepared from the fast-twitch hind
accumulation of the ADP-sensitive phosphoenzyme (E1P)leg and back muscles of New Zealand white rabbits as
after the first turnoverX(3, 14) and its disappearance upon previously describedl@). The average yield of SSR protein
treatment with a monomer-forming detergent ££) (11, was ~1 mg/g of tissue (wet weight), and the maximum
15) have been interpreted as evidence for oligomeric behavior phosphorylation capacity was—3 nmol/mg of protein,
in SERCAL (L6, 17). Sensitivity to G-.Eg has also been  representing approximately half of the total2G&\TPase
demonstrated in the rapid phase of E2P hydrolysis in site density 9, 17). Native cardiac SR (CSR) membranes
SERCAL observed after chasing with EGTAS8|. The containing the SERCA2a €aATPase isoform and PLB (in
absence of this phase in native SERCA28) (s consistent  a predominantly unphosphorylated state) were prepared from
with the lower turnover anif. that distinguish the cardiac  canine left ventricular muscle using a previously described
muscle isoform from SERCA1. PKA-dependent phospho- method (0, 27) with slight modification. Finely minced left
rylation of PLB in native CSR activates phosphoenzyme ventricular tissue from fresh canine myocardium was added
decomposition, 4) like the naturally occurring fast phase to ice-cold 10 mM NaHC® (pH unadjusted) at a weight-
of E2P hydrolysis in fast skeletal muscle SR. The acceleratedto-volume ratio of 1:5 and homogenized in a Warring blender
phosphoenzyme turnover and the ST-EPR spectral changegthree bursts for 30 s separated by 30 s intervals). The
resulting from cyclic AMP and PKA-dependent phospho- myofilaments and mitochondria were removed by two
rylation of PLB @) both suggest that activation of the cardiac centrifugations at 115@0for 20 min each and the CSR
muscle SR C& pump by the3i-agonist-mediated signaling membrane vesicles recovered from the second supernatant
cascade involves SERCAZ2a oligomer formation. by centrifugation at 1430@dfor 45 min. The protein pellet

In this investigation, we evaluated the changes in the was suspended in 0.6 M KCl and 10 mM MOPS (pH 7.0)
kinetic behavior of the cardiac SR €apump associated  with stirring for 20 min to remove actomyosin and was
with the relief of SERCAZ2a regulation by PLB. SERCA2a recovered by a final centrifugation at 143@00 he average
was expressed with+) or without (=) PLB in High Five yield and a maximum phosphorylation capacity of the CSR
(HF) insect cells using recombinant baculovirus transfection membrane vesicles were approximately one-third.8 mg/g
(19) as a means of characterizing PLB-dependeft Gamp of tissue) and one-tenth (0-®.4 nmol/mg of protein) of
regulation. Endoplasmic reticulum microsomes isolated from their skeletal muscle counterparts, respectively. Native CSR
transfected HF cells contained SERCA2a and PLB expressecand SSR membranes, suspended in 0.1 M KCl and 10 mM
at levels comparable to those found in the native CSR MOPS (pH 7.0) at a final protein concentration of-5
preparations with functional properties similar to those of 10 mg/mL, were frozen and stored in liquid nitrogen. A
SERCA2a and PLB in native cardiac SR membranes separate aliquot of the vesicles used in theétQaptake
(10, 19). Quenched-flow mixing was used to evaluate the measurements was suspended in 0.25 M sucrose and 20 mM
kinetic properties of expressed SERCA2a in these microso-MOPS (pH 7) to prevent vesicle rupture during freezing and
mal membrane fractions for comparison with those of storage in liquid nitrogen.
SERCAL and SERCAZ2a in native membrane preparations. Canine SERCA2a was expressed in the absence or
Specifically, we investigated the kinetics of transient phos- presence of canine PLB in High Five cells using the
phoenzyme formation and decay at different ATP concentra- baculovirus expression system as described elsewl8)ye (
tions and assessed E1P formation and spontaneous E2Rlicrosomes (predominantly endoplasmic reticulum vesicles)
hydrolysis in the steady state using ADP and EGTA to containing the expressed proteins were harvested 48 h after
dephosphorylate the phosphoenzyme. Measurements of théaculovirus infection, suspended in 250 mM sucrose and
steady-state®Ca*t uptake and CH-ATPase activities in 10 mM histidine (pH 7.4), and stored in small aliquots at
SERCA2a with PLB and SERCA2a without PLB were —80 °C. The amount of SERCA2a and phospholamban in
carried out 19) to determine how changes in the overall the microsomes was quantified by protein assay, gel elec-
pump activity correlate with the kinetic behavior of the trophoresis, and immunoblotting techniques using methods
Ca&"-ATPase intermediate reactions in the transient state.described previouslyl@). Several different preparations of
The results of these experiments show that the kinetic expressed SERCAZ2a without or with coexpressed PLB were
properties of SERCA2a coexpressed with PLB closely used in these studies. For the experiments presented in Figure
resemble those found in native cardiac muscle SR, whereasl, the C&"™-ATPase content of the microsomes was very
SERCAZ2a without PLB behaves like native skeletal SERCAL carefully matched at 16% of the total protein by weight; the
with respect to allosteric activation by ATP, steady-state E1P relative proportion of C&-ATPase to PLB coexpressed in
accumulation, and E2P hydrolysis. These similarities suggestthe microsomes was between 1 and 2 mol of PLB/mol of
that the removal of PLB and its inhibitory control of Ca&"-ATPase. For the rapid mixing experiments presented
SERCAZ2a transform the cardiac muscle?GATPase into in Figures 2-4, the C&*-ATPase content of the microsomes
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varied between 16 and 20% of the total protein by weight ATP-dependent phosphorylation of the cardiac and skeletal

and the PLB-to-CH-ATPase ratio was 3:1. For all prepara-
tions, the Ca"-ATPase was under full regulatory control by

Ca&"-ATPase isoforms was assessed at°€lby mixing
enzyme (0.50.75 mg/mL) suspended in a medium contain-

PLB when the two proteins were coexpressed, as determinedng 100 mM KCI, 3 mM MgC}, 0.1 mM EGTA, 0.1 mM

by assays of Cd-dependent ATPase and Tauptake

CaCl (free [C&'] ~ 10 uM), and 20 mM MOPS (pH 6.8)

activity conducted in the presence and absence of an anti-with an equal volume of a substrate solution containing 20

PLB antibody, as described below (see also Figure 1).
Steady-State Ca Uptake and C&"-ATPase Assay3he
ATP-dependent G4 uptake activity in tightly sealed insect

or 100uM [y-32P]JATP. The reaction was terminated at the
indicated times (8-300 ms) by the addition of 3% perchloric
acid and 2 mM HPQ, (final concentrations) 3fP]Phospho-

cell ER microsomes expressing SERCA2a alone andenzyme was isolated from the acid-quenched reaction mixture

SERCA2a with PLB was measured at 3Z using**Ca"
and the Millipore filtration technique as previously described
(19). The incubation medium contained 0.1 mg/mL micro-
somal protein, 50 mM MOPS (pH 7.0), 100 mM KCI, 3 mM
MgCl,, 10 mM sodium oxalate, 1 mM EGTA, and-0
1.0 mM CaC} which gave the desired ionized €a
concentration, as previously determindd)( The reaction
was initiated by the addition of 5 mM MgATP and
terminated at various times afterward{05 min) by manual
filtration of an aliquot of the incubation medium. The filters
were washed twice with 5 mL of ice-cold 150 mM NacCl,
and the amount of°C&" that accumulated inside was
measured by liquid scintillation counting. Prior to measure-
ment of the*®Ca" uptake activity, SERCA2a samples were
incubated for 20 min on ice with or without anti-PLB
monoclonal antibody 2D12 at an antibody-to-protein weight
ratio of 1:1 (L9). Incubation of PLB with this antibody has
been shown to relieve the inhibition of SERCA2a by PLB,
thus mimicking the effect of phosphorylation by protein
kinase A in the presence of cAMPLY, 28). The C&"-

by centrifugation for 10 min at 30@0and 4°C and washed
three times with a solution containing 5% trichloroacetic acid,
6% polyphosphoric acid, 4 mM4RQ,, and 5 mM unlabeled
ATP. The pellet recovery after washing was greater than 95%
as determined by a folin reagent protein assay. The protein
pellets were dissolved overnight in 5 mEbN NaOH, and

the amount of $P]phosphoenzyme was determined by
measuring the Cerenkov radiation in a scintillation counter
(17).

To measure the kinetics of dephosphorylation by ADP and
EGTA, the native and expressed SERCA isoforms were
phosphorylated as described above for a constant time
interval and then dephosphorylated for a variable time
interval by mixing them with the appropriate chase solution.
Steady-state formation of the ADP-sensitive phosphoenzyme
was assessed by phosphorylating the enzyme witpMO
[y-32P]ATP for 116 ms and chasing with a solution contain-
ing 15 mM ADP (5 mM after mixing), 100 mM KCI, 3 mM
MgCl, 0.1 mM EGTA, 0.1 mM CaGl| and 20 mM MOPS
(pH 6.8) at 21°C. Dephosphorylation was allowed to proceed

ATPase activity of the expressed SERCA2a samples in insectfor a variable time interval (6542 ms) after which the
cell microsomes was measured in an incubation medium reaction was terminated by the addition of 3% perchloric

containing 0.1 mg/mL microsomal protein, 50 mM MOPS
(pH 7.0), 100 mM KCI, 3 mM MgCJ), 1 mM EGTA, and
0—1.0 mM CaC} to give the desired ionized €aconcen-
tration (19). The reaction was initiated by the addition of
5 mM MgATP, and inorganic phosphate liberation was
assessed at various times afterward-10 min) by using

acid and 2 mM HPQO,. The initial disappearance of phos-
phoenzyme, reflecting resynthesis of ATP from E1P and
ADP (11, 13), was used to estimate the fraction of ADP-
sensitive E1P. The kinetics of E2P hydrolysis in the steady
state was measured by chasing the phosphoenzyme formed
at 10uM [y-*?P]ATP for 116 ms with a solution containing

the malachite green ammonium molybdate reagent to monitorl5 mM EGTA (5 mM after mixing), 100 mM KCI, 3 mM
inorganic phosphate production as previously described MgCl,, and 20 mM MOPS (pH 6.8) at 2°C. Chelation of

(19, 28). For the Ca"-ATPase activity measurements, the
microsomes were pretreated with 20 of the C&" iono-
phore A23187 per milligram of total protein prior to the
addition of MgATP to prevent the formation of a €a
transport gradient across the membrat@.(Preincubation
with anti-PLB monoclonal antibody 2D12 prior to the

the ionized C& by EGTA prevents rephosphorylation of
the enzyme, exposing spontaneous turnover of the ADP-
insensitive phosphoenzyme, E2R0). [*P]Phosphoenzyme
present in the ADP and EGTA chase experiments was
separated from the acid-quenched reaction mixture by
centrifugation, washed, and analyzed as described above.

Cat-ATPase assay was essentially as described above. Modeling of Kinetic DataThe rate constants for transient

Calcium-dependent SERCA2a ATPase and?'Captake
activity data were fit to the Hill equation using KFITY).
The best fit, which produced values for the Hill coefficient
(), Kos, and Vimax for the C&"-ATPase and Ca uptake

activities, was chosen on the basis of the minimization of

the sum-of-squares erroi?j. Values given in the text
represent the average of five independent repetitians,
standard error of the mean.

Rapid Mixing StudiesOne- and two-stage rapid mixing

phosphoenzyme (EP) formation and overshoot decay were
evaluated from the time course of phosphorylation at different
ATP levels by fitting the quenched-flow data to the following
equation using MLAB (Civilized Software):

(1)

wherek, andky are the rate coefficients for the rising and

[EP] = A, exp(—kit) + A, exp(—kit) + R

falling phases of phosphorylation, respectivety,and A,

experiments were performed using a stepping motor-driven are the corresponding amplitude coefficients, & the
chemical quenched-flow apparatus that mixes equal volumesresidual phosphoenzyme, corresponding to the steady-state

of reagents29). Identical incubation conditions were used
for investigating the kinetic behavior of the €aATPases

level of phosphorylation. With increasing time, the first two
terms on the right-hand side of the equation approach zero,

present in native cardiac and skeletal muscle SR membrandeaving [EP] equal tdR. This approach was used in lieu of
vesicles and expressed in HF insect cell microsomes.the standard procedure of fitting the data to a reaction scheme
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defined by a set of differential equations that are simulta- increase or decrease in the forward rate conskarihduced
neously integrated during the fitting operation. This was done by chemical couplingk; = A exp(—G*/RT), whereG* is the
to minimize the number of kinetic parameters needed to fit free energy difference between the ground state and the
the curves and reduce their interdependence on one anotheilctivated or transition state in kilocalories, is a pre-
The fitted rate constants correspond to different intermediate exponential factor determining the rate at which a molecule
steps in the reaction cycle depending on the experimentalin the transition state is transformed into product, R{d.98
conditions. In Table 1k, at a less-than-saturating ATP  cal deg® mol™t) andT (temperature, kelvin) have their usual
concentration is the rate constant of the ATP binding reaction meanings. I{G* represents the energy barrier for the EXP
(E1+ ATP — E1-ATP), and for [ATP]> [Ewtal, kK, equals E2P conformational transition in the uncoupled, monomeric
katp[ATP], wherekatp is the second-order rate constant for Cat-ATPase (e.g., SERCA2a with PLB), then coupling this
ATP binding. At a saturating ATP concentratidg,equals transition to a slow reaction in the oligomeric enzyme (e.g.,
kenos the rate constant for E1P formation (BTP — E1P SERCAZ2a without PLB) will raise the energy barrier by an
+ ADP). The rate of decay of the phosphoenzyme overshootamountGY so that the total energy becomé$ + GY. By
is kg, which is primarily dependent on E2P hydrolysis application of this load and raising the energy barrier for
(E2P— E2+ P) but also depends on the E2E1 step, the  the conformational transition, the rate constant for the
final step in the reaction cycle. For a simple model in which transition is reduced and E1P accumulates in the steady state.
ATP enters the reaction cycle at a single step (viz., ATP The reduced rate constaqt for the E1P— E2P transition
binding to E1)k, is expected to vary with ATP concentration in the presence of the load is equalAexp[-(G* + GY)/
at less-than-saturating concentrations, wheigas inde- RT] = ks exp(—GY/RT), wherek; > k*. A similar expression
pendent of ATP concentration because E2P hydrolysis obeyscan be derived fok: in the case where the transition-state
first-order kinetics. In the case of allosteric activation by energy barrier is lowered by an amounGY by coupling to
ATP, where substrate enters the cycle at more than one stepan energy-yielding reactiotg* = A exp[—(G* — GY)/RT]
kqa will vary if ATP enters the cycle downstream from = ki exp(GY/RT), wherek* > k:. In this case, coupling
phosphorylation and accelerates the breakdown of E2Pincreases the rate constant by an amount equal taG¥%p(
(second-order kinetics). Variation ka can thus be used to  RT). If these equations are rearranged, the magnitude of the
distinguish ATP-dependent allosteric behavior from a simple increase (or decrease) in the barrier energy produced by
model in which ATP binds only to E1 to form the Michaelis coupling is given by the equatid®’ = |+RTIn ki/k*|. Thus,
complex, EIATP. the ratio of the rate constants before and after coupling is

The rate and amplitude coefficients for dephosphorylation the variable that defines the magnitude of the free energy
induced by mixing the phosphorylated enzyme with ADP difference associated with the change in the kinetic behavior
or EGTA were evaluated by fitting the quenched-flow data of a specific reaction. This model of energy coupling is
to a triexponential decay equation using MLAB: analogous to that of lagyer and Stark31), who calculated

the change in the translocation rate for a charged carrier

[EP], = A, exp(—kt) + A, exp(—k,t) + Agexp(kst)  (2) complex in the presence of similar (accelerating) and

opposing (decelerating) membrane voltages.

wherek terms ( = 1—3) are the rate constants for the RESULTS
different phases of EP decay aAderms ( = 1—3) are the
corresponding amplitude coefficients. In the ADP chase Regulation of SERCAZACa" Uptake and C&-ATPase
experimentsA, Ay, andAg correspond to the levels of the  Activities by PhospholambarHigh Five insect cell mi-
ADP-sensitive phosphoenzyme, E1P, the ADP-insensitive crosomes containing expressed SERCA2a without PLB or
phosphoenzyme, E2P, and the stable phosphoenzyme, ESFSERCA2a with PLB were produced and characterized as
respectively 11, 13). E1IP and E2P are consecutive inter- described previouslyl@). The SERCA2a coexpressed with
mediates in the main catalytic pathway, whereas ESP isPLB was under the full regulatory control of PLB, which
relegated to a parallel pathway because of its extremely slowincreased thé, 5 for the high-affinity C&" transport sites
turnover rate{1 s'1). The decay patterns in the EGTA chase relative to SERCA2a without PLB and for PLB uncoupled
experiments arise from spontaneous E2P hydrolysis and showfrom SERCAZ2a following treatment with anti-PLB mono-
a variable pattern of behavior depending on thé"@sl Pase clonal antibody 2D121(9, 28). This is demonstrated in Figure
isoform that is used. In the case of native skeletal SERCA1 1, which shows the Ca concentration dependencies ofPCa
and expressed cardiac SERCAZ2a, a triexponential fit wasuptake (panel A) and of ATPase activity (panel B) of the
required to fit the initial lag in dephosphorylation preceding expressed Ca-ATPase proteins.
the rapid and slow decay phases. In contrast, both native Figure 1A shows the Ca concentration-dependent €a
cardiac SERCA2a and expressed cardiac SERCA2a withuptake activity for the expressed samples. SERCA2a without
coexpressed PLB lacked the rapid decay phase and werghospholamban [Figure Df] had a higher apparent &€a
adequately fit with two slowly decaying exponential func- affinity (Kos = 125 £+ 4 nM) than did SERCA2a in the
tions. The choice of whether to use a biexponential fit versus presence of PLBKys = 185 + 5 nM). In addition, in
a triexponenetial fit was determined by comparison of the microsomes containing SERCA2a expressed alone [Figure
residual error between the fitted curve and actual data. Whenl1A (O)], the Vimax for C&" uptake [2204 10 nmol of C&"
similar residual errors were obtained with the biexponential min~* (mg of protein)!] was 57% larger than the corre-
and triexponential fits, the simpler equation was chosen. sponding value [140+ 8 nmol of C&"™ min~! (mg of

Kinetic and Free Energy Changes Associated with Chemi- protein) '] for microsomes containing SERCA2a with PLB
cal Coupling.The theory of absolute reaction rat@&)) was [Figure 1A @)]. The samples used in this experiment were
used to estimate the free energy change associated with arcarefully matched for SERCA2a content16 wt % total
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| O SERCA2a-PLB

O SERCA2a+PLB
- ® SERCA2a+PLB+Ab

T T T A SERCA2a when PLB is absent9). Following treatment

T of the SERCA2a with PLB sample with anti-PLB mono-
7 clonal antibody 2D12 [Figure 1AM)], Kos decreased to 110
1 + 10 nM, like that of the SERCA2a without PLB sample.
In contrast, anti-PLB treatment of the SERCA2a with PLB
sample produced only a modest14%) increase iNVmax
] [160 + 2 nmol of C&" min~! (mg of protein)'] compared
i to that of the untreated SERCA2a- and PLB-containing
; microsomes [Figure 1A)], suggesting that phospholamban
has a residual effect on SERCA?2a activity following incuba-
tion with the antibody.

Figure 1B shows the C&ATPase activity in microsomal
membranes corresponding to theCaptake data in Figure
1A. Prior to measurement of the €aATPase activity, the
microsomes were preincubated with A23187 (2fimg of
protein) to increase their permeability to and prevent
L M ] the formation of the transport gradient. The?Caoncentra-
i i tion dependence of these curves had an appearance similar
; to that of the curves in Figure 1A; in the absence of PLB,
O SERCA2a-PLB the SERCAZ2a activity curveQ) was shifted to the left
ARty SN (Kos = 290 + 40 nM) relative to that of SERCA2a with
— PLB (@) (Kos= 5904+ 50 nM), and there was a larg¥fax
N (0.85+ 0.06 umol of ATP mg* min~1) compared to that
log [Ca™], M of the SERCA2a with PLB sample (0.6% 0.04 umol of
Ficure 1: Effect of PLB and anti-PLB monoclonal antibody 2D12  ATP mg ! min™?'), though the increase Wyax was smaller
on the steady-state €auptake and CH-ATPase activities of  (2704) than that observed in the uptake measurements (57%).

expressed SERCAZ2a in High Five insect cell microsomes. (A) ATP- . .
dependent oxalate-supported?Captake activity of sealed micro- Pretreatment of the SERCA2a with PLB sample with the

somes (0.1 mg of total protein/mL) using the Millipore filtration anti'PLB _amibOdy [Figure 1BM)] increased the apparent
technique and (B) ATP-dependent?GATPase activity of A23187- Cca* affinity (Kos = 340 4 40 nM) of the transport sites,

permeabilized microsomes (0.05 mg of total protein/mL) using the put did not increas®max (0.68 = 0.05umol of ATP mg?

colorimetric technique. The same protein preparations were used i ~—1 i
in each experiment, and were carefully matched for SERCA2a min") compared to that of the untreated SERCA2a with PLB

protein content (16 wt % total protein). Microsomes containing SamPple [Figure 1BI)].
SERCA2a alone®) or SERCA2a and PLE andM) were assayed Phosphorylation of Natie and Expressed CaATPase
in & medium containing 50 mM MOPS (pH 7.0), 3 mM MgCl  |soforms by ATPThe C&*-ATPase in native skeletal SR

100 mM KCI, 1 mM EGTA, and 61.0 mM CaC} to give the o L
desired ionized Ca concentration, as previously determiné@)( membranes (SERCA1) exhibits ATP-dependent activation

For the C&" uptake experiments, the medium also contained 10 Of pre-steady-state dephosphorylation at micromolar ATP
mM sodium oxalate, whereas for the TaATPase experiments, — concentrations9, 11). This is demonstrated in Figure 2A,
the microsomes were pretreated with 29 of A23187/mg of  \which shows the time course of phosphorylation produced

protein in the incubation medium. The assays were conducted at i ; ;
37°C, and in each experiment, 5 mM MgATP was added to start by mixing native skeletal SR membranes with 10 and

the assay. SERCA2a samples were incubated for 20 min on ice®0 #M ATP in a quenched-flow apparatus. These experi-
without (empty symbols) or with (filled symbols) anti-PLB mono- ments were carried out at 2C in a buffer containing 100
clonal antibody 2D12 at an antibody-to-protein weight ratio of 1:1 mM KCI, 3 mM MgCl,, 20 mM MOPS (pH 6.8), and Cag£l
(19). Calcium-dependent SERCA2a ATPase and*'Captake  and EGTA (0.1 mM each), yielding a free €aoncentration

activity data were fit to the Hill equation using KFITLY) to -
generate values for the Hill coefficient)( Ko 5, andVmax. The insets of ~10uM (19), henceforth denoted as the standard buffer.

show each curve normalized to its maximum value, to more clearly The rate of phosphoenzyme formation increased rapidly to
demonstrate that uncoupling PLB from SERCA2a with an anti- @ maximum followed by a transient decay to the steady state.

PLB monoclonal antibody ) produces a Cd concentration Increasing the ATP concentration from 10 to %M

dependence similar to that observed for SERCAZ2a in the absenc ;
of PLB. Symbols represent the average of five independentqncreaSEd the apparent rate constant for EP formaign (

repetitions, and the error bars correspond to the standard error ofS'fOId,and dogbled the rate Of,decay of the overshagt (
the mean for each point. following maximum accumulation (Table 1). Because the

overshoot decay results from rapid breakdown of the ADP-

protein; see Materials and Methods), indicating the observedinsensitive phosphoenzyme (E2P) to inorganic phosphgte (P
differences inVmaxwere not due to different SERCA2a levels  (9), the increase iy shows that E2P hydrolysis in SERCA1
in the two samples. Rather, the highéax found in the is ATE’—dependent, reflecting allosteric control by ATP (see
absence of PLB suggests that the rate-limiting reactions in Materials and Methods).

the transport cycle that contribute significantly \fg.« are We investigated the effect of ATP concentration on the
activated by the removal of the PLB-dependent inhibition kinetics of phosphorylation in native cardiac muscle
of SERCAZ2a activity. Alternatively, the larger difference in Ca&*-ATPase (SERCA2a) under conditions identical to those
Vmax Seen in the SERCA2a protein-matched samples mayused with native skeletal SR vesicles (Figure 2B). Typical
arise from a difference in the activities of the expressed of the behavior in cardiac SR3,(4, 10), the level of
proteins resulting in a larger fraction of more active phosphorylation was onk10% (~0.3 nmol/mg of protein)
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Ficure 2: Effect of ATP concentration on pre-steady-state phosphoenzyme (EP) formation and decay in native and expressed cardiac and
skeletal muscle SERCA isoforms: (A) native skeletal SR vesicles (containing SERC31)JE) native cardiac SR vesicles (containing
expressed SERCA2a and PLERYY, (C) High Five insect cell microsomes containing expressed SERCA2a alone, and (D) High Five insect

cell microsomes containing expressed SERCA2a and PLB. Phosphoenzyme formation in each of these preparations was measured in a
guenched-flow apparatus at 2C by mixing microsomes (0.5 mg/mL) suspended in a buffer containing 100 mM KCI, 3 mM M@@QI

mM CaCl, 0.1 mM EGTA (10 uM ionized calcium), and 20 mM MOPS (pH 6.8) with an equal volume of the same solution containing
either 20uM [y-32P]ATP [10 uM final concentration ©)] or 100 uM [y-32P]JATP [50 uM final concentration [{)] (see Materials and

Methods). The phosphorylation time courses were approximated with smooth curves by fitting the data to a sum of exponentials using
MLAB (48) and eq. 1 (see Materials and Methods). Kinetic time courses from a single experiment are shown in this figure and Figures 3
and 4. Quantitatively similar time courses were obtained by independent experimental repeats in each case. The averaged kinetic parameters
presented in the tables are from fits of the individual time courses.

of the maximal activity measured in skeletal muscle SR similar to that found in native cardiac SR (35t61.8 wt %)
vesicles. The apparent rate constant for phosphoenzymeas demonstrated by the similarity in the steady-state levels
formation increased with increasing [ATP], concentration, of phosphorylation in these preparations (6245 nmol
rising 3-fold between 10 and 5fM ATP. The rate constant  of EP/mg of protein). As observed in native SERCAL, but
controlling overshoot decay, however, did not increase with unlike the behavior found in native cardiac SR, the ATP-
ATP concentration (Table 1), indicating that the kinetics of dependent increase in the apparent rate constant for phos-
E2P hydrolysis in the cardiac muscle ZZaATPase in the phorylation in expressed SERCA2a without PLB was
presence of regulatory PLB is not allosterically regulated accompanied by an increase in the rate of overshoot decay
by ATP. The decay of the EP overshoot in native cardiac (Table 1), reflecting ATP-dependent activation of pre-steady-
SR was more pronounced than in skeletal SR (cf. panels Astate dephosphorylation. Hence, removing PLB from the
and B of Figure 2), reflecting the presence of a slower E2 membrane changes the behavior of SERCA2a in the way it
— E1 transition rate constant and stabilization of the cardiac interacts with ATP, transforming the kinetics of dephospho-
muscle isoform in the dephosphorylated E2 state. In skeletalrylation from simple first-order behavior in the presence of
SR, the enzyme is more rapidly rephosphorylated after the PLB to a second-order dependence on ATP concentration

first turnover, presumably because of a faster E2E1 in the absence of PLB.
transition, resulting in a higher steady-state level of phos- Identical phosphorylation experiments were carried out
phorylation. using High Five microsomes containing expressed SERCA2a

To determine directly the effects of PLB on SERCA2a with PLB (Figure 2D). These samples contained 20%
kinetics, we measured the ATP concentration-dependentSERCA2a by weight and produced steady-state EP levels
phosphoenzyme formation of SERCAZ2a expressed in High similar to those of native cardiac SR membranes in propor-
Five insect cell microsomes at the same ATP concentrationstion to SERCA2a protein content. The expressed SERCA2a
(10 and 50uM) used to investigate the native membrane with PLB sample displayed a rising phase of phosphorylation
preparations (Figures 2C and 2D). The level of expressionthat was dependent on ATP concentration (Figure 2D) as
of SERCAZ2a in the microsomes (158 1.8 wt %) was observed in the other samples, but the overshoot decayed
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Table 1: Kinetic Parameters of Pre-Steady State Phosphoenzyme
(EP) Formation and Decay in Native and Expressed Cardiac and
Skeletal SERCA Isozymeés

Preparation [ATP]4M) ko (579) ki (s79)

Native skeletal SR 10 42 4 30+ 3
(SERCA1) 50 13313 5946

R

2

02]

50 100 150 200 250 300
Time (msec) .

Native Cardiac SR

EP (nmol/mg)

Native cardiac SR 10 45 5 36+ 4
(SERCA2a+ PLB) 50 144414 274+ 3

SERCAZ2a without PLB 10 7% 2 18+ 3 0 50 100 ) 150 200 250 300
(insect cell microsomes) 50 17852 4247 Time (msec)

SERCA2a with PLB 10 5&9 29+ 5
(insect cell microsomes) 50 19935 31+4

@ Phosphorylation was measured as described in the legend of Figure
2, and the data were fitted to the equation fEP{ A1 exp(—kyt) + Az
exp(—kdqt) + R using the curve fitting routines in MLAB4@). Rate
constantsk, and kq correspond to the rising and decaying phases of
phosphorylation, respectively, amilis the steady-state EP level. The
increase inky with an increase in ATP concentration reflects the
allosteric activation of catalytic site dephosphorylation (E2P hydrolysis) SERCA2a + PLB |
by ATP in the pre-steady state. The kinetic constants in this and 00 50 100 150
subsequent tables are average values obtained from two independent )
experiments, and the errors represent the difference between the average Time (msec)
and the high and low value for each trial. Ficure 3: Dephosphorylation by ADP of the steady-state phos-
phoenzyme formed from ATP in native membranous and expressed

without a change in rate constant as the ATP concentrationSERCA isozymes. (A) Native skeletal muscie)(and cardiac
muscle @) SR membranes or (B) High Five insect cell microsomes

incre_ased (Table 1), as in the n_ative CSR sf';lmple. This iscontaining expressed SERCA2a aloay ¢r SERCA2a with PLB
consistent with the results of Figure 2B which show the (o) (0.5 mg/mL) were phosphorylated with 10M ATP as
kinetics of E2P hydrolysis in the cardiac muscle?Ga described in the legend of Figure 2. After 116 ms=(0 in the

ATPase in the presence of PLB is not subject to allosteric figure), a chase solution containing 5 mM ADP (1.66 mM final
regulation by micromolar [ATP]. concentration) was added to the reaction mixture and dephos-

. . phorylation allowed to proceed for the indicated times before
Dephosphorylation of Nate and Expressed CaATPase  quenching with acid32P-phosphoprotein was isolated from the
Isoforms by ADPTo determine the steady-state levels of reaction mixture and assayed as described in the legend of Figure
E1P and E2P and their kinetic behavior, we performed a 2. The difference in the time zero EP levels reflects differences in

two_stage quenched_ﬂow lelng expe”ment |n Wh'Ch the the level of Cﬁ*-ATPase in the preparatlons used in these

: . experiments. The insets show the data normalized to the phospho-
time course of dephosphorylation of the?C#TPase was enzyme level at time zero for each sample, to more clearly show

investigated by chasing the phosphoenzyme formed from e gitferences in levels of the phosphoenzyme intermediates. The
ATP with 5 mM ADP (9, 11, 13). Prior to mixing with ADP, dephosphorylation curves were fit to a multiexponential function
the enzyme was incubated with 1M [y-SZP]ATP in using MLAB (48) as described in Materials and Methods.
standard buffer for 116 ms to achieve a steady-state level of
phosphorylation (see Figure 2A). For native SERCA1, Table 2: Kinetic Parameters of ADP-Induced Dephosphorylation in
30 + 6% of the phosphoenzyme disappeared rapidly in Native and Expressed Cardiac and Skeletal SERCA IsoZymes
response to the ADP chase and was followed by a slower, Preparation E1P (%) ki(s") E2P (%) ks(s™)
time-resolved decay representingZ®% of the acid-stable  Native skeletal SR 30+6 >600 7045 20+1
EP pool (Figure 3A, top curve; Table 2). We have shown (SERCA1)
previously ©, 11, 13) that phosphoprotein disappearing Native cardiac SR 18+2 348+112 82+2 1549
during the fast phase is E1P (i.e., it reacts with ADP to form (SERCA2at PLB)

_ = ey SERCA2awithout PLB 2744 22047 73+4 942
ATP) and that disappearing during the slow decay results (insect cell microsomes)
from the breakdown of E2P to E2 ang Rfter 250 ms, a SERCA2a with PLB 10+0 371+130 90+0 10+0
very slowly decaying species was observed, representing a__(insect cell microsomes)
third component of the decay pattern. Turnover of this  2Dephosphorylation by ADP was assessed as described in the legend
species was too slow for it to be kinetically competent, of Figure 3. The decay curve was ftg) using the equation EB)(=

setifving ; [E1P] expEkit) + [E2P] expkd) + [EPS] expEkist), where [E1P]
Justifying its subtraction from the total phosphoenzyme pool and [E2P] are the steady-state levels of the ADP-sensitive and ADP-

in the kinetic analysis1(3). . . _ _ insensitive phosphoenzymes, respectively. The very slow dégay (
Chasing the phosphoenzyme in native cardiac SR with representing turnover of a stable phosphoenzyme (EPS) parallel to the

5 mM ADP produced a pattern of dephosphorylation main catalytic pathway, was ignored in this analysis, i.e., %[ELP]
qualitatively similar to that found in native SERCA1 (Figure %[E2P]= 100% of the phosphoenzyme.

3A, bottom curve). Normalization of these ADP dephosphor-

ylation data (inset of Figure 3A) revealed that the rapidly microsomes containing SERCA2a and PLB (Figure 3B,
decaying E1P species represents a smaller fraction of thebottom curve), the decay pattern resembled that of native
total acid-stable phosphoenzyme in native cardiac SR CSR in showing a smaller fraction of E1IP (10%) and a
(18 £ 2%) than in native skeletal SR (30 6%). When the slower E2P turnover rate (10§ than SERCAL in native
ADP chase experiment was repeated using insect cellskeletal SR. In contrast, microsomes containing SERCA2a

SERCA2a +PLB

©
[N}

SERCA2a - PLB.

50 100 150 200 250 300
Time (msec) -

EP (nmol/mg)
©

1 " 1
200 250 300
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without PLB (Figure 3B, top curve) showed a steady-state 3.0 T . T T .

fraction of E1P (27+ 4%) similar to that found in native 25¢ 1A

skeletal SR (3@t 6%) but larger than that detected in native N

cardiac SR (18t 2%) and expressed SERCA2a and PLB 220

(10%). Thus, the absence of PLB in native skeletal SR and S 15

in microsomes containing SERCA2a alone is associated with g 10l

steady-state levels of E1P higher than those found in native o d

cardiac SR and microsomal membranes containing PLB. o5

Because the rate constants for E1P formation in the different 0.0 L—

preparations are very similar (Table 1), the dephosphorylation 0 50 100 150 200 250 300

data suggest that the presence of PLB has a destabilizing Time (ms)

effect on E1P, acting to increase its turnover rate. Conversely, 0.4 r — r

the exclusion of PLB from these membranes inhibits E1P |B

turnover, allowing the ADP-sensitive phosphoenzyme to 03 4

accumulate in the steady state. 2 | SERCA2a Alone
Dephosphorylation of Nate and Expressed CaATPase 3 02k i

Isoforms by EGTAThe standard approach for measuring E %%\S\E\g

the kinetics of E2P hydrolysis involves chelation of the free o 01k g

Ca&" by EGTA, which exposes the spontaneous turnover of w | SERCA2a+PLB ]

this intermediate by preventing rephosphorylation of the ol v

Ca*t-ATPase during the subsequent cycle. As shown in 0 50 100 150 200 250 300

Figure 4A, the time course of EGTA-induced E2P decom- Time (ms)

position of the native cardiac muscle ?G{:A_'I'Pase obeyed  p e 4: Spontaneous hydrolysis of E2P in the steady state
slow monoexponential kinetics (8% following a brief lag measured by chasing with EGTA. (A) Native skeletal SR vesicles
in which continued phosphorylation of the enzyme from (O) and native cardiac SR vesicle§)(or (B) High Five cell
E1(Ca)ATP occurs 10). In contrast, the skeletal muscle microsomes containing expressed SERCA2a without RDBaf

g ; ; ; o With PLB (3) were phosphorylated with 10M ATP as described
Ca&"-ATPase showed a biphasic decay pattern with an initial in the legend of Figure 3. After 116 m& £ 0 in the figure), a

phase that was 67 times faster (6&: 16 s*) than the  ¢page solution containing 15 mM EGTA (5 mM final concentration)

subsequent phase (7'5 The latter, which accounts for 77% was added to the reaction mixture and dephosphorylation was
of [EPita], dephosphorylates with kinetics similar to that of allowed to proceed for the indicated times before quenching with
the monoexponential phase in the cardiad'CaTPase acid. 32P-phosphoprotein was isolated from the reaction mixture

1 : and assayed as described in the legend of Figure 3. Inorganic
(B s Table 3). We conclude from these studies that phosphate (f production after the chase (not shown) was sto-

spontaneous E2P hydrolysis, which is among the slowest ofichiometric with EP decay4). The difference in the time zero EP
the reactions in the catalytic cycle, has a significantly higher levels reflects differences in the level of €aATPase in the
initial activity in skeletal muscle SR than in native cardiac preparations used in these experiments. The dephosphorylation
muscle SR. This kinetic characteristic and the higher density CUrves were fit to multiexponential decay functions using MLAB
of Ca* pump sites in skeletal SR may contribute to the
higher Vma.x of SERCAL and faster rates of relaxation Table 3: Kinetic Parameters of EGTA-Induced Dephosphorylation
Ob_?er(\j/etd in _Skelhetal muscl&lq ?nh holamb focts th in Native and Expressed Cardiac and Skeletal SERCA IsoZymes

o determine how removal of phospholamban affects the ,
kinetics of spontaneous dephosp%oryll?altion of SERCA2a, we — Preparation fast E2P (%6 (5°) slow E2P (%)ks (S)
phosphorylated insect cell microsomes containing SERCAZaNa(tg’ERS'(‘;eA"f)a' SR 23+7 68+£16 L7 7£0
alone with 10uM ATP for 116 ms as described above and pnative cardiac SR 1000 840
then chased the phosphoenzyme with 5 mM EGTA to (SERCA2at PLB)
prevent rephosphorylation. As shown in Figure 4B, phos- SE(%%@(?taC\gllltmgﬁoF;%%es) l4+1 63+£4 8641 341
phoenzyme decay after the chase shows a prominent lagserca2a with PLB 10040 440
phase {15—20 ms) followed by rapid and slow phases of (insect cell microsomes)
dephosphorylation. The prolonged lag phase suggests that =Dephosphorylation by chasing with EGTA was assessed as
dissociation of C& from the high-affinity transport sites in  described in the legend of Figure 4. Each decay curve wagigjt (
the presence of the chelator may be slower in the microsomalxs';‘gdtteaen%uk?t;?g tIEhZ(Z nf; Iﬁﬁl&(;ggdt Eﬁz e?féﬁﬁéfl’nﬁhﬁfr?ﬁ‘; "J‘rgcg iy
membranes than in the native cardiac and skeletal SR} 4 SIO\Sle decaying phosphoenzymes, respectivelfs % %A —
preparations. Approximately 1 1% of the phosphoenzyme 1909,
disappeared in the fast phase with a rate constant af 83
s 1, while the remainder decayed at a slower rate of B s biexponential decay function did not improve the fit as
(Table 3). This biphasic behavior resembles that found in determined by comparison of the sum-of-squares errors,
native skeletal SERCAL, which turns over with similar indicating that the presence of PLB prevents the rapid phase
kinetics, but has a larger rapid decay fraction 23% of of spontaneous dephosphorylation seen in SERCA1 and
[EPwta]). An identical EGTA chase experiment performed SERCA2a without PLB. The enzymatic similarities and
with insect cell microsomes containing SERCA2a and PLB differences recorded in these experiments parallel the
produced a monoexponential decay with a rate constant ofbehavior observed in the phosphorylation (Figure 2) and ADP
4 4+ 1 s following a brief lag (Table 3), similar to that chase experiments (Figure 3), namely, that SERCA2a without
observed for native canine cardiac SR. The use of a PLB exhibits catalytic behavior similar to that found in native
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skeletal SERCA1 whereas SERCA2a coexpressed with PLBPLB structure becomes more compact, possibly exposing the
behaves like native cardiac SERCAZ2a. N domain PLB binding site. Using saturation transfer electron
paramagnetic (ST-EPR) spectroscopy to monitor the rota-
DISCUSSION tional diffusion of native cardiac SERCA2a, Negash et al.
In this study, we found that the cardiac (SERCA2a) and (8) reported a doubling of the rotational correlation time for
skeletal muscle (SERCAL1) isoforms of the?C#\TPase in spin-labeled SERCAZ2a following phosphorylation of phos-
sarcoplasmic reticulum exhibit quantitative differences in pholamban, consistent with a 2-fold increase in the molecular
kinetic behavior that relate to the influence of PLB on the size of the C&™-ATPase. A similar change was reported by
Cat-ATPase in CSR rather than isoform dependences in Mahaney et al.36), who used ST-EPR to measure SERCA2a
the two species. That is, removal of PLB and its regulatory rotational mobility in the absence and presence of PLB. Both
influence on SERCAZ2a essentially transforms the cardiac studies attributed this behavior to a monomeimer transi-
muscle isoform into a species that resembles the skeletaltion in SERCA2a or to a conformational rearrangement
muscle isoform, SERCAL, in its basic kinetic properties. We favoring a more compact SERCAZ2a dimer. Either of these
have previously reported that the kinetic properties of possibilities could lead to chemical coupling of the subunits
SERCAL1 in native skeletal SR arise from oligomeric protein and, consequently, a redistribution of the free energy of
conformational interactions whereby the subunits operate in activation in the intermediate reactions of the pump cycle.
a staggered or out-of-phase mode of operat@nl(, 13, A hypothetical model accounting for the spectral and
14, 16, 17). Solubilization of skeletal SR vesicles with the enzymatic changes in SERCA2a accompanying the relief of
nonionic detergent GEg produces SERCA1 monomers phospholamban inhibition is shown in Figure 5. In this
(11, 32) and results in marked stimulation of E1P turnover model, the C&'-stabilized E1 {2) and C&"-free E2 (37)
and a decline in steady-state E1P levdls, (L5, 33) while conformations form an asymmetric €aATPase dimer from
abolishing the rapid phase of spontaneous E2P hydrolysismonomeric precursor states, E1 and E2 (alternatively, the
(18). Here we found that the exclusion of phospholamban precursor may consist of two interacting monomers that form
from insect cell microsomes expressing SERCA2a, which an uncoupled dimer; not shown). Dephosphorylated PLB or
mimics the activation of SERCA2a produced by cAMP and phosphorylated PLB is shown to be associated with the pump
protein kinase AZ, 4), increased the rate of phosphoenzyme in both the E2 and E1 states, in agreement with fluorescence
overshoot decay measured at different ATP concentrationsresonance energy transfer studig4, 35, 38). On the basis
(Figure 2 and Table 1), and stimulated spontaneous E2Pof the crystal structure of SERCA1 in the E1 conformation
turnover in the steady state (Figure 4 and Table 3). Both of (12), where physical contact is visible between the A and N
these effects result from activation of hydrolysis of the ADP- domains of similarly oriented polypeptide chains, the A
insensitive phosphoenzyme, E2P, and were associated witrdomain of one SERCA2a molecule is postulated to interact
an increase in the steady-state level of E1P formation, with the N domain of its neighbor, creating a bridge for
reflecting stabilization of the ADP-sensitive intermediate intermolecular communication between the subunits. Phos-
(Figure 3 and Table 2). These kinetic properties are pholamban binding in this region of the P and N domains
characteristic of the behavior observed for oligomeric (39—43) would block SERCA2a oligomeric contact interac-
SERCAL in native skeletal muscle SB, (L1, 13, 16). In tions, leading to a functionally monomeric enzyme during
contrast, the kinetic properties of SERCA2a in native cardiac enzyme cycling. Structural changes in PLB following PLB
SR (10) or in microsomes containing coexpressed PLB phosphorylation 34, 35 or removal of PLB from the
resemble those of the detergent &3)-solubilized (mono- membrane (this study) uncover the SERCA2a contact sites,
meric) SERCAL 1), including reduced levels of E1IP allowing conformational coupling within a functional oli-
compared to those present in microsomes expressinggomeric enzyme during cycling. Because rotation of the A
SERCAZ2a alone and skeletal SR (Figure 3 and Table 2) anddomain toward the N or P domain occurs during the
the absence of the rapid phase of spontaneous E2P hydrolysi&1l — E2 transition 87) and is essential for activation of
(Figure 4 and Table 3). These properties are associated withdephosphorylationdd), delaying this rotation by means of
lower overall C&"-ATPase and Ca uptake activities in the  an intermolecular AN bridge during cycling will stabilize
presence of PLB (Figure 1), since E2P turnover contributes E1P, preventing its immediate conversion to E2P. Intermo-
to rate limitation of the overall catalytic and transport lecular bridging of these domains can also activate E2P
activities in SERCA2a. On the basis of these findings, we hydrolysis by coupling it to an energy-yielding reaction
conclude that relief of PLB inhibition of the cardiac SR*Ga (viz., EIP— E2P) on a neighboring subunit1).
ATPase leads to SERCAZ2a oligomer formation, providing By constraining the subunits to an out-of-phase or stag-
a mechanism for the redistribution of the free energy in the gered mode of operatiod{, 13, 17, 18, 45), inherently fast
system and enhancement of the overall catalytic efficiency. reactions in the cycle (E1 E2P) can be coupled to slow
Oligomeric interaction between individual SERCA2a reactions (E2P—~ E2+ P), accelerating the latter through a
molecules requires site-specific contact between the SERCA2amechanism involving free energy exchandé, (31). This,
molecules, which we propose is prevented by the presencen turn, helps to relieve the rate limitation imposed by slow
of unphosphorylated phospholamban, but facilitated when steps in the reaction cycle, thereby increasing the catalytic
PLB is functionally uncoupled from SERCA2a following efficiency of the CSR Cd pump. For the reaction pair E1P
PLB phosphorylation. Recent studies by Squier and co- — E2P and E2P— E2 + P, (Figure 5), the increase in the
workers 34, 35), using florescence resonance energy transfer free energy of activation for the conformational transition
studies to monitor the distance between PLB and SERCAZ2a,on one subunit should be equivalent to the decrease in the
indicate that while PLB remains closely associated with the free energy of activation for E2P hydrolysis on its neighbor
pump following cAMP/PKA-dependent phosphorylation, if these reactions are tightly (efficiently) coupled (see
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E1 E2

Uncoupled pumps (monomers) Coupled pumps (dimers)
CHEMICAL COUPLING:
E1p «K3. Eop EWP . E2P
) -PLB, - ks* -
E2P <%+ E2+P, E2p M4 E2+P
UNCOUPLED COUPLED
-GRT
k3* =kze GHR ; K3>K3*
G#RT
k4*=k43 ’ k4<k4*

Ficure 5: Oligomer model fof3;-adrenergic activation of SERCA2a. The crystal structures of SERCAL1 in thedEabilized E1 {2) and
thapsigargin-stabilized E2 conformatior88) were used to construct a three-dimensional topological model for SERCA2a intermolecular
interactions regulated by PLB. PLB (yellow) is presumed to interact with SERCA2a at specific residues in the cytoplasmic nucleotide-
binding domain (N, purple), the phosphorylation domain (red), and the transmembrane domain (TM2bRE}33). Interaction of
SERCAZ2a with PLB stabilizes monomeric £aATPase on the left, which exists as an equilibrium of E1 and E2 states favoring the E2
conformation. Phosphorylation of PLB in responsgtagonist stimulation (represented by the P) exposes the N domain PLB binding site,
which is then available to interact with the SERCA2a actuator domain (A, green) binding site on a neighboring SERCA2a molecule,
forming the E2-E1 asymmetric dimer on the right. The individual subunits cycle according to the following modet: KIP —1—

E1-ATP <—2— E1P~—3— E2P—4— E2 + P, —5— E1. Oligomerization of SERCA2a and staggering of the reactions in the subunits
couples the fast conformational transition in step 3 to slow E2P hydrolysis in step 4. The equations for chemical coupling give the relationship
between the rate constants for the reactions prioki@ijdks) and following oligomeric couplingkg* and ks*) modified by the amount

of free energy £G¥) involved in the exchange (described in Materials and Methods). The reciprocal changes in rate ckinatzohks

reflect the increase in the free energy of activation and consequent deceleration of one reactienEEZPRransition) and the decrease

in the free energy of activation by a second reaction (E2E2 + P)), which is accelerated.

Materials and Methods). Indeed, removal of the inhibitory first and second Ca ions @47). However, in subsequent
influence of phospholamban in the insect cell microsomes studies, Mahaney et al. (28) showed that the rate of
led to a 15-fold increase in the initial rate of spontaneous ATP-dependent SERCA2a phosphorylation under conditions
E2P hydrolysisfs =4 + 1 s < k* =63+ 4 5! (Table where C&" binding to SERCA2a was rate-limiting for
3)] and increased the steady-state level of E1P by a factorphosphorylation did not differ in the presence or absence
of ~3[10% vs 27+ 4% (Table 2)], due to a reduced rate of PLB, or in the presence of PLB pretreated with the anti-
conversion of E1P to E2P in the coupled oligomer versus PLB antibody. In contrast, our model predicts that oligo-
the uncoupled enzymdy> ks*). Although the increase in  merization of SERCA2a plays an essential role in the
E1P concentration implies a reduced rate of conversion to observed increase in the apparent affinity foPCéKos)
E2P, the quantitative comparison of these effects is com- following the relief of phospholamban inhibition (Figure 1).
plicated by the presence of the reverse rate constant, whichThe decrease in thé&y s for Ca* is presumed to occur during
is also reduced as a consequence of raising the transitionenzymatic cycling because phospholamban has no effect on
state energy barrier for this reaction. Thus, a decrease in theequilibrium C&" binding in the quiescent CaATPase 46).
forward rate constant, which favors accumulation of E1P, is If we assume that interaction of SERCA2a with unphos-
accompanied by a decrease in the reverse rate constanfphorylated PLB stabilizes the E2 conformational state
tending to reduce the steady-state level of E1P. Additional (40—42), then we have the situation on the left in Figure 5
studies are required to evaluate the reciprocal changes in ratevhere the equilibrium between the monomers favors E2.
constants attributed to conformational coupling of the Formation of the asymmetric dimer, EE2, during cycling
subunits. will equalize the populations of E1 and E2, which is
It is well established that PLB decreases the apparetit Ca tantamount to shifting the E& E2 equilibrium toward E1.
affinity of the C&"™-ATPase, but the mechanistic basis of By increasing the fraction of enzyme in the high-affinity
this effect has not been adequately explained. A commonly E1lconformation, oligomerization of SERCAZ2a will enhance
cited model is that reported by Cantilina et a46)(, who E1Ca formation and shift the Ca dependencies of the &a
proposed that the shift in apparent’Caffinity arises from uptake and Ca-ATPase activities to the left (Figure 1A,B).
PLB inhibition of the forward and reverse rate constants of In this interpretation, the increase in the apparent*Ca
the conformational transition that separates binding of the affinity results from a change in the poise of the £1E2
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equilibrium driven by oligomerization of SERCAZ2a. Alter-
natively, intermolecular conformational coupling and free

energy exchange during cycling may lower tHgs by 2.

lowering the energy of activation for €abinding, resulting

in an increase in the forward rate constant fo?Cainding

to E1, analogous to the activation of E2P hydrolysis
discussed above. This seems unlikely, however, given the
finding that PLB does not affect equilibrium &abinding

to the enzyme46).

We (Figure 1) and others3( have observed an increase
in Vimax for C&" sequestration when the regulatory control
of PLB is removed either by its exclusion from the membrane
(this study), by anti-PLB antibody treatment, or by phos-
phorylation of PLB 8). In addition, there have been two 5
reports of a reduction in Ca efflux activity activated by
phosphorylation of phospholambas) {). These changes in
enzyme turnover and €aefflux activity indicate the ability
of the cardiac pump to operate with an increased catalytic
efficiency in the presence of a &aransport gradient when
PLB is uncoupled from the pump. The increase in catalytic
efficiency under gradient-forming conditions suggests that
activation of SERCAZ2a leading to accelerated E2P turnover
may be coupled to a decrease in the luminat*Czinding
affinity. Enhanced E2P turnover can, in principle, increase

Vimax Dy competing with intravesicular €abinding at the 8.

luminal (low-affinity) transport sites on E2P:
E2P(Cg) < E2P+ 2C&", — E2+ P,

The rate at which CGd rebinds to E2P depends on the g
intravesicular C& concentration as well as the level of E2P,
which is maintained in a steady state by the rate constants

controlling its formation and breakdown. Increasing the rate 10.

of breakdown of E2P to;Rvill reduce the apparent affinity

of E2P for C&" (Ko5) by competing with the formation of
E2P(Ca). A similar effect on the luminaKg s for Cat can

be achieved by increasing the rate of release &f @am
E2P(Ca) separate from a change in its rate of formation
from E2P. In SERCA1, Ca de-occlusion from the
ADP-insensitive phosphoenzyme controls the rate of release
of C&" to the intravesicular compartmentl( 13), and
activation of spontaneous E2P hydrolysis in the cardiac
Ca"-ATPase (Figure 4B and Table 3) may involve a similar
phenomenon. A shift in the poise of intravesicular’Ca
binding to the right will lower the affinity of the luminal
transport sites for G4, overcoming the back inhibition from
the C&" transport gradient while improving the catalytic
efficiency. If the increase in catalytic efficiency is linked to
an increase in the lumina,s for C&" binding, then the
ability to observe the change Mmax Will depend on the
presence of a Ca transport gradienand the extent of SR
C&" loading This may be the crucial factor determining
the variability of the results in investigations of Caiptake
under Vmax conditions 2, 3). Future studies aimed at
characterizing Cd accumulation under variable loading
conditions are needed to answer this question about the
dependence o¥,.x on the C&" gradient and to determine
whether an increase in th& s for luminal C&* binding is
associated with the relief of phospholamban inhibition.
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