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ABSTRACT. Phospholamban (PLB) is a major target of flradrenergic cascade in the heart, and functions

as an endogenous inhibitor of Ca-ATPase transport activity. To identify whether oligomeric interactions
between PLB molecules are involved in regulating Ca-ATPase transport activity, we have investigated
functional interactions between PLB and the Ca-ATPase in proteoliposomes of purified PLB functionally
co-reconstituted with the SERCAZ2a isoform of the Ca-ATPase isolated from cardiac sarcoplasmic reticulum
(SR). The calcium sensitivity of this reconstituted preparation and functional stimulation by cAMP-
dependent protein kinase (PKA) are virtually identical to those of the Ca-ATPase in cardiac SR microsomes,
ensuring the functional relevance of this reconstituted preparation. Interactions between PLB molecules
were measured following covalent modification of the single lysine (i.e.?)Liys PLB isolated from
cardiac SR membranes with fluorescein isothiocyanate (FITC) prior to co-reconstitution with the
Ca-ATPase. FITC modification of PLB does not interfere with the ability of PLB to inhibit the
Ca-ATPase, since FITC-PLB co-reconstituted with the Ca-ATPase exhibits a similar calcium dependence
of Ca-ATPase activation to that observed in native SR membranes. Thus, the functional arrangement of
PLB with the Ca-ATPase is not modified by FITC modification. Using changes in the anisotropy of
FITC-PLB resulting from fluorescence resonance energy transfer (FRET) between proximal PLB molecules
to measure the average size and spatial arrangement of FITC chromophores, we find that PLB self-
associates to form oligomers whose spatial arrangement with respect to one another is in agreement with
earlier suggestions that PLB exists predominantly as a homopentamer. The inability of PKA to activate
PLB following covalent modification with FITC permits functional interactions between PLB molecules
associated with the Ca-ATPase activation to be identified. A second-order loss of Ca-ATPase activation
by PKA is observed as a function of the fractional contribution of FITC-PLB, indicating that PKA-
dependent activation of two PLB molecules within a quaternary complex containing the Ca-ATPase is
necessary for activation of the Ca-ATPase. We suggest that the requirement for activation of two PLB
molecules by PKA represents a physiological mechanism to ensure that activation of the Ca-ATPase
following S-adrenergic stimulation in the heart only occurs above a threshold level of PKA activation.

The 52 amino acid membrane protein phospholambanwithin the cytoplasmic domains of both the Ca-ATPase
(PLB)! regulates the sarcoplasmic reticulum (SR) Ca-ATPase (DKKDPV 4;) and PLB (Gluy to lle;g) have been identified
in response t@-adrenergic stimulation of the heatt, (2). that provide essential conformational features for these
Phosphorylation of PLB induced by either cAMP-dependent interactions as evidenced by the loss of the PLB-dependent
kinase (PKA) or calmodulin-dependent kinase at;§er shift in calcium activation of the Ca-ATPase when these
Thryz, respectively, results in an altered interaction with the residues are individually mutated, (5). Interactions between
Ca-ATPase that facilitates rate-limiting structural transitions transmembrane domains of PLB and the ATPase have also
of this active transport protein3). Amino acid residues  been implicated §), suggesting that the presence of the
phosphoryl group on PLB induces long-range structural
effects within PLB that may directly modify the calcium
sensitivity of the Ca-ATPase.

Information regarding the secondary structure of PLB has
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been obtained from circular dichroism (CD) and NMR
measurements of PLB in organic solvents and detergent
micelles, as well as Fourier transform infrared (FT-IR) and
CD measurements of PLB reconstituted into lipid bilayers
(7—12). The results of these studies are consistent with
predictions of PLB secondary structure based on its sequence
and have further suggested possible tertiary and quaternary
structures 11, 13-15). Early studies have interpreted the
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high propensity of PLB for aggregation in aqueous solution  Purification of the Cardiac SR Ca-ATPas®arcoplasmic
and its heat-labile association as higher molecular weight reticulum (SR) vesicles were isolated from porcine ventricles
species (predominantly pentamers) in both SDS ap#sC  as previously describe@T), and the Ca-ATPase was affinity
detergent micelles as evidence that PLB also exists as arpurified from SR using Reactive Red-Sephar@s®.(Protein
oligomer in the native SR membran&gj. Consistent with was assayed by the Amidoschwartz method using bovine
this interpretation, recent spin-label EPR and fluorescenceserum albumin as the standab).

resonance energy transfer (FRET) experiments have provided p| B purification.A fraction enriched in PLB purified from
direct physical evidence for the self-association of PLB as porcine cardiac SR by a procedure previously described for
stable oligomers in lipid bilayersl{—19). However, the  canine cardiac SR3() was solubilized in 1.25% SDS, 1
oligomeric state of PLB responsible for regulation of mm MgCl,, 5 uM CaCb, 0.14 M -mercaptoethanol, 0.5%
Ca-ATPase activity remains unclear. It has been SUQQGSte%romophenol blue, and 50% glycerol and heated at®5
that the inhibitory species of PLB is a monomer, since (i) for 2 min before application to 15% SDPAGE (1).
mutants of PLB that stabilize the monomeric state are more pjonomeric PLB migrating in the 68 kDa range, as
effective inhibitors of the Ca-ATPase and (ii) direct physical gentified by Western immunoblots, was excised for elec-
measurements indicate that the average oligomeric size ofirgelution with 0.01 M Tris-acetate (pH 8.6). Finally, the
PLB is decreased in the presence of the Ca-ATP&8e (  electroeluted sample was dialyzed against double distilled
23). However, full activation of the Ca-ATPase requires the \yater, concentrated in a Centriprep-3 (Amicon) ultrafiltration
phosphorylation of multiple PLB moleculeg4, 25, sug- concentrator, and lyophilized.

gesting that oligomeric interactions between PLB molecules o | . i o0 of Cardiac SR Ca-ATPase with PLB

may be important in the activation of the Ca-ATPase. To Affinity-purified SERCA2a was co-reconstituted with PLB,

address the functional oligomeric state of PLB in association essentially as previously described in Method | by Redd
with the Ca-ATPase, we have used spectroscopic and yasp Y . y ~eddy
and co-workers 32). Briefly, the following phospholipid

functional measurements of the interactions between PLB mixture was made in chioroform: by weight, 30% egg

and the cardiac SR Ca-ATPase (SERCAZ2a) within recon- . . : )
0, 0,
stituted and fully functional proteoliposomes. These mea- phosphatldylchqlme, .27@ €99 phpsphandylethanolam|ne, 5%
; egg phosphatidic acid, 15% brain phosphatidylserine, 10%
surements suggest that the phosphorylation of two PLB . : AR
egg sphingomyelin, and 13% soybean phosphatidylinositol.

molecules by cAMP-dependent protein kinase (PKA) is This mi dried under ni d redissolved
necessary for the observed activation of the Ca-ATPase,. IS mixture was red unaer hitrogen gas an | redissoive
‘in 100 mM potassium oxalate and 100 mM histidine (pH

consistent with earlier suggestions that the functional species7 0) using a bath sonicator. The resulting liposomes (0.84
of PLB is a dimer 26). Therefore, the activation of multiple mg) were mixed with 6Qug of lyophilized PLB, followed

PLB molecules may represent an important regulatory : - )

; . o by dropwise addition of 10% O-octyl--p-glucopyranoside
mechanism 1o ensure the co_ordl_nated_ activation .(.)f the(OG) with continual stirring until the suspension became
Ca-ATPase followings-adrenergic stimulation, also facilitat- clear. Affinity-purified cardiac Ca-ATPase (20@) in CioEs
ing rapid inactivation of the Ca-ATPase by phosphatases. ="' - 2 B PLBipid—detergent micelléé for
a final lipid:protein ratio of approximately 3:1 (w/w) and a
PLB:Ca-ATPase molar ratio of 5:1. Detergent was removed

VWR (St. Louis, MO). MOPS, KClI, and ultracentrifugation (Biorat_j SM2) per milliliter of _Iipiq solution in 3 h, finally
grade sucrose were purchased from Fisher (Fair Lawn, NJ).rémoving the BioBeads by filtering over glass wool. The

EXPERIMENTAL PROCEDURES

Reactive Red 120 and the detergexpctyl-3-p-gluco- reconstituted samples were concentrated by ultracentrifuga-
pyranoside were obtained from ICN (Aurora, OH). The tionat 32000 rom (1250@ for 1 hin aBeckman 50.2
detergent polyoxyethylene 8 lauryl ether{Es) was pur- Ti rotor, and the resuspended pellet was applied to a stepwise

chased from Nikko Chemical Co. (Hokkaido, Japan). Sucrose gradient consisting of the following layers (w/v):
Sepharose CL-4B, ADP, PKA, cAMP, ATRMgCl,, the 2.5%, 5%, 10%, 15%, and 20% SU(?I’OSG in 100 m%&,
calcium ionophore A2318The potassium ionophore valino- 10 MM PIPES (pH 7.0). The gradient was centrifuged at
mycin, EGTA and fluorescein isothiocyanate (FITC) were 13500@max (Beckman, SW 60Ti rotor) for 16 h at 4C.
purchased from Sigma (St. Louis, MO). The protonophore Fractions were collected and resuspended in 10% (w/v)
CCCP (carbonyl cyanide 3-chlorophenylhydrazone) was Sucrose, 100 mM §SQ,, 10 mM PIPES (pH 7.0). Based on
purchased from Fluka (Buchs, Switzerland). Egg phospha- apalyss by immunoblots (usmg antlbpdle§ directed against
tidylcholine, egg phosphatidylethanolamine, egg phosphatidic €ither PLB or SERCAZ2a), fractions migrating at the 5/10%
acid, brain phosphatidylserine, egg sphingomyelin, and and 10/15% interfaces were pooled for use in furt_her
soybean phosphatidylinositol were obtained from Avanti €xperiments as a homogeneous population of vesicles
Polar Lipids (Alabaster, AL). Primary antibodies against the containing both PLB and the Ca-ATPase.

SERCAZ2a (cardiac) isoform of the Ca-ATPase and against ATPase Actiity. Calcium-dependent ATPase activity was
PLB were obtained from Affinity Bioreagents (Golden, CO) measured in a solution containing 0.1 mg of protein/mL, 0.1
and Upstate Biotechnology (Lake Placid, NY). Peroxidase- M KCI, 5 mM MgCl,, 6 uM A23187, 25 mM MOPS (pH
linked goat anti-rabbit antibody was from Zymed (South San 7.0), 0.1 mM EGTA, and sufficient Cagto provide the
Francisco, CA). Calcium Green-5N was obtained from desired free calcium concentrations. Free calcium concentra-
Molecular Probes (Corvallis, OR). The monoclonal antibody tions were calculated from total calcium and EGTA con-
directed against PLB (clone 1D11) was a kind gift from centrations taking into account pH and Mand nucleotide
Merck Research Laboratories. concentrations33). The reaction was started by the addition
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of 5 mM ATP, and the initial rate of release of inorganic glass filter, followed by washing with nonradioactive reaction
phosphate was measuregty. buffer. Radioactivity associated with each filter was measured
Gel ElectrophoresisSodium dodecyl sulfatepolyacryl- by scintillation counting. Nonspecific radioactivity measured
amide gel electrophoresis was performed by the method ofin the absence of PKA was subtracted from the total
Laemmli 31), using 7.5% (w/v) or 15% (w/v) polyacryl-  radioactivity.
amide gels with a 3% stacking gel. Fluorescence MeasurementsSITC-PLB was excited at
Western Immunoblottindg?rotein from SDS PAGE was 485 nm, and emitted fluorescence was detected after a Schott
blotted onto nitrocellulose paper as described previo@dy (  OG-530 long-pass filter using a GlaiThompson polarizer
Primary antibodies against SERCAZ2a (clone IID8; Affinity set parallel or perpendicular to the vertically polarized
Bioreagents, Neshanic Station, NJ) and PLB (clone 1D11; excitation light. Steady-state polarizatid?) fvas calculated
Merck, Inc.) were diluted 1:10 000 and 1:500, respectively, from the ratio of the fluorescence intensitid} iheasured
for incubation with the nitrocellulose paper. Binding of with the polarizers on the excitation and emission sides of
primary antibody was visualized by peroxidase-linked goat the sample in the vertical (v) or horizontal (h) position. (For
anti-rabbit antibody (Zymed, South San Francisco, CA) and example, |, refers to the fluorescence intensity measured
the peroxidase substrate 4-chloro-1-naphthol. with the excitation polarizer in the vertical position and
Calcium Uptake.Calcium uptake of the reconstituted emission polarizer in the horizontal positioR.Js calculated
vesicles was monitored by changes in external calcium from the equation:
concentration using the fluorescent calcium chelator Calcium
Green-5N (Molecular Probes). Intravesicular oxalate, present . I — Gl
as a result of the reconstitution (see above), served as a P= I, + Gly, 1)
calcium precipitating agent for uptake measurements. Re-

constituted liposomes (5€200.g) were diluted in a buffer  whereG = I,,,/I, and corrects for the differing sensitivities

containing 100 mM KCI, 5 mM MgGl 100 mM MOPS  of the detection system for vertically and horizontally
(pH 7.0), 200uM EGTA, and 100 nM Calcium Green-5N.  polarized light 87).

Calibration was established in the same buffered solution Data Ana]ysis Decreases in the emission anisotropy
by addition of known calcium concentrations. Calcium [A = (1/P — 1/3)}] of FITC bound to PLB upon increasing
uptake, initiated by addition of 1 mM ATP to the sample the labeling stoichiometry result from fluorescence resonance
buffer, was measured by Changes in emission at 530 nm Wlthenergy transfer (FRET)’ and provide information regarding

an ISS fluorometer (model K2) in the ratio mode; a Xenon supunit interactions between neighboring PLB molecules
arc lamp provided excitation. (38—40), where

Phospholipid AssaySR samples were ashed with 70%
perchloric acid at 180C overnight. The inorganic phosphate N N—1)!
concentration was determined by reaction with 0.27% A(AGALA) = Zl
ammonium molybdate and 1.1% ascorbic acid. The absor- T (r—=1N-n)!
bance is monitored at 660 nm with inorganic phosphate as r—1A,—A)
a standard 36). _—
Derivatization of PLB with FITC.Freshly made FITC (N=D1)A—A)
(16.5 uM) was incubated with 2Qig/mL PLB in 0.3 M A= (A —A) (2)
sucrose, 0.1 M KCI, 1% D-octyl-5-p-glucopyranoside 14 r—DA—-A)
ICN), and 10 mM Tris (pH 9.2) o2 h at 22°C in the PV
(o e e | (N= D)4~ A)

dark. The reaction was stopped by a 10-fold dilution with

ice-cold 0.3 M sucrose, 0.1 M KCI, 20 mM MOPS (pH 7.0), ) . . .

followed by dialysis against 20 mM MOPS (pH 7.0), AoAsA) is the measured emission anisotrofyis the
overnight at 4°C. This sample was concentrated (approxi- |2P€ling stoichiometry of FITC per mole of PLB| is the
mately 10-fold) with a Centriprep-3 ultrafiltration concentra- 2Pparent oligomeric size of PLBy, is the initial emission
tor at 300@may for 2—3 h. The stoichiometry of bound FITC ~ @nisotropy in the absence of FREA; is the emission
per Ca-ATPase polypeptide chain was measured in the@nistropy when all FITC labeling sites within the Ca-ATPase
presence of 1% SDS, 0.1 M NaOH, using the molar oligomeric complex are saturated, aAdis the emission
extinction coefficients of 80 000 M cm-* at 495 nm for anisotropy after one FRET event. Fitting the data involves
FITC and 1323 M! cm? for tyrosine absorbance at 280 ncrementally adjustindi by integral values and solving for
nm to determine protein concentration. FITC-modified PLB Ao As @ndA, which provide information regarding both the

was dialyzed against distilled water and lyophilized for later SPatial separation and orientation of chromophores on
reconstitution. adjacent Ca-ATPase polypeptide chaid8)(Knowledge of

Measurements of the Extent of Phosphorylation of PLB A0 As A, and the Fester distanceRo) permits calculation
Induced by PKAPLB or fully labeled FITC-PLB was of the average separation) petween FITC chromophores,

reconstituted into liposomes of extracted SR lipids. Subse- Where

quently, these (0.05 mg/mL) proteoliposomes were incubated

at room temperature for 10 min with 6@/mL PKA, 1uM P = Roi(ZAt/Ao) 12 (A A) 3)
CAMP, 5 mM [y-32P]ATP (4500 cpm/nmol), 100 mM KCl, 3 (Ag—AJIN—1)

5 mM MgCh, 100 uM EGTA, 103 uM CaCh, 25 mM

MOPS (pH 7.0). The calculated free calcium concentration In the presence of a heterogeneous population of PLB
was 0.5uM. The reaction was stopped by filtration on a molecules with two known oligomeric stated, andNy, the

O Y1 —HVT x
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Ficure 1: Protein composition of reconstituted proteoliposomes.
9% Laemmli gels (panel A) of reconstituted proteoliposomes stained

1x10°

10°®

with Coomassie blue (lane 1) and after immunoblotting and

detection using primary antibody directed against the Ca-ATPase
(lane 2). Panel B represents an immunoblot using anti-PLB antibody
after separation with a 13% resolving gel of the same reconstituted
proteoliposomes. The relative migrations of molecular mass markers

[ Calcium] _ (M)

FIGURE 2: Functional regulation of reconstituted Ca-ATPase by
PLB. Calcium concentration dependence of normalized calcium-

are indicated on the left side of each panel; markers include myosin
(200 kDa), phosphorylade(97.4 kDa), bovine serum albumin (66
kDa), ovalbumin (45 kDa), soybean trypsin inhibitor (29 kDa),

dependent ATPase activity of native porcine cardiac SF®J
compared with activities for the cardiac Ca-ATPase co-reconstituted
with either PLB ¢©,¢) or FITC-PLB (J,m) isolated from cardiac

lysozyme (14.2 kDa), and aprotinin (6.5 kDa). SR or using recombinant PLB expressed and purified fEorooli

(2,4) in the absenced,<&,0,A) or presence®, ¢ M.4) of 1 uM
fractional contribution of each species can be determined cAMP and 80ug/mL bovine heart PKA. Initial rates of ATP
from hydrolysis were measured at 2& in a medium of 0.1 mg of
protein/mL containing 25 mM MOPS (pH 7.0), 0.1 M KCI, 5 mM
ATP, 6uM A23187, 5 mM MgC}, 0.1 mM EGTA, and sufficient
CaCl, for the free calcium concentrations indicated. All specific
activities were normalized relative to the maximal activity of each
sample. Maximal calcium-dependent ATPase activities were 2.2
and 1.1umol min~* mg~? for reconstituted and cardiac SR samples,
respectively. Maximal calcium uptake activities for reconstituted
samples and cardiac SR weret4l umol mint mg! and 1.9+
0.1 nmol mim® mg1, respectively. Symbols represent the means
of four determinations using two separate preparations. Standard
errors were less than 5% of the indicated values.

Aobserved: [faAa(Na)] + [(1 - fa)Ab(Nb)] (4)

In fitting the emission anisotropy as a function of the
fractional saturation of fluorophore sites, various integral
values ofN were specified, and for each value, a three-
parameter fit was performed with optimal valuesAgf A;,
and As. Minimal chi-squared values of the fits indicated
which value ofN best described the data.

RESULTS native cardiac SR (Figure 2). Thus, these reconstituted
proteoliposomes contain substantial populations of both
Functional Characterization of Reconstituted Proteolipo- Ca-ATPase and PLB that are asymmetrically oriented and
somes.Phospholamban (PLB) and the Ca-ATPase were conformationally competent to allow the functional inter-
separately purified from porcine cardiac SR8( 30. actions and the structural transitions required for increased
Subsequently, these purified proteins were co-reconstitutedcalcium transport in response to the phosphorylation of PLB.
at a molar ratio of five PLB to one Ca-ATPase into vesicles  Oligomeric Interactions between PLB in Reconstituted
of mixed phospholipids32, 4. A homogeneous population  Proteoliposomeslo determine the average oligomeric size
of reconstituted proteoliposomes containing both the of PLB in these reconstituted membranes, we have used
Ca-ATPase and PLB with a buoyant density between 5% fluorescence resonance energy transfer (FRET) measure-
(w/v) and 15% (w/v) sucrose was obtained using a sucrosements, taking advantage of the ability to selectively and
density gradient; this vesicle fraction was shown to be covalently modify the single primary amine in PLB (s
enriched in both PLB and the Ca-ATPase based on gels andwith fluorescein isothiocyanate (FITC) prior to its co-
immunoblots with antibodies directed against these respectivereconstitution with the Ca-ATPase44). The resulting
proteins (Figure 1). These proteoliposomes have a lipid preparation exhibits an equivalent calcium dependence to that
content similar to that of native cardiac SR membranes (0.8 of native cardiac SR prior to PLB phosphorylation, indicating
mg/mg), and are tightly sealed and fully functional as that FITC does not affect the ability of PLB to inhibit
evidenced by high rates of calcium-dependent ATPase Ca-ATPase activity. Fluorescein with its large quantum yield
activity that are stimulated upon addition of the calcium and small Stokes shift results in substantial spectral overlap
ionophore A23187 to a similar extent as that observed usingbetween the emission and absorption spectra that allows this
native cardiac SR vesicles. Alternatively, the Ca-ATPase wasfluorophore to serve as both an energy transfer donor and
reconstituted with PLB that was expressed and purified from acceptor 89). Thus, two molecules of FITC within a critical
E. coli (42). The calcium dependences of the catalytic activity distance of one another can transfer nonradiative energy
for the Ca-ATPase in these reconstituted vesicles are virtually (homotransfer) as in the case of different donor and acceptor
identical to those observed using native cardiac SR mem-probes (heterotransfer). With adster critical distanceR)
branes, and the extent of activation of these membranes byof 50 A, homotransfer between fluorescein chromophores
saturating concentrations of calcium or following addition has been shown to provide a sensitive measure of oligomeric
of cAMP-dependent protein kinase (PKA) at submicromolar protein associations38—40, 45. Based on the strong
calcium concentrations is comparable to that observed for depolarization of fluorescence emission by homotransfer, we
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Ficure 3: Oligomeric interactions between PLB molecules. Panel e
A shows FITC anisotropy data as a function of the fraction of FITC- 00 02 04 06 08 1.0
PLB, where data points represent the average values obtained from

four independent measurements and the error bars are the standard [FITC-PLB]/[PLB]
errors of the mean. Solid and dotted lines, respectively, represent
least-squares fits of the data to eq 2 under Experimental Procedure
corresponding to a pentamer or monomer, assuming a single
oligomeric state for PLB. The dashed line indicates the best fit
assuming a distribution of oligomeric states for PLB obtained from
a densitometric analysis of immunoblots (see lane 3, Figure 2),
corresponding to 47% monomer and 53% pentamer. Panel B show
the normalized chi-squared valug3y) for fits assuming that PLB

is a homogeneous population of different oligomeric sizes, where
the F-statistics corresponding to one and two standard deviations
(o) from the optimal fit are shown as horizontal dotted lines. Panel

C shows the normalizeghy values determined from a least-squares v . - .
fit to the data, using a two-state model, where varying fractions of stoichiometry), wheren is varied between 1 and 5. Experimental

monomeric PLB are assumed with the remainder of the PLB conditions are as described in the legend to Figure 1, except that

assumed to be pentameric (see eq 4 under Experimental Proceduresi’€ free calcium concentration was maintained at.0/b
Corresponding values for the average distamgg lpetween FITC ) ) ) )
chromophores on adjacent PLB molecules for a pentameric as-less than 1r) by a model in which the average oligomeric

sociation are shown on the top axis, as determined using eq 3 undektate N) of PLB is a pentamer or larger (Figure 3B), in
Experimental Procedures. agreement with earlier result$g, 19. From these fits, the

have used measurements of fluorescence polarization (anisomean distances recovered between FITC fluorophores on
tropy) to determine the average oligomeric size of PLB. The neighboring PLB molecules vary between 28 and 31 A upon
presence of multiple energy transfer neighbors results in increasing the value dfl from 5 to 10. These distances are
greater depolarization of fluorescence emission and thus the/€ss than 0.B,, which has been shown to be optimal for
measured anisotropy is dependent upon the number of energyesolving the number of subunits in an oligomer by measure-
transferring units within a cluster of neighbors. ments of homotransfe#().

Steady-state anisotropy, plotted in the form of a Perrin ~ While these anisotropy data are consistent with large
equation, i.e., (B — 1/3), was measured for samples co- oligomers as the predominant cluster group in these mem-
reconstituted with varying fractions of unlabeled and FITC- branes, the data can be equally well fit to a model that
labeled PLB relative to the Ca-ATPase (Figure 3A). Upon assumes two populations of oligomers (Figure 3A, dotted
increasing the fractional incorporation of FITC-PLB, a line). Thus, assuming that PLB exists predominantly as a
progressive decrease in the measured anisotropy is observednixture of monomers and pentamers, it is possible to estimate
implying the mixing of labeled and unlabeled populations the relative amounts of each species based on the goodness
of PLB in reconstituted proteoliposomes and concomitant of fit of the data to various models. An upper limit for the
increases in energy transfer between FITC molecules as theconcentration of monomeric species is estimated-38%
amount of available probe sites are saturated. The anisotropyof the total PLB (Figure 3C). These data are consistent with
value at the lowest labeling stoichiometry, which is near the suggested models having two populations of PLB species:
theoretical maximum (rigid limit) of 0.6, demonstrates a one, pentameric self-associating PLBs; and a second, mono-
highly ordered environment around FITC, consistent with meric species that interact with the Ca-ATPak®, (19, 23.
earlier suggestions that the amino terminus of PLB exhibits  Functional Interactions between PLB Moleculeo
considerable structuré?, 14. The decrease in the emission identify the oligomeric species of PLB relevant to their
anisotropy upon increasing the fraction of FITC-PLB indi- function as an inhibitor of the Ca-ATPase, we have taken
cates the presence of subunit interactions between PLBadvantage of the ability of FITC to inhibit PLB activation
molecules, as illustrated by the contrast between a modelwithout interfering with its normal inhibitory interactions of
for monomers, represented by the dashed horizontal line inthe Ca-ATPase. For example, concomitant with the recon-
Figure 3A, and the data (see eq 2 under Experimental stitution of increasing fractions of FITC-PLB, we observe a
Procedures). The data were further fit to a series of modelsdecrease in the ability of PKA to activate the Ca-ATPase;
in which the oligomeric stateN) was set at various integer complete loss of activation coincides with full derivatization
values ranging from 1 to 10. The relative goodness of fit, as of PLB (Figure 4). At the same time, fully labeled PLB
assessed by the reduced chi-squared valug$, Guggests  exhibits normal inhibition of the Ca-ATPase as evidenced
that the data are best described (based on chi-squared valudsy Ca-ATPase activities measured at diagnostic calcium

total

IGURE 4. Relationship between activation of Ca-ATPase activity

y PKA and fraction of FITC-PLB. Calcium-dependent ATPase
activity of the cardiac Ca-ATPase co-reconstituted with different
ratios of fully FITC-derivatized and unlabeled PLB was measured
as described under Experimental Procedures. Data are plotted as

ctivity in the presence minus that in the absence of cAMP and

KA as a function of moles of FITC per mole of ATPase. Data
points represent the average values of four independent measure-
ments using two different preparations, where error bars represent
the standard errors of the mean. Lines represent models for first-
through fifth-order inactivation, i.e., where activatien (FITC
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Table 1: PKA-Dependent Phosphorylation of Reconstituted arrangement of PLB oligomerd4, 19. FITC modification

EITC-Labeled PLB does not interfere with inhibitory interactions between PLB
phosphorylated PLB and the Ca-ATPase (Figure 1), indicating that normal

samplé (nmol of 32P/mol of PLB) structural interactions between PLB and the Ca-ATPase are
CaATPasePLB 03101 maintained. However, FITC modification specifically blocks
Ca-ATPaseFITC—PLB 0.4+ 0.1 the normal activation of the Ca-ATPase by PKA, permitting

aPLB- or FITC-labeled PLBs were separately reconstituted with the a determination (.Jf the ollgomerlc speme; that r.egl'”ate
Ca-ATPase into liposomes of extracted SR lipids as described underCa-ATPase funCt'on-. We find . that upon increasing th_e
Experimental Procedure3The extent of phosphorylation by PKAwas ~ fraction of FITC-PLB in reconstituted membranes, there is
assessed by incubation of 0.05 mg/mL reconstituted proteoliposomesa second-order loss in the ability for PKA to activate the
with 60 ug/mL PKA, 1uM cAMP, 5 mM [32P]ATP, 0.1 M KCl, 5.0 Ca-ATPase (Figure 4), indicating that activation of the

mM MgCl,, 100u4M EGTA, 103uM CaCl, 25 mM MOPS (pH 7.0) g o .
for 10 min at room temperature. The incubation mixture was subse- Ca-ATPase requires the activation of multiple PLB molecules

quently filtered and washed, and bound radioactivity was counted by Within a quaternary complex containing the Ca-ATPase.

scintillation counting. Nonspecific radioactivity, measured by incubation These results suggest that functional linkages between PLB
of proteoliposomes in the absence of PKA before filtration, washing, polypeptide chains are important to Ca-ATPase activation,
and gqunting, was subtracted from t_he tota_ll radioactivity. Under these either by direct linkage or through interacting Ca-ATPase

conditions, 44+ 9% of the cytosolic portions of PLB (covalently .

modified with dansyl chloride) was released into the supernatant. molecules (Figure 5).

Relationship to Preious ResultsPLB represents a major
target of thes-adrenergic cascade in the heart, and has been
shown to function as a major regulator of the Ca-ATPase in
cardiac SR membrane§,(46-48). The enhanced calcium
sensitivity of the Ca-ATPase concomitant with PLB phos-
phorylation results in increased myocardial contractility. The
nature of the structural interaction between PLB and the
Ca-ATPase has attracted considerable attention, as the
disruption of this interaction may represent an important
target for drug development that could enhance the calcium
handling properties of the failing hea#9). An important
aspect of this interaction is the stoichiometry between PLB
and the Ca-ATPase, especially in view of the striking
propensity of PLB for self-association. Self-association in
SDS has been extensively documented using-SPSGE,
which indicates that PLB migrates preferentially as mono-
meric and homopentameric complex@s,(50-52). Con-
sistent with the observed distribution of PLB oligomeric
pecies in detergent, spin-label EPR spectroscopy and
uorescence resonance energy transfer measurements of PLB
reconstituted within membranes demonstrate that the average
oligomeric size of PLB oligomers is also a homopentamer
(18, 19. Possible structures of the homopentamer have been
suggested from a consideration of both (i) the chemical
reactivity of the cysteines within the transmembrane portion
of PLB to chemical modification and (ii) correlations
o o ) between site-directed mutations within PLB that modify the
The resulting inactivation data reveal that there is not a one- jistribution of oligomeric species on SBRAGE (14, 53,
to-one loss of activation as a function of FITC modification 54). These structural models are consistent with measured
of PLB (Figure 4). Rather the data in Figure 4 are best yistances between chromophores bound to3 Lithin

concentrations that fall on the calcium activation curve of
unlabeled PLB (Figure 2). The reduced ability of PKA to
reverse the inhibition of FITC-PLB of the Ca-ATPase
suggests that the fluorescein moiety of FITC may either
prevent phosphorylation of Sérin PLB by PKA or,
alternatively, prevent phosphorylation-dependent structural
transitions responsible for activation of the Ca-ATPase.
Direct measurements of the extent of phosphorylation of PLB
after exposure to3fP]JATP under PKA phosphorylating
conditions demonstrate that FITC modification does not alter
the ability of PLB to be phosphorylated (Table 1). However,
irrespective of the mechanism, the loss of PKA activation
induced by modification of PLB with FITC allows the
titration of the fraction of activatable PLB molecules
following co-reconstitution of the Ca-ATPase. As a conse-
guence, information regarding functional interactions be-
tween PLB molecules is available from a consideration of
the relationship between the decrease in the PKA—dependenﬁ
activation of the Ca-ATPase and the fraction of FITC-PLB,
where the

extent of PKA-dependent activatien
[FITC-PLB]

~ [FITC-PLB] + [PLB]

n

described by a second-order loss of activation (1€, 2.2 pejghboring PLB molecules co-reconstituted with the
+ 0.2), suggesting the involvement of two PLB molecules c4-aTpase, which were determined to be approximately 21
with each functional unit of the Ca-ATPase. A (19). However, the function of oligomeric forms of PLB

has been unclear, as the presence of the Ca-ATPase results
DISCUSSION in the stabilization of monomeric forms of PLBLY).
Summary of ResultdJsing PLB covalently modified at  Moreover, PLB mutants that stabilize the monomeric form
Lys® with FITC, we have investigated both the structural of PLB are capable of full inhibition of the Ca-ATPase,
arrangement and the functional interactions of PLB molecules suggesting that pentamers are not the activating species of
co-reconstituted with the Ca-ATPase in lipid membranes PLB (5, 19, 20, 21, 23, 55 In contrast, full activation of
where PLB is in molar excess of the Ca-ATPase. We have the Ca-ATPase has been shown to require the phosphoryl-
identified the average oligomeric state of PLB to be a ation of multiple PLB molecules by PLB24, 25. These
pentamer or larger. The average spatial separation betweetatter results are in agreement with the second-order loss of
FITC chromophores is between 21 and 31 A, depending onthe PKA-dependent activation of the Ca-ATPase reconsti-
the model used to analyze the data (Figure 3). These distancetuted with varying fractions of FITC-PLB (Figure 4), where
are consistent with earlier models regarding the structural FITC-PLB stabilizes the inhibitory interaction between PLB
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Ficure 5: Model depicting possible interactions between PLB and the Ca-ATPa®eis shown as a monomeric unit interacting with

each Ca-ATPase; two Ca-ATPadeLB heterodimers interact as a functional unit. Activation of the Ca-ATPase by PKA is suggested to
require the phosphorylation of two PLBs within a dimeric complex containing two Ca-ATPase polypeptide chains. Phosphorylation of
PLBs results in conformational changes to both PLB and the Ca-ATPase, including the spatial rearrangement of Ca-ATPase polypeptide
chains with respect to one another, as previously shown to be associated with enzyme activation By F39A Conformational changes

of PLB, largely undefined as yet, exclude its dissociation from the Ca-ATRds&4, 6. Larger oligomers of PLB (not shown) are not

directly involved in the functional regulation of the Ca-ATPase. The overall shape of the Ca-ATPase is highly asymmetrical, and was
derived from the 14 A resolution image obtained using image-enhanced cryo-electron micra&gopy (

and the Ca-ATPase. These results suggest that activation ofunction, and are presumably involved in intraprotein inter-
the Ca-ATPase requires the PKA-dependent activation of two actions 4, 5, 20, 60, 68 FRET between fluorophores on
PLB molecules, implying that endogenous phosphatases carCa-ATPase polypeptide chains and rotational diffusion
function to ensure the Ca-ATPase remains in the less activemeasurements demonstrate that PLB phosphorylation results
state prior to a large increase in the activity of PKA following in the reorientation of Ca-ATPase polypeptide chains with
fB-adrenergic stimulation. These results suggest that observedespect to one another within defined oligomé&, (59, 6).
differences in the abilities of PLB to regulate the Ca-ATPase PLB phosphorylation alters the interaction between PLB and
under in vitro and in vivo conditions may involve differences the Ca-ATPase, without dissociation of the cytosolic domain
in the steady-state levels of PLB phosphorylati&B)( of PLB from the Ca-ATPaset@, 63, 64.

Model lllustrating Proposed Interactions between PLB and
the Ca-ATPaseThe second-order decrease in the extent of CONCLUSIONS
activation of the Ca-ATPase co-reconstituted in the presence We have demonstrated that PLB self-associates to form

pf yanable fl’aCt.IOI’]S of FITC-PLB observed n this study large oligomers consisting of five or more subunits following
!ndlcates a r_equ_|rement for two PLB molec_ules in the PKA- functional reconstitution with the Ca-ATPase, but that the
induced activation of the Ca-ATPase (Figure 4). As an qigomeric state of PLB in association with the Ca-ATPase
illustration of the interpretation of this kind of data, the g considerably smaller. Thus, while FITC-PLB undergoes
effects on activation by random modification with FITC of ., inhibitory interactions with the Ca-ATPase, the
50% of the PLB molecules can be considered. For example, soonq.-order loss in the ability to activate the Ca-ATPase
random modification of 50% of PLB in a dimeric arrange- by PKA upon reconstitution of varying fractions of FITC-

ment with a functional unit (eit_her monomer or oligomer) PLB indicates that the activation of multiple PLB molecules
of the Ca-ATPase would result in 75% loss of PKA-induced 5 hecessary for activation of the Ca-ATPase. Since site-

activation of the Ca-ATPase, i.e., second-order inactivation, directed mutations that stabilize the monomer of PLB are

as observed here (Figure 5). In contrast, random modificationable to fully activate the Ca-ATPase, these results suggest

of 50% of PLBs that are arranged as one PLB per functional o+ 5 single PLB molecule binds to each Ca-ATPase to form
i - I 0, I I . .. . .
unit of the Ca-ATPase would result in 50% loss of activation, . ¢ nctional complex consisting of two heterodimers (Figure

i.e., first-order inactivation. For an alternate arrangement in 5). Thus, in the presence of saturating PLB (as used in this
which pentameric PLBs are associated with the Ca—ATPasestudy)' PKA-dependent activation of both molecules of PLB

in such a manner that two PLB subunits directly interact is necessary to promote conformational changes within

‘gl'fg the CIC?'BA‘TP""SE" rgndom rrqdifiiatg/oT of 5]9% of the i gividual Ca-ATPase polypeptide chains necessary for
h SWP?UI € expecte dtol r%sutln? ?] 0/0SS O a_CtIVE(l:;[IOI’l. enzyme activation. This mechanism of regulation has the
Thus, the latter two models do not fit the inactivation data ,aniq| to fine-tune the activation of the Ca-ATPase through

(Fi_gurfe ;1)' While these data do not adl_drlf_ss thedfundqtiqnal the 8-adrenergic cascade, such that a threshold level of PKA
unit of the Ca-ATPase, previous cross-linking and radiation oy ation is necessary to result in enhanced Ca-ATPase
inactivation experiments have indicated a dimeric Ca-ATPase activity.

(56—59). Therefore, a possible model for these interactions

involves a functional complex consisting of two heterodimers REEERENCES
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