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Phospholamban remains associated with the Ca2+- and Mg2+-dependent
ATPase following phosphorylation by cAMP-dependent protein kinase
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We have used fluorescence and spin-label EPR spectroscopy to

investigate how the phosphorylation of phospholamban (PLB)

by cAMP-dependent protein kinase (PKA) modifies structural

interactions between PLB and the Ca#+- and Mg#+-dependent

ATPase (Ca-ATPase) that result in enzyme activation. Following

covalent modification of N-terminal residues of PLB with dansyl

chloride or the spin label 4-isothiocyanato-2,2,6,6-tetramethyl-

piperidine-N-oxyl (‘ ITC-TEMPO’), we have co-reconstituted

PLB with affinity-purified Ca-ATPase isolated from skeletal sar-

coplasmic reticulum (SR) with full retention of catalytic function.

The Ca#+-dependence of the ATPase activity of this reconstituted

preparation is virtually identical with that observed using native

cardiac SR before and after PLB phosphorylation, indicating

that co-reconstituted sarcoplasmic}endoplasmic-reticulum Ca#+-

ATPase 1 (SERCA1) and PLB provide an equivalent exper-

imental model for SERCA2a–PLB interactions. Phosphorylation

of PLB in the absence of the Ca-ATPase results in a greater

amplitude of rotational mobility, suggesting that the structural

linkage between the transmembrane region and the N-terminus

INTRODUCTION

At submicromolar Ca#+ concentrations, the Ca#+-transport ac-

tivity of the Ca#+- and Mg#+-dependent ATPase (Ca-ATPase) in

cardiac sarcoplasmic-reticulum (SR) membranes is regulated by

phospholamban (PLB), a major target of the β-adrenergic

cascade in the heart [1,2]. In the dephosphorylated state, PLB

inhibits the Ca-ATPase. Phosphorylation of PLB at Ser"' or

Thr"( by cAMP- or Ca#+-calmodulin-dependent protein kinase

respectively relieves this inhibition, resulting in more rapid rates

of Ca#+ re-sequestration into the SR and thereby increasing the

rate of cardiac relaxation [3–5]. The inhibitory effect of PLB

on the Ca-ATPase has been suggested to involve the reversible

binding of PLB to the Ca-ATPase, based largely on the obser-

vation that PLB modified with a photoactivatable cross-linker at

Lys$ can be cross-linked to the Ca-ATPase before, but not after,

phosphorylation of Ser"' of PLB [5,6]. Moreover, specific amino

acid residues within the cytoplasmic domains of both PLB and

the Ca-ATPase have been shown to be crucial for the functional

inhibition of the Ca-ATPase by PLB [7,8]. Consistent with a

specific binding interaction between PLB and the Ca-ATPase,

recent measurements using proton NMR have demonstrated

complex-formation between the Ca-ATPase and a peptide cor-

responding to the cytosolic domain of PLB [9]. Contact inter-

actions between the N-terminal eight residues of PLB and the

Abbreviations used are : BAPTA, 1,2-bis-(o-aminophenoxy)ethane-N,N,N«,N«-tetra-acetic acid ; Ca-ATPase, Ca2+- and Mg2+-dependent ATPase;
C12E9, nona(ethylene glycol) dodecyl ether ; CCCP, carbonyl cyanide 3-chlorophenylhydrazone ; FD, frequency domain; ITC-TEMPO, 4-isothiocyanato-
2,2,6,6-tetramethylpiperidine-N-oxyl ; PKA, cAMP-dependent protein kinase ; PLB, phospholamban; SR, sarcoplasmic reticulum; τ, mean fluorescence
lifetime; φ, rotational correlation time; SERCA, sarcoplasmic/endoplasmic-reticulum Ca2+-ATPase ; L37A etc., Leu37 !Ala etc.
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is destabilized. However, whereas co-reconstitution with the Ca-

ATPase restricts the amplitude of rotational motion of PLB,

subsequent phosphorylation of PLB does not significantly alter

its rotational dynamics. Thus structural interactions between

PLB and the Ca-ATPase that restrict the rotational mobility of

the N-terminus of PLB are retained following the phosphoryl-

ation of PLB by PKA. On the other hand, the fluorescence

intensity decay of bound dansyl is sensitive to the phosphoryl-

ation state of PLB, indicating that there are changes in the

tertiary structure of PLB coincident with enzyme activation.

These results suggest that PLB phosphorylation alters its struc-

tural interactions with the Ca-ATPase by inducing structural

rearrangements between PLB and the Ca-ATPase within a

defined complex that modulates Ca#+-transport function.

Key words: Ca#+ transport, fluorescence spectroscopy, mem-

brane reconstitution, protein–protein interactions, spin-label

EPR.

Ca-ATPase are retained following phosphorylation, suggesting

that current models that emphasize the phosphorylation-

dependent dissociation of PLB from the Ca-ATPase may not

be correct [9,10]. However, a quantitative interpretation of these

latter experiments is hampered by the inability of the peptide

corresponding to the cytosolic domain of PLB to functionally

regulate the Ca-ATPase under the conditions used in these

experiments. Therefore, to identify possible alterations in the

interactions between PLB and the Ca-ATPase that are affected

by the phosphorylation of PLB, we have used spin-label EPR

and fluorescence spectroscopy to measure the structural inter-

action between intact PLB and the Ca-ATPase in reconstituted

membranes. In these reconstituted preparations the Ca-ATPase

is fully regulated by the phosphorylation state of PLB. We find

that PLB phosphorylation by cAMP-dependent protein kinase

(PKA) results in small alterations in the tertiary structure, but

that PLB remains motionally restricted by the Ca-ATPase.

These results suggest that there are phosphorylation-dependent

structural rearrangements between PLB and the Ca-ATPase

within a stable oligomeric complex that modulate transport

function.

A preliminary account of this work was presented at a

symposium entitled ‘Cardiac Sarcoplasmic Reticulum Function

and Regulation of Contractility ’ sponsored by the New York

Academy of Sciences [11].
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EXPERIMENTAL

Materials

CaCl
#
standard solutions were purchased from VWR (St. Louis,

MO, U.S.A.). Mops, KCl and ultracentrifugation-grade sucrose

were purchased from Fisher (Fair Lawn, NJ, U.S.A.). Reactive

Red 120 and the detergent N-octyl β--glucopyranoside were

obtained from ICN (Aurora, OH, U.S.A.). Sepharose CL-4B,

the detergent nona(ethylene glycol) dodecyl ether (C
"#

E
*
), ADP,

PKA, cAMP, ATP, MgCl
#
, the Ca#+ ionophore A23187, the

potassium ionophore valinomycin, EGTA and 4-isothiocyanato-

2,2,6,6-tetramethylpiperidine-N-oxyl (ITC-TEMPO) were pur-

chased from Sigma (St. Louis, MO, U.S.A.). The protonophore

carbonyl cyanide 3-chlorophenylhydrazone (CCCP) was pur-

chased from Fluka (Buchs, Switzerland). Dansyl chloride

and the Ca#+-sensitive dye 1,2-bis-(o-aminophenoxy)ethane-

N,N,N«,N«-tetra-acetic acid (BAPTA) were purchased from Mol-

ecular Probes (Eugene, OR, U.S.A.). PLB was cloned into a

pGEX-2T plasmid expression vector, expressed in JM109

Escherichia coli cells, and purified by preparative SDS}PAGE, as

previously described [12]. Mouse monoclonal antibodies against

this recombinant PLB were prepared and purified from ascites

fluid using standard protocols [13]. SR vesicles were isolated

from either rabbit skeletal fast-twitch muscle or porcine hearts as

described previously [14,15]. Lipids were extracted from skeletal

SR vesicles with organic solvents as previously described [16,17].

Ca-ATPase from skeletal SR was affinity-purified essentially as

previously described [18,19]. Native and reconstituted vesicles

containing the Ca-ATPase were stored at ®70 °C.

Co-reconstitution of the Ca-ATPase with PLB

Unless otherwise specified, the purified Ca-ATPase was recon-

stituted in the presence of a 3-fold molar excess of PLB into

lipids extracted from SR membranes, with minor modifications

to established protocols [20,21]. Before reconstitution, 1.0 mg of

extracted SR lipids was dried under nitrogen gas and kept in a

vacuum desiccator overnight. The dried SR lipids were dispersed

in approx. 0.5 ml of a reconstitution buffer [20 mM Mops

(pH 7.0)}0.1 M KCl}0.1 mM CaCl
#
}0.3 M sucrose] and solu-

bilized by the addition of 12 mg of octyl glucoside. Separately,

200 µg of purified Ca-ATPase (E2nmol) was mixed with

36 µg of PLB (E 6 nmol), solubilized in 4 mg}ml C
"#

E
*

(or an

equivalent volume of 4 mg}ml C
"#

E
*

when the Ca-ATPase was

reconstituted without PLB) in a final volume of 100 µl. This

mixture was then combined with the solubilized SR lipids, result-

ing in a final volume of 1.0 ml. To remove detergent, 100 mg

of Bio-Beads SM-24 (Bio-Rad, Richmond, CA, U.S.A.) was

added, and the solution was incubated with gentle stirring for 1 h.

Two more 100 mg aliquots of Bio-Beads were added at 1 h

intervals. The resulting reconstituted vesicles were removed from

the Bio-Beads and concentrated by centrifugation at 300000 g
max

for 15 min. In order to minimize light-scattering for fluorescence

measurements, the amount of lipid was decreased to equal the

total mass of reconstituted protein. To enhance the fraction

of PLB interacting with the Ca-ATPase, the amount of PLB

included in the reconstitution was reduced to approx. 3 µg

(E 0.5 nmol of PLB) for the majority of the spectroscopic

measurements.

Enzymic and protein assays

The ATP-hydrolytic activity of the Ca-ATPase was determined

by measuring the release of P
i
[22], using either 10 or 100 µg of

protein}ml in a solution containing 50 mM Mops (pH 7.0),

0.1 M KCl, 5 mM MgCl
#
, 1 mM EGTA, 2 µM A23187, 1 µM

CCCP, 2 µM valinomycin, 0.3 M sucrose and sufficient Ca#+ to

yield the desired concentration of free Ca#+. To phosphorylate

PLB for enzyme-activity measurements, 10 µg of PKA}ml and

1 µM cAMP were also included in the assay buffer, incubating

the solution at 25 °C for 10 min prior to the addition of 5 mM

ATP to start the reaction. The extent of PLB phosphorylation

induced by PKA involved incubation of proteoliposomes for

10 min in the presence of [γ-$#P]ATP (4500 c.p.m.}nmol) in the

presence of 0.5 µM free Ca#+. The reaction was stopped by

filtration on a glass filter, followed by washing with non-

radioactive reaction buffer. Radioactivity associated with each

filter was measured by liquid-scintillation counting. Non-specific

radioactivity measured in the absence of PKA was subtracted

from the total radioactivity. Protein concentrations of PLB

stocks were determined by amino acid analysis. All other protein

concentrations were determined by the Amido Black method

[23].

Determination of Ca2+ binding affinities

To analyse the relative affinities and co-operative interactions

between high-affinity Ca#+ binding sites on the Ca-ATPase,

the Ca#+-dependent activation of the Ca-ATPase was fit to the

following equation:

ATPase activity¯
K

"
[Ca#+]

free
2K

#
[Ca#+]#

free

2(1K
"
[Ca#+]

free
K

#
[Ca#+]#

free
)

(1)

ATPase activity represents the measured Ca#+-dependent ATPase

activity and is assumed to result from the fraction of Ca-

ATPase polypeptide chains in which both high-affinity Ca#+ sites

are occupied by Ca#+. K
"
corresponds to the sum of the intrinsic

equilibrium constants associated with Ca#+ binding to the two

high-affinity binding sites on the Ca-ATPase (k
"

and k
#
). K

#
represents the product of the intrinsic equilibrium constants k

"
,

k
#
, and k

c
, and explicitly takes into consideration co-operative

interactions (k
c
) between the high-affinity Ca#+-binding sites [24].

Measurement of free Ca2+ concentrations

Free Ca#+ concentrations were determined using the Ca#+-

sensitive fluorophore BAPTA (λ
excitation

¯ 299 nm; λ
emission

¯
360 nm), as previously described [25]. The dissociation constant

(K
d
) for Ca#+ binding to 4 µM BAPTA was measured to be

203³7 nM in a buffer containing 20 mM Mops (pH 7.0), 0.1 M

KCl, 5 mM MgCl
#
, 5 mM ATP, 1 mM EGTA and various

amounts of CaCl
#
.

Covalent attachment of spectroscopic probes to PLB

Recombinant PLB reconstituted into lipid vesicles was incubated

with a 5-fold molar excess of the spin label ITC-TEMPO in

20 mM Mops (pH 8.5)}0.1 M KCl at 25 °C in the dark for 5 h.

Subsequently, the sample was centrifuged at 100000 g
max

for

30 min. The resulting pellet was resuspended in 20 mM Mops

(pH 7.0)}0.3 M sucrose. The stoichiometry of ITC-TEMPO

labelling was determined from a comparison of the integrated

intensities of the labelled sample with known standards,

essentially as previously described [26]. Alternatively, for fluor-

escence experiments, 200 µg of PLB in 4 mg}ml C
"#

E
*

and

20 mM Mops, pH 8.0, were incubated with a 20-fold molar

excess of dansyl chloride for 5 h in the dark at room temperature.

The reaction was stopped by addition of 10-fold excess lysine,

incubating for an additional 45 min in order to allow it to bind

with unreacted probe. After exhaustive dialysis against 2 mg}ml
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C
"#

E
*
}20 mM Mops, pH 7.0, the stoichiometry of labelling was

determined from the molar absorption coefficient (ε
$%%

4600 M−"[
cm−" [27]). Protein concentration was determined by the Amido

Black method [23].

Spin-label EPR spectroscopy

EPR spectra were measured using a Bruker (Acton, MA, U.S.A.)

ESP-300E spectrometer, using 100 kHz field modulation with a

peak-to-peak amplitude (H
m
) of 2.0 and a microwave field

amplitude (H
"
) of about 10 µT (0.1 G). Oxygen was removed

from samples using gas-permeable TPX sample cells (Medical

Advances, Milwaukee, WI, U.S.A.) purged with nitrogen gas.

Temperature was controlled using a Bruker model B-VT 2000

Eurotherm temperature controller. Spectra were taken at 4 °C at

a protein concentration of 10 mg}ml. Phosphoylatation of PLB

for EPR experiments was carried out essentially as previously

described [15,28].

Analysis of spin-label EPR spectra

In the slow motional regime, the effective rotational correlation

time (in seconds) can be estimated from the separation between

the low- and high-field extrema (i.e. T !s) in comparison with these

values in the rigid limit (i.e. T r
s), where there is no detectable

rotational motion, where :

τ
r
¯ 5.4¬10−"! 91®0T !s

T r
s
1−".$': (2)

The value of T r
s was determined to be 3.4 mT (34.3 G) for ITC-

TEMPO, essentially as previously described [29]. These measure-

ments involved cross-linking a mutant calmodulin spin-labelled

with ITC-TEMPO at a single cysteine engineered at position 69

to isothiocyanato-glass beads.

Fluorescence measurements

All steady-state fluorescence measurements were measured using

a Spex Industries (Edison, NJ, U.S.A.) FluoroMax-2 spectro-

fluorimeter. Frequency-domain lifetime and anisotropy measure-

ments were measured using an ISS (Champaign, IL, U.S.A.) K2

fluorimeter, essentially as previously described [30]. Excitation

involved the 333 nm output from a Coherent (Santa Clara, CA,

U.S.A.) Innova 400 argon ion laser, and the emitted light was

collected subsequent to a GG400 long-pass filter. Fluorescence

measurements of reconstituted samples (50 µg}ml) were made at

25 °C in 50 mM Mops (pH 7.0)}0.1 M KCl}1 mM EGTA}5 mM

MgCl
#
}5 mM ATP}0.6 mM CaCl

#
, resulting in [Ca#+]

free
¯

0.5 µM. To phosphorylate PLB, 40 µg}m1 PKA and 1 µM

cAMP were also included in the assay medium.

Analysis of fluorescence intensity decays

The time-dependent intensity decay I(t) of dansyl bound to PLB

was fitted by using the method of non-linear least squares to a

sum of exponentials, essentially as previously described [30,31],

where :

I(t)¯ 3
n

i="

α
i
e−t/τi (3)

α
i
are the normalized pre-exponential factors, τ

i
are the excited

state decay times, and n is the number of exponential components

required to describe the decay. The parameter values are de-

termined by minimizing the χ
R
# (the F statistic), which serves as

a goodness-of-fit parameter that provides a quantitative com-

parison of the adequacy of different assumed models [32].

Subsequent to the measurement of the intensity decay, the mean

lifetime, τ- , was calculated:

τa ¯ 3
n

i="

α
i
τ
i

(4)

where the amplitude weighing implies a direct relationship

between τ- and the quantum yield of the fluorophore [33].

Analysis of fluorescence anisotropy decays

The differential-phase and modulated-anisotropy parameters

describing the anisotropy decay were fit to a multiexponential

model using mathematical transforms that have been previously

described in detail [30,34] :

r(t)¯ (r
!
®r¢)¬3

n

i="

g
i
e−t

}
i
r¢ (5)

where r
!

is the limiting anisotropy in the absence of rotational

diffusion, φ
i
are the rotational correlation times, r

!
¬g

i
are the

amplitudes of the total anisotropy loss associated with each

rotational correlation time, r¢ is the residual anisotropy, and n

is the total number of components associated with the exponential

decay. The goodness-of-fit was determined through a comparison

of the deviations between the measured and calculated values.

Errors in the differential phase and modulated anisotropy were

assumed to be 0.2 and 0.005 respectively.

RESULTS

Functional co-reconstitution of the Ca-ATPase

PLB expressed and purified from E. coli was co-reconstituted

with affinity-purified Ca-ATPase at a molar ratio of three PLBs

per Ca-ATPase using lipids extracted from SR membranes,

essentially as previously described [20,21]. The fast-twitch

skeletal-muscle sarcoplasmic}endoplasmic-reticulum Ca#+-ATPase

(SERCA1) was used in these experiments on the basis of (i) its

greater stability in detergent compared with that of SERCA2a

expressed in cardiac SR and (ii) previous demonstrations that

SERCA1 is fully regulated byPLBand can functionally substitute

for SERCA2a in the heart [19,35–37]. In agreement with previous

results, we find a similar activation of the Ca-ATPase for

reconstituted and native cardiac preparations upon phosphoryl-

ation of PLB by PKA or increasing Ca#+ concentration (Figure

1). Moreover, values of the maximal catalytic activity (i.e.

V
max

) for reconstituted vesicles are in good agreement with

those for native SR membranes when differences in Ca-ATPase

enrichment are taken into account. Thus the inhibitory inter-

actions between PLB and the SERCA1 isoform of the Ca-

ATPase in these reconstituted preparations are both qualitatively

and quantitatively similar to those of SERCA2a in native cardiac

SR membranes. Addition of the Ca#+ ionophore A23187 to

either reconstituted vesicles or native cardiac SR results in the

same 2-fold stimulation of ATPase activity, indicating that

reconstituted vesicles are tightly sealed. Detergent solubilization

of reconstituted vesicles with C
"#

E
*

results in no further stimu-

lation of activity compared with that induced by A23187. Thus

detergent solubilization only alters Ca#+ permeability and does

not make additional catalytic sites of the Ca-ATPase available to

substrates. These results indicate an asymmetrical reconstitution

of the Ca-ATPase. In contrast, PLB is symmetrically reconsti-

tuted, as assessed by the ability to release approximately one-

half of the cytosolic domain labelled with the fluorophore dansyl

chloride. Thus, following exhaustive trypsin digestion, 44³9%
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Figure 1 Ca2+-dependence of ATPase activity

Rates of ATP hydrolysis of the Ca-ATPase in native cardiac SR membranes (*,+) or of the

Ca-ATPase co-reconstituted with native PLB (D,E) or subsequent to the covalent attachment

of dansyl chloride (^,_) or ITC-TEMPO (V,U) in the absence (*,D,^,V) or presence

(+,E,_,U) of PKA. Data for native cardiac SR are taken from [15]. Experimental curves

were obtained using eqn. (1) before (broken line) and after (continuous line) PLB phosphorylation,

where the concentration of calcium necessary for half-maximal activation (K 1
2) is respectively

0.57³0.06 µM and 0.29³0.03 µM before and after the phosphorylation of PLB. Fitting the

data to eqn. (1) yields the following macroscopic equilibrium constants K1 and K2, which before

PLB phosphorylation are (1.5³0.4)¬106 M−1 and (3.0³0.4)¬1012 M−1 and, following

PLB phosphorylation, are (1.9³0.7)¬106 M−1 and (1.1³0.1)¬1013 M−1. Standard

deviations of individual measurements are no more than 8% of the indicated values. Maximal

Ca2+-dependent ATPase activities were 4.0³0.1 and 1.0³0.1 µmol of Pi[mg−1[min−1 for

the Ca-ATPase co-reconstituted with PLB and cardiac SR membranes respectively.

of the cytosolic portions of PLB (covalently modified with dansyl

chloride) was released into the supernatant following recon-

stitution in either the absence or presence of the Ca-ATPase.

Consistent with this result, the stoichiometry of PLB phosphoryl-

ation by PKA was measured to be 0.38³0.08 mol of phosphate}
mol of PLB. Thus essentially all available sites on PLB

are phosphorylated by PKA. These results, coupled with the

fact that the extent of regulation following co-reconstitution

of PLB with the Ca-ATPase is equivalent to native cardiac SR

vesicles, indicate that there is a preferential association between

Ca-ATPase with PLB molecules whose cytosolic domain faces

the vesicle exterior.

Covalent modification of PLB with spectroscopic probes

To detect changes in the physical interaction between PLB and

the Ca-ATPase, we have purified and covalently modified PLB

using either ITC-TEMPO or dansyl-chloride prior to recon-

stitution with the Ca-ATPase (see the Experimental section).

Both spectroscopic probes are known to react with primary

amines under these labelling conditions [27]. Therefore the

spectroscopic labels are expected to modify the two free amino

groups in expressed PLB located at the N-terminus and at Lys$.

Consistent with this expectation, we find that, on average,

1.3³0.2 and 1.9³0.2 mol of ITC-TEMPO or dansyl chloride

respectively are bound to each mol of PLB. PLB retains its

Figure 2 EPR spectra of spin-labelled PLB

PLB reconstituted in lipids extracted from SR membranes in the absence (trace A) or presence

(trace B) of the Ca-ATPase, either before (continuous line) or after (dotted line) the

phosphorylation of PLB by PKA. Strongly (S) and weakly (W) immobilized spin populations are

apparent. In all cases, the strongly immobilized (S) spectral component has a maximal hyperfine

splitting (2T«
s) of 5.28³0.03 mT (52.8³0.3 G) (*), indicating that spin-labelled PLB has an

effective rotational correlation time of 3.6³0.2 ns (see eqn 2 in the Experimental section). This

latter result is in good agreement with the fluorescence-anisotropy data, whose average

rotational correlation time (i.e. Σi gi¬φi) is 3.9 ns. Residuals (traces C–F) represent the result

of the following spectral subtractions : PLB–Pi minus PLB (trace C), Ca-ATPase :PLB minus PLB

(trace D), Ca-ATPase :PLB–Pi minus PLB–Pi (trace E) and Ca-ATPase :PLB–Pi minus Ca-

ATPase :PLB (trace F). Spectra are normalized to the same concentration of spin labels.

ability to regulate fully the Ca-ATPase after it has been deriv-

atized with either probe, and activation of ATPase activity at

submicromolar Ca#+ concentrations is similar to that observed

for unmodified PLB (Figure 1). Thus neither spectroscopic

probe interferes with specific functional interactions between

PLB and the Ca-ATPase or with the phosphorylation of PLB

by PKA, permitting their use in investigating physiologically

relevant interactions between PLB and the Ca-ATPase.

Spin-label EPR measurements of PLB rotational dynamics

We have used EPR spectroscopy to investigate interactions

between spin-labelled PLB and the Ca-ATPase, and to detect

possible changes in these interactions as a result of the phos-

phorylation of PLB by PKA (Figure 2). In order to maximize the

sensitivity to structural interactions between PLB and the Ca-

ATPase, these measurements were made using reconstituted

proteoliposomes with amounts of PLB substoichiometric to the

Ca-ATPase. These experimental conditions minimize any frac-

tion of PLB molecules not associated with the Ca-ATPase. A

comparison between the rotational dynamics of PLB recon-

stituted into SR lipids alone relative to those observed following

# 2000 Biochemical Society
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Figure 3 Rotational dynamics of dansyl-PLB

Frequency-domain-anisotropy data and the respective least-squared fits to the data are shown for PLB reconstituted in the absence (*,+) or presence (D,E) of the Ca-ATPase either before

(*,D ; continuous line) or after (+,E ; broken line) phosphorylation by PKA for both the modulated anisotropy (Mod. Anis.) (A) and differential phase (B). The weighted residuals are shown

below each plot for models of increasing complexity, corresponding to one, two and three component fits to the data using eqn. (5) in the Experimental section, and represent the difference between

the experimental and calculated values normalized by the assumed errors for the modulated anisotropy (0.005) and differential phase (0.2°). Sample conditions were as described in the legend

to Table 1.

co-reconstitution with the Ca-ATPase reveals significant spectral

differences, as indicated by the large non-zero residuals following

spectral subtraction (Figure 2, traces D and E). The spectral

lineshape of PLB reconstituted only in the presence of SR lipids

is characterized by (i) a weakly immobilized component (‘w’),

indicative of fast nanosecond rotational motion, and (ii) a broad

strongly immobilized component (‘ s ’), representing a less mobile

population of spins (Figure 2, trace A). This latter result is

consistent with the covalent attachment of the ITC-TEMPO

chromophore to two distinct sites on PLB (see above). After co-

reconstitution of PLB with theCa-ATPase, theweakly immobiled

spin-population (w) exhibited a reduced peak-height (L
pp

) and

increased linewidth (Γ
m
), indicating a reduced rotational mobility

(Figure 2, trace B). On the other hand, neither the maximal

hyperfine splitting of the immobilized component (i.e. 2T !s) nor

the relative area (L
pp

¬Γ
m
#) of the mobile component is sig-

nificantly altered by the presence of the Ca-ATPase. Thus no

substantial changes in the polarity surrounding the ITC-TEMPO

spin label or in the fractional contribution of these two spectral

components are observed upon co-reconstitution with the Ca-

ATPase. These results indicate that the Ca-ATPase functions to

decrease the rotational motion of PLB, consistent with previous

suggestions of a direct physical interaction between PLB and the

Ca-ATPase [6,9,28,38]. Phosphorylation of PLB with PKA

results in little or no change in the spectral lineshape relative to

that observed for the non-phosphorylated sample, irrespective of

the presence of the Ca-ATPase (Figure 2, traces C and F). These

results indicate that the phosphorylation of PLB does not

significantly alter its rotational dynamics on the spin-label EPR

timescale. Since phosphorylation has little effect on the structural

interaction between PLB and the Ca-ATPase, these results

suggest that phosphorylated PLB remains associated with the

Ca-ATPase.

Fluorescence anisotropy measurements of PLB rotational
dynamics

Frequency-domain measurements of the fluorescence anisotropy

decay of dansyl-labelled PLB have been used as a complementary

measurement of the rotational dynamics of PLB to assess the

structural interaction between PLB and the Ca-ATPase (Figure

3). It should be noted that the large Stokes shift of the dansyl-

chromophore precludes homotransfer between chromophores in

close proximity, since the absorption of the dansyl-chromophore

does not significantly overlap the fluorescence emission spectrum

(results not shown). Thus it is possible to obtain an unambiguous

measurement of the rotational dynamics of the PLB [39,40]. To

measure the dynamic structure of PLB, we collected data over 20

frequencies between 2.0 and 100 MHz (Figure 3). On increasing

the frequency, the differential phase and modulated anisotropy

progressively increase. Substantial differences are observed for

dansyl-PLB reconstituted in the absence or presence of the Ca-

ATPase, which are particularly apparent in the frequency-

dependent response for the modulated anisotropy (Figure 3A).

These results are consistent with spin-label EPR measurements,

which also detect the structural interaction between PLB and the

Ca-ATPase (see above).

To assess the physical reasons for observed differences in

the anisotropy decays resulting from reconstitution of PLB in the

presence of the Ca-ATPase, we have fitted the data to a sum of

exponentials using previously described algorithms [30,34]. In all

cases the fluorescence anisotropy decays of dansyl-PLB were

adequately fitted to a model consisting of two rotational cor-

relation times plus a residual anisotropy (r¢)
, as indicated by the

randomly weighted residuals (Figure 3; Table 1). Inclusion of

additional fitting parameters results in no significant improve-

ment in the calculated fit to the data. It should be noted that
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Table 1 Rotational dynamics of dansyl-PLB reconstituted in the presence and absence of the Ca-ATPase

Average values are shown for the pre-exponential amplitude factors (gi¬r0), rotational correlation times (φi) and residual anisotropies (r¢) obtained from multi-exponential fits for two or three

independent data sets, using eqn. (5) in the Experimental section. The initial anisotropy, r0, is 0.26³0.01. S.E.M. values are shown in parentheses. Measurements involved 50 µg/ml reconstituted

sample in the absence (‘Control ’) or presence of 40 µg/ml PKA and 1 µM cAMP (‘PKA ’) in 50 mM Mops (pH 7.0)/0.1 M KCl/5 mM MgCl2/5 mM ATP/1 mM EGTA, and sufficient CaCl2
to result in 0.5 µM free calcium.

Sample Conditions g1¬r0 φ1 (ns) g2¬r0 φ2 (ns) r¢

PLB Control 0.121 (0.001) 0.8 (0.2) 0.096 (0.003) 7.8 (0.4) 0.043 (0.003)

PKA 0.116 (0.003) 1.2 (0.1) 0.112 (0.003)* 9.0 (0.6) 0.029 (0.002)*

PLBCa-ATPase Control 0.116 (0.001) 1.3 (0.1) 0.102 (0.004) 7.9 (0.2) 0.066 (0.002)

(5-fold molar excess PLB) PKA 0.114 (0.001) 1.2 (0.3) 0.111 (0.009) 8.1 (0.7) 0.060 (0.001)

PLBCa-ATPase Control 0.096 (0.001) 1.2 (0.1) 0.086 (0.005) 7.7 (0.3) 0.076 (0.001)

(1.5-fold molar excess PLB) PKA 0.093 (0.002) 1.1 (0.3) 0.087 (0.008) 8.3 (0.3) 0.080 (0.001)

* Statistical differences relative to the corresponding control samples computed using Student’s t-test, where P ! 0.05 [69] ; the temperature was 25 °C.

the residual anisotropies associated with PLB reconstituted

in the presence and absence of the Ca-ATPase are proportional to

the modulated anisotropy apparent at low frequencies (Figure

3A). In these measurements, the rotational correlation times (φ
i
)

are a measure of both the hydrodynamic volume and direct struc-

tural interactions involving the backbone fold of PLB in the

vicinity of the dansyl-chromophore with the Ca-ATPase. In con-

trast, the amplitude terms (g
i
¬r

!
) or the residual anisotropy (r¢)

are indicative of long-range structural linkages between the N-

terminal domain and the bilayer, which may be affected by

binding interactions with the Ca-ATPase.

The large residual anisotropy associated with dansyl-labelled

PLB indicates that the rotational dynamics of the N-terminal

domain of PLB is highly restricted, irrespective of the presence of

the Ca-ATPase. This latter result is consistent with earlier

suggestions that PLB contains an ordered secondary structure

between the N-terminus and transmembrane domains [41,43].

On co-reconstitution of the Ca-ATPase with a fivefold molar

excess of PLB, one observes a small increase in the rotational

correlation time (φ
"
) and a small decrease in the amplitude

of motion (g
"
¬r

!
) associated with the sub-nanosecond rotational

motion of the backbone fold near the N-terminus of PLB (Table

1). A larger increase in the residual anisotropy (r¢) is observed.

These results indicate that the Ca-ATPase functions to restrict

the rotational dynamics of PLB. Under these conditions there is

an excess of PLB relative to the Ca-ATPase, and it is expected

that a substantial proportion of PLB does not associate directly

with the Ca-ATPase. Decreasing the amount of PLB relative to

the Ca-ATPase (i.e. 1.5-fold molar excess of PLB) results in

a further decrease in the rotational mobility, suggesting that a

larger proportion of PLB is undergoing a direct interaction with

the Ca-ATPase. Under these latter conditions there are now

substantial decreases in the amplitude terms (i.e. g
"

and g
#
)

associated with both segmental motion of the dansyl chromo-

phore (φ
"
) and the slower overall rotational motion of PLB (φ

#
).

There is an associated increase in the residual anisotropy (r¢),

which is substantially larger than that observed when a 5-fold

molar excess of PLB is co-reconstituted with the Ca-ATPase. In

comparison with the computed parameters obtained in the

presence of 5-fold excess PLB relative to the Ca-ATPase, we

observe that the change in the pre-exponential amplitude term

(g
"
¬r

!
) associated with the segmental motion of the dansyl-

chromophore is approximately 5-fold larger. A comparison of

the change in g
#
¬r

!
is complicated by the fact that this parameter

is essentially unchanged in the presence of a 5-fold excess of

PLB relative to the Ca-ATPase. Thus, under experimental

conditions where a larger fraction of PLB interacts with the Ca-

ATPase, there is a further reduction in the rotational mobility of

PLB, indicating that interaction with the Ca-ATPase functions

to alter the dynamic structure of PLB. It should be noted that,

since both monomers and pentamers of PLB have been suggested

to interact directly with the Ca-ATPase [44], and the distribution

of oligomeric forms of PLB in association with the Ca-ATPase

cannot be estimated from the current data, observed changes in

rotational mobility do not precisely correlate with the molar

ratio of PLB relative to the Ca-ATPase.

Effects of PLB phosphorylation on the dynamic structure of PLB

The substantial differences in the anisotropy decay of PLB

reconstituted in the absence and presence of the Ca-ATPase

provides a convenient means to detect possible changes in the

structural interactions between PLB and the Ca-ATPase that

result from the phosphorylation by PKA. Using low PLB

stoichiometries, where interactions between PLB and the Ca-

ATPase are enhanced, we observe that the phosphorylation of

PLB results in no significant changes in the frequency response

of the modulated anisotropy or differential phase of PLB co-

reconstituted with the Ca-ATPase (Figure 3; Table 1). Thus PLB

remains motionally restricted by the Ca-ATPase after its phos-

phorylation by PKA. In contrast, upon phosphorylation of PLB

in the absence of the Ca-ATPase, there is a small reduction in the

residual anisotropy, as evidenced by the smaller modulated

anisotropy observed at low frequencies (Figure 3A). This result

is consistent with earlier proposals suggesting that the phos-

phorylation of PLB disrupts the secondary structure of PLB

[41,42], resulting in increased conformational disorder and ro-

tational mobility. Interaction with the Ca-ATPase prevents these

phosphorylation-dependent conformational changes and alters

the structural coupling between the transmembrane and cytosolic

portions of PLB.

Fluorescence lifetime measurements

The excited state lifetime of the bound dansyl group provides

information regarding the structure and environment of the N-

terminal region of PLB. Therefore we have measured the

frequency response of the phase shift and modulation of intensity-

modulated light at 20 frequencies between 2.0 and 100 MHz for

the dansyl-chromophore covalently bound to PLB reconstituted

in the absence and presence of the Ca-ATPase. In all cases, the
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Figure 4 Fluorescence lifetime data for dansyl-PLB

The frequency response of the phase shift (*,+) and modulation (D,E) for PLB reconstituted in the absence (A) or presence (B) of the Ca-ATPase either before (*,D) or

after (+,E) phosphorylation by PKA. Lines represent the best fit to the data before (continuous line) and after (dotted line) PLB phosphorylation, as described in the Experimental section.

Below each data set are the weighted residuals, corresponding to models of increasing complexity involving one, two, three and four exponential fits to the data using eqn. (3) in the

Experimental section. The weighted residuals correspond to the difference between the experimental data and the experimental fit normalized by the experimental error associated with the phase

(0.2 °) and modulation (0.005). Sample conditions were as described in the legend to Table 2.

Table 2 Lifetime data for dansyl-PLB reconstituted in the presence or absence of Ca-ATPase

Shown are average values for the amplitudes (αi ) and lifetimes (τi ) obtained from multi-exponential fits for three independent data sets, using eqn. (3) in the Experimental section. S.E.M. values

are shown in parentheses. Measurements were made at 25 °C using 50 µg/ml reconstituted sample in the absence (‘Control ’) or presence of 40 µg/ml PKA and 1 µM cAMP (‘PKA ’) in

50 mM Mops (pH 7.0)/0.1 M KCl/5 mM MgCl2/5 mM ATP/1 mM EGTA, and sufficient CaCl2 to result in 0.5 µM free calcium. Samples were reconstituted with 1.5 mol of PLB/mol of Ca-ATPase.

Sample Conditions α1 τ1 (ns) α2 τ2 (ns) α3 τ3 (ns) τ- (ns)*

PLB Control 0.59 (0.01) 1.1 (0.1) 0.17 (0.01) 6.0 (0.5) 0.24 (0.01) 14.9 (0.4) 5.3 (0.1)

PKA 0.42 (0.09) 0.9 (0.3) 0.25 (0.04) 3.4 (0.8) 0.33 (0.05) 14.0 (0.2) 5.8 (0.4)

PLBCa-ATPase Control 0.44 (0.02) 1.2 (0.2) 0.21 (0.02) 5.7 (0.8) 0.35 (0.01) 16.0 (0.3) 7.4 (0.2)

PKA 0.56 (0.02)† 1.3 (0.1) 0.20 (0.02) 7.0 (0.5) 0.24 (0.03)† 17.2 (0.7) 6.2 (0.1)†

* τ¯Σ αi τi , which is directly related to the quantum yield [33].

† Statistical differences relative to the corresponding control samples computed using Student’s t-test, where P ! 0.05 [69].

intensity decays of dansyl-PLB are adequately described by a

three-exponential fit, as indicated by the randomly weighted

residuals (Figure 4). We observe that there are substantial

differences in the amplitude-weighting factors associated with

the fluorescence-intensity decays of dansyl-PLB reconstituted

in the absence and presence of the Ca-ATPase (Table 2). As a

result the mean fluorescence lifetime of dansyl-PLB increases

from 5.3³0.1 ns to 7.4³0.2 ns. Under these latter conditions

the emission maximum of dansyl-PLB (λ
max

¯ 496 nm) remains

essentially unchanged. These results are consistent with spin-

label EPR data, where the unchanged maximal hyperfine splitting

(2T !s) also indicates that PLB phosphorylation does not result

in large alterations in the polarity near the N-terminus of PLB

(Figure 2). These differences in the fluorescence-intensity decays

of PLB reconstituted in the absence and presence of the Ca-

ATPase suggests that there are substantial differences in tertiary

structures of PLB upon association with the Ca-ATPase [45].

The greater sensitivity of excited-state lifetime measurements

to the structural interactions between PLB and the Ca-ATPase

relative to spectral shifts thus permits the detection of possible

changes in the tertiary structure of PLB that occurs as a result

of the phosphorylation of PLB (see below).

# 2000 Biochemical Society



202 S. Negash and others

Influence of PLB phosphorylation on fluorescence intensity decays

The sensitivity of the intensity decay of dansyl-PLB to inter-

actions with the Ca-ATPase permits an assessment of possible

changes in the interactions between PLB and the Ca-ATPase

associated with enzyme activation following phosphorylation by

PKA. When PLB is reconstituted alone in SR lipids, phos-

phorylation-dependent shifts in the frequency response are not

observed (Figure 4A; Table 2). On fitting the data one observes

that the parameters describing the intensity decay of dansyl-PLB

are essentially unchanged. Thus phosphorylation at Ser"' does

not significantly alter the polarity in the vicinity of the dansyl

moiety bound near the N-terminus. In contrast, when PLB is co-

reconstituted with the Ca-ATPase, there is a reproducible shift in

the frequency response of dansyl-PLB toward higher frequencies

(Figure 4B), indicating a shorter mean fluorescence lifetime (τ- ).
Upon fitting the data for the intensity decay of PLB co-

reconstituted in the presence of the Ca-ATPase one finds that

there are substantial changes in the amplitude terms associated

with the intensity decay following the phosphorylation of PLB

by PKA (Table 2). These results indicate that there are structural

changes in the vicinity of the N-terminus that may reflect

either changes in the secondary structure of PLB or direct

binding interactions with the Ca-ATPase. These results suggest a

structural coupling between the phosphorylation of Ser"' and the

environment near the N-terminal region of PLB that is dependent

upon interaction with the Ca-ATPase.

DISCUSSION

Summary of results

We have used spin-label EPR and fluorescence spectroscopy to

measure dynamic structural interactions between PLB and the

SERCA1 isoform of the Ca-ATPase in a functionally recon-

stituted preparation. Irrespective of the presence of the Ca-

ATPase, the N-terminal domain of PLB is motionally restricted.

These results indicate a structural coupling between the trans-

membrane and N-terminal portions of PLB (Figures 2 and 3).

However, the presence of the Ca-ATPase further restricts the

amplitude of rotational motion, resulting in a significant increase

both in the linewidth of the weakly immobilized component (w),

in the EPR spectra of spin-labelled PLB (Figure 2) and in the

residual anisotropy (r¢) of dansyl-PLB (Figure 3; Table 1).

There are no corresponding changes in the rates of rotational

motion (i.e. φ
"
or φ

#
), indicating that neither the N-terminus nor

the probe sites themselves are directly involved in contact

interactions with the Ca-ATPase. Therefore observed alterations

in the fluorescence lifetime intensity decay and the associated

restriction in the rotational motional of dansyl-PLB in the

presence of the Ca-ATPase result from tertiary structural changes

near the N-terminus of PLB induced by long-range contact

interactions between sites on PLB with the Ca-ATPase (Figure

4; Table 2). Phosphorylation-induced changes in the fluorescence

intensity decay of dansyl-PLB occur only following co-recon-

stitution with the Ca-ATPase, indicating that there are changes

in the structural coupling between the cytosolic domain of PLB

and the Ca-ATPase that correlate with the modulation of Ca-

ATPase function (Table 2). Thus these results provide direct

evidence that the activation of the Ca-ATPase resulting from the

phosphorylation of PLB is due to the modulation of the structural

coupling between the cytosolic domain of PLB and the Ca-

ATPase. However, since PLB remains motionally restricted by

the Ca-ATPase following phosphorylation, these results indicate

that regulation of Ca-ATPase function involves modulation of

the structural coupling between a stable oligomeric complex

involving PLB and the Ca-ATPase.

Mechanisms of PLB inhibition of Ca-ATPase function

It has been known for some time that PLB is a major target of

the β-adrenergic cascade in the heart [4,46–48]. Phosphorylation

of PLB results in a shift in the Ca#+-dependence of the catalytic

activity of the Ca-ATPase (Figure 1), resulting in activation of

the Ca-ATPase at submicromolar free-Ca#+ concentrations with

little or no alteration in the maximal velocity of the Ca-ATPase

[36,49,50]. The similarity between the Ca#+-dependence of Ca-

ATPase transport activity found in activated cardiac SR (after

phosphorylation of PLB) and that of the Ca-ATPase found in

skeletal muscle SR (in which PLB is not expressed) suggests that

dephosphorylated PLB acts as an inhibitor of the Ca-ATPase

[46]. The mechanisms underlying the inhibitory action of PLB on

Ca-ATPase function have been the subject of much interest.

Direct measurements of Ca#+ binding and detailed kinetic

measurements indicate that PLB does not alter the Ca#+ affinity

of the Ca-ATPase, but rather suggests an altered activation

barrier associated with the slow isomerization step of Ca#+

activation [15,51]. The nature of the structural coupling between

PLB and the Ca-ATPase has been investigated through the

addition to cardiac SR vesicles of monoclonal antibodies raised

against PLB. Addition of these antibodies stimulates Ca-ATPase

activity under non-saturating Ca#+ concentrations in a manner

identical with that associated with the direct activation of PLB

through covalent phosphorylation [51,52]. These latter results

suggested that activation of the Ca-ATPase involves the disrup-

tion of structural interactions between PLB and the Ca-ATPase.

Consistent with this latter hypothesis, the extent of chemical

cross-linking between the Ca-ATPase and a peptide identical

with the cytoplasmic domain of PLB is decreased upon the

phosphorylation of PLB [6,9,44,53,54]. The ability of polyanions

(e.g. heparin) to activate the Ca-ATPase suggests that it is the

increased negative charge associated with phosphorylation that

modulates the interactions between PLB and the Ca-ATPase

[55].

Using site-directed mutagenesis and after co-expression of

PLB mutants with the Ca-ATPase, the structural interactions

between PLB and the Ca-ATPase were subsequently demon-

strated to involve direct contact interactions between both the

cytoplasmic and transmembrane domains of PLB and the Ca-

ATPase [8,56]. The porcine cardiac SERCA2a isoform of the

Ca-ATPase contains a sequence, i.e. KDDKPVK%!#, that is

required for the functional interaction between PLB and the

Ca-ATPase [6,36,50], suggesting that these residues may com-

prise a critical binding region. The homologous SERCA1

isoform of rabbit skeletal muscle has a similar sequence,

KNDKPIR%!#, and when co-reconstituted with PLB is similarly

regulated by changes in the phosphorylation of PLB. Specific

binding site(s) within transmembrane helix M6 within the

nucleotide-binding domain of the SERCA1 isoform of the Ca-

ATPase have been identified that interact with PLB trans-

membrane sequences, and co-expression of the transmembrane

sequence, alone, of PLB with the Ca-ATPase has been shown to

inhibit transport activity at submicromolar Ca#+ concentrations

[56,57]. However, while the relative roles of the cytosolic and

transmembrane portions of PLB in the functional regulation of

the Ca-ATPase remain unclear, it has been suggested that they

function in concert through a long-range structural linkage

involving conformational coupling through the Ca-ATPase

[7,8,59]. Consistent with this latter suggestion, the interaction

between PLB and the Ca-ATPase has been shown to modulate
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Scheme 1 Model depicting possible interactions between PLB and the Ca-
ATPase

PLB is shown as a monomeric unit interacting with each Ca-ATPase ; two Ca-ATPase[PLB

heterodimers interact as a functional unit. Activation of the Ca-ATPase by PKA is suggested to

require the phosphorylation of two PLB molecules within a dimeric complex containing two Ca-

ATPase polypeptide chains. Phosphorylation of both PLB molecules results in conformational

changes both to PLB and to 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 PKA [15,38,60]. Conformational changes of PLB, largely undefined as yet,

exclude its dissociation from the Ca-ATPase. 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 1.4 nm (14 A/ ) resolution image

obtained using image-enhanced cryo-electron microscopy [70,71]. The approximate location

of PLB relative to the tertiary structure of the Ca-ATPase is consistent with the location of

sequences within the cytosolic (i.e. KNDKPIR402) and transmembrane (i.e. helix M6) portions

of the Ca-ATPase that interact with PLB [72].

dynamic structural changes normally associated with the Ca#+

transport mechanism [15,28,38,60]. However, these previous

measurements provided no direct evidence with respect to the

nature of the structural coupling between PLB and the Ca-

ATPase responsible for enzyme activation. We have now shown,

in the present study, that the structural coupling between the

cytosolic portion of PLB and the Ca-ATPase responsible for

enzyme activation does not involve the dissociation of PLB from

the Ca-ATPase, as previously proposed [6,8,10]. Rather, the

structural coupling between the cytosolic portions of PLB and

the Ca-ATPase is retained following the phosphorylation of

PLB. The physical nature of this regulatory mechanism therefore

involves tertiary structural changes within PLB that result from

phosphorylation, which alter the sites of interaction between

cytosolic portions of PLB and the Ca-ATPase.

Oligomeric state of PLB

PLB is a highly hydrophobic 52-amino-acid protein, which self-

associates in detergents [58]. Native PLB exhibits a preference for

monomeric and pentameric associations on SDS}PAGE; a

similar distribution of oligomeric species has been observed

when reconstituted into lipid membranes [62]. Site-directed

mutagenesis of specific amino acids in the primary sequence of

PLB [e.g. L37A (Leu$(!Ala), C41F] has been shown to disrupt

the formation of oligomeric species on SDS}PAGE without

compromising the ability of these mutant PLB species to regulate

Ca-ATPase transport activity in membranes [8,36,61,59]. Like-

wise the average oligomeric state of PLB is smaller in the

presence of the Ca-ATPase [63]. As a result, it has been suggested

thatmonomeric and pentameric forms of PLB exist in equilibrium

within biological membranes, with the monomeric form of PLB

acting as the physiological inhibitor of the Ca-ATPase, while

pentamers represent a self-aggregated free pool of PLB [59,62].

Since phosphorylation stabilizes oligomeric forms of PLB recon-

stituted in the absence of the Ca-ATPase [62], it has been

suggested that the regulation of the Ca-ATPase by PLB involves

phosphorylation-dependent changes in the dynamic equilibrium

between oligomeric and monomeric states of PLB [5,8,10,63].

However, no prior measurements have directly measured changes

in the structural interaction between PLB and the Ca-ATPase in

functionally active membrane preparations. The present results,

which indicate a retention in the structural interaction between

PLB and the Ca-ATPase, demonstrate that the regulation of

the Ca-ATPase as a result of the phosphorylation of PLB is the

result of changes in the structural interaction between PLB and

the Ca-ATPase within a defined oligomeric complex (Scheme 1).

Phosphorylation-dependent changes in PLB structure

Available structural information regarding phosphorylation-

dependent structural changes of PLB has been largely based on

measurements either of peptides corresponding to the cytosolic

domain of PLB, or of the entire PLB molecule, in the absence of

the Ca-ATPase [5]. For example, evidence has been presented

that the phosphorylation of PLB results in localized structural

changes that modify the quantum yield of Tyr' that correlate

with increases in the apparent Stokes radius of PLB in SDS

[64,65]. Solid-state NMR and molecular-dynamics simulations

suggest that the mechanisms underlying these phosphorylation-

dependent structural changes primarily involve increases in the

conformational flexibility between Thr"( and Pro## [66,67]. Our

observation that phosphorylation induces decreases in the sub-

stantial residual anisotropy of dansyl-PLB reconstituted in the

absence of the Ca-ATPase is consistent with these suggestions

(Figure 3; Table 1). The magnitude of the residual anisotropy

measured from the fluorescence anisotropy decay of dansyl-

labelled PLB is directly proportional to the extent of motional

restriction. Therefore an approximation of the magnitude of this

conformational change can be calculated by assuming a sym-

metrical rotational motion of the principle transition dipoles of

dansyl to be along the major axis of PLB [68]. These calculations

suggest that there is a 5³1 ° change (i.e. from 58³1 ° to 63³1 °)
in the orientation of PLB relative to the membrane normal upon

phosphorylation of PLB. This structural change is not observed

when the Ca-ATPase is present in functionally reconstituted

membranes, indicating that interactions with the Ca-ATPase

restrict the dynamic structure of the cytosolic domain of PLB.

Conclusions and future directions

Direct structural interactions between PLB and the Ca-ATPase

occur within biological membranes, and these structural inter-

actions are modulated by the phosphorylation of PLB at Ser"' by

PKA. These interactions involve modest structural rearrange-

ments between PLB and the Ca-ATPase within a defined

oligomeric complex of Ca-ATPase and PLB. Future studies

should focus on the identification of specific contact interactions

betweenPLBand theCa-ATPase using functionally reconstituted

preparations, and how these interactions change as a result of the

phosphorylation of PLB.
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