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ABSTRACT: Phospholamban (PLB) is a major target of theâ-adrenergic cascade in the heart, functioning
to modulate contractile force by altering the rate of calcium re-sequestration by the Ca-ATPase. Functionally,
inhibition by PLB binding is manifested by shifts in the calcium dependence of Ca-ATPase activation
toward higher calcium levels; phosphorylation of PLB by PKA reverses the inhibitory action of PLB. To
investigate structural changes in the cytoplasmic portion of PLB that result from either the phosphorylation
of PLB by cAMP-dependent protein kinase (PKA) or calcium binding to the Ca-ATPase, we have used
frequency-domain fluorescence spectroscopy to measure the spatial separation and conformational
heterogeneity between N-(1-pyrenyl)maleimide, covalently bound to a single cysteine (Cys24) engineered
near the membrane surface of the transmembrane domain of PLB, and Tyr6 in the cytosolic domain.
Irrespective of calcium activation of the Ca-ATPase or phosphorylation of Ser16 in PLB by PKA, we find
that PLB remains tightly associated with the Ca-ATPase in a well-defined conformation. However, calcium
activation of the Ca-ATPase induces an increase in the overall dimensions of the cytoplasmic portion of
bound PLB, whereas PLB phosphorylation results in a more compact structure, consistent with increased
helical content induced by a salt link between phospho-Ser16 and Arg13. Thus, enzyme activation of the
Ca-ATPase may occur through different mechanisms: calcium binding to high-affinity sites within the
Ca-ATPase functions to overcome conformational constraints imposed by PLB on the N-domain of the
Ca-ATPase; alternatively, phosphorylation stabilizes the backbone fold of PLB to release inhibitory
interactions with the Ca-ATPase.

Phospholamban (PLB)1 is coexpressed with the Ca-
ATPase in cardiac and slow-twitch skeletal muscle, and
functions to shift the calcium dependence of Ca-ATPase
activation toward higher calcium levels (1, 2). This inhibitory
action modulates the rate of calcium re-sequestration into
the sarcoplasmic reticulum (SR) by the Ca-ATPase following
excitation-contraction coupling, and in the heart it diminishes
the strength of contraction (3-7). Following â-adrenergic
stimulation, PLB is selectively phosphorylated at Ser16 by
cAMP-dependent protein kinase (PKA), releasing the inhibi-
tory interaction between PLB and the Ca-ATPase to acceler-
ate rates of muscle relaxation and facilitate greater cardiac
force generation.

The structural interaction between PLB and the Ca-ATPase
responsible for enzyme inhibition involves both the trans-
membrane and cytosolic domains of PLB and the Ca-ATPase
(8). Specific contact interactions have been identified through
the use of cross-linking and mutagenesis measurements that
suggest a proximal relationship between K3 near the amino-
terminus of PLB and the KDDKPVK403 binding sequence
within the nucleotide-binding domain of the Ca-ATPase,
while maintaining contact interactions between the trans-
membrane domain of PLB (i.e., N27, N30, and V49) and sites
on transmembrane helix M4 of the Ca-ATPase (i.e., L321,
C318, and V89) (9-11). Structural measurements of PLB
bound to the Ca-ATPase indicate a requirement for reori-
entation of the nucleotide-binding domain of the Ca-ATPase,
bringing it into closer proximity with the membrane surface
to accommodate its complexation with PLB (12). This
requirement is consistent with prior measurements demon-
strating that phosphorylation of PLB by PKA results in a
10° angular reorientation of the nucleotide-binding domain
of the Ca-ATPase (5, 13). Thus, conformational constraints
imposed on domain movements of the Ca-ATPase appear
to underlie the functional regulation of transport activity by
PLB.

Alterations in the structure of the hinge element connecting
the cytosolic (residues 4-16) and transmembrane (residues
22-49) helical domains of PLB following phosphorylation
of PLB by PKA have been suggested to underlie the
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switching mechanism responsible for the release on the
inhibitory interaction between PLB and the Ca-ATPase (14-
16) (Figure 1). Furthermore, while direct measurements of
the interaction between PLB and the Ca-ATPase indicate
that the association between the cytosolic and transmembrane
domains of PLB is retained following its phosphorylation
by PKA (14, 17, 18), it remains unclear whether the
transmembrane or cytosolic domains of PLB may dissociate
from the Ca-ATPase following enzyme activation by saturat-
ing calcium concentrations (18-20). Thus, while calcium
activation of the Ca-ATPase or phosphorylation of PLB by
PKA diminishes the extent of cross-linking between specific
sites on the transmembrane and cytosolic domains of PLB
and the Ca-ATPase, the specificity of these cross-linking
reactions indicates only that a conformational rearrangement
moves these sites apart and does not permit a determination
of the structural change (9-11).

To identify conformational changes in the hinge structure
of PLB resulting from either phosphorylation by PKA or
calcium activation of the Ca-ATPase, or the possible
dissociation of either the cytosolic or transmembrane domains
of PLB from the Ca-ATPase, we have used an engineered
PLB mutant that permits the site-specific covalent attachment
of the fluorophore N-(1-pyrenyl)maleimide to Cys24 near the
bilayer surface. Following co-reconstitution of PMal-PLB
with the Ca-ATPase, the large fluorescence enhancement of
PMal permits the selective measurement of PLB bound to
the Ca-ATPase (12). Frequency-domain fluorescence reso-
nance energy transfer (FRET) measurements of the distance
between PMal bound to Cys24 and nitroY6 near the N-
terminus of PLB permit the measurement of changes in the
overall dimensions of the cytosolic domain of the PLB as
well as possible alterations in the binding interaction with
the Ca-ATPase. We report, irrespective of calcium activation
of the Ca-ATPase or phosphorylation of PLB by PKA, that
PLB remains associated with the Ca-ATPase in a well-
defined conformation. However, the overall dimensions of
the cytoplasmic portion of bound PLB increases upon
calcium binding to the Ca-ATPase, whereas a more compact
structure is observed following the phosphorylation of PLB
by PKA, consistent with proposed models that suggest an
increased helical content induced by a salt link between
phospho-Ser16 and Arg13 (16). These results indicate that
calcium binding to the Ca-ATPase overcomes conformational
constraints imposed by PLB association with the nucleotide-

binding domain of the Ca-ATPase; alternatively, phospho-
rylation of PLB by PKA induces a structural rearrangement
of the cytosolic domain of PLB that releases the inhibitory
interaction with the Ca-ATPase.

EXPERIMENTAL PROCEDURES

Materials. N-(1-Pyrenyl)maleimide (PMal) was obtained
from Molecular Probes, Inc. (Junction City, OR). Tetrani-
tromethane (TNM) was purchased from Alrich (Milwaukee,
WI). Polyoxyethylene 9 lauryl ether (C12E9), cAMP-depend-
ent protein kinase (PKA), cAMP, ATP, MgCl2, the calcium
ionophore A23187, EGTA, DEAE-cellulose, andn-octyl â-d-
glucopyranoside (OG) were purchased from Sigma (St.
Louis, MO). 3-(N-Morpholino)propane-sulfonic acid (MOPS)
was purchased from Fisher Biotech (Fair Lawn, NJ). Bio-
Beads SM2 were purchased from Bio-Rad (Richmond, CA).
Cardiac SR membranes were purified as previously described
(21). Lipids were extracted from the SR vesicles isolated
from rabbit skeletal fast-twitch muscle by standard methods
(22, 23). The Ca-ATPase was affinity purified from skeletal
muscle SR using reactive Red-agarose (24). DNA encoding
the single cysteine mutant PLB (C36A, C41A, C46A, A24C)
was cloned into a pGEX-2T plasmid expression vector and
expressed in JM109Escherichia colicells as previously
described (16, 25). The concentration of PLB was determined
by the Amido Black method (26). Affinity-purified PLB and
Ca-ATPase were stored at-70 °C.

Specific DeriVatization of PLB and Co-Reconstitution with
the Ca-ATPase. The single Cys24 in PLB was derivatized
with PMal, and when appropriate the single Tyr6 was
selectively nitrated with TNM, as previously described in
detail (16). Purified PLB was reconstituted in the presence
of purified Ca-ATPase at a molar ratio of one PLB per Ca-
ATPase into liposomes of extracted SR lipids as previously
described (12). Following co-reconstitution with PLB, the
Ca-ATPase is asymmetrically reconstituted, such that es-
sentially all the active sites are facing outward. In contrast,
PLB is symmetrically reconstituted, as assessed by both the
ability of proteolytic enzymes to act upon the cytosolic
domain and from a determination of the extent of phospho-
rylation of Ser16 by PKA (17). The 7-fold higher quantum
yield of PLB in association with the cytosolic domain of
the Ca-ATPase permits the preferential measurement of the
fluorescence for PLB molecules that are in contact with the
Ca-ATPase (12). Thus, the fluorescence signal used to

FIGURE 1: Depiction of backbone fold of PLB (A) (1FJK;40) and suggested domain structure (B). Relative positions of donor chromophore
PMal (blue) covalently bound to position A24C and acceptor chromophore nitrotyrosine (grey) at position 6 are highlighted. The complete
amino acid sequence of cytoplasmic (IA and IB) and transmembrane domains of PLB are indicated (B).
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measure the conformation of the cytosolic portin of PLB is
derived from the protein associated population of PLB, which
are quantitatively phosphorylated at Ser16 following the
addition of PKA. All protein concentrations were determined
by the Amido-Black method (26). Free calcium concentra-
tions were calculated from total ligand and EGTA concentra-
tions, correcting for pH and ionic conditions (27).

Fluorescence Measurements. Steady-state fluorescence
spectra were measured using a Spex Industries (Edison, N.
J.) Fluoromax-2 spectrofluorometer. Frequency domain data
(lifetime and anisotropy) were measured using an ISS K2
frequency domain fluorometer (ISS Inc., Champaign, IL),
as described previously (28). Excitation used the 333-nm
output from a Coherent (Santa Clara, CA) Innova 400 argon
ion laser; emitted light was collected after a Corion interfer-
ence filter (50% transmittance at 400 nm; HW) 10 nm),
using 1,4-bis[5-phenyl-2-oxazolyl]-benzene (POPOP) in
methanol (lifetime of 1.35 ns) as a lifetime reference.
Measurements were made at 25°C.

Analysis of Frequency-Domain Data. Explicit expressions,
previously described in detail, permit the ready calculation
of the lifetime components (i.e.,Ri and τi) relating to a
multiexponential decay or the Gaussian distribution of
distances between donor and acceptor chromophores (28-
33). In the case of FRET measurements, the incomplete
nitration of Tyr6 was taken into account, as previously
described (34). Alternatively, algorithms are available that
permit the determination of the initial anisotropy in the
absence of rotational diffusion (ro), the rotational correlation
times (æi), and the amplitudes of the total anisotropy loss
associated with each rotational correlation time (r0 × gi), as
previously described in detail (35, 36). The parameter values
are determined using the method of nonlinear least-squares
analysis in which the reduced chi-squared (i.e.,øR

2) are
minimized (37). A comparison oføR

2 values provides a
quantitative assessment of the adequacy of different assumed
models to describe the data (38). Data were fit using the
Globals software package (University of Illinois, Urbana-
Champaign) or the program Mathcad (MathSoft Inc., Cam-
bridge, MA), where errors in measurements of the phase and
modulation were respectively assumed to be 0.20 and 0.005.

RESULTS

Functional Reconstitution of Engineered and DeriVatized
PLB with the Ca-ATPase. A single cysteine mutant of PLB
was constructed in which the three wild-type transmembrane
cysteines (Cys36, Cys41, and Cys46) were substituted with
alanines, and a further cysteine substitution was introduced
(i.e., A24C) near the lipid-water interface (Figure 1).
Following expression and purification, the PLB mutant was
derivatized with the fluorophore PMal (at Cys24), and Tyr6

was nitrated with full retention of function, as previously
described (14, 16). Thus, these probes provide a sensitive
donor-acceptor pair for FRET measurements that reflect
conformational transitions affecting the spatial separation
between Cys24 on the transmembrane sequence and Tyr6 near
the N-terminus of PLB resulting from either PKA-dependent
phosphorylation of PLB or calcium activation of the Ca-
ATPase.

Phosphorylation by PKA Decreases OVerall Dimensions
of Cytosolic Domain of PLB. Previous FRET results with

this donor-acceptor pair have demonstrated that upon
binding to the Ca-ATPase the cytosolic domain of PLB
adopts a highly ordered and unique conformation, indicative
of specific contact associations between the transmembrane
and cytosolic domains of PLB and the Ca-ATPase (12). To
investigate possible changes in the conformation of the
cytosolic domain of PLB following its phosphorylation by
PKA, we have used frequency-domain fluorescence spec-
troscopy to measure the intensity decay of PMal bound to
Cys24 in PLB in the absence and presence of bound nitroTyr6

following co-reconstitution with the Ca-ATPase (Figure 2).
Data were collected for 20 frequencies between 0.4 and 200
MHz. Upon increasing the frequency of the exciting light, a
progressive increase is observed in the phase and a decrease
in the modulation of the emitted light. Following nitration

FIGURE 2: Frequency-domain lifetime data for PMal bound to PLB
co-reconstituted with the Ca-ATPase before (A) and after (B)
phosphorylation by PKA. Frequency-response and four-exponential
fits (solid and dashed lines) corresponding to the phase shift (b,
O) and modulation (9, 0) for PMal-PLB in the absence (b, 9)
and presence (O, 0) of the FRET acceptor nitroTyr6. Measurements
were made at 25°C using 30 nM (0.2µg/ml) PLB reconstituted
with SR lipids in the presence of 30 nM (3µg/ml) Ca-ATPase in
50 mM MOPS (pH 7.0), 0.1 M KCl, 5 mM MgCl2, 70 µM CaCl2,
and 1 mM EGTA, resulting in a free calcium concentration of
approximately 0.5µM (27). Data were fit to a sum of four
exponentials, whereI(t) ) ∑iRie-t/τi and the mean lifetime (τj) was
calculated as∑iRiτi. Lower panels below respective data sets
represent the weighted residuals (i.e., the difference between the
experimental data and the calculated fit divided by the experimental
uncertainty) for models involving four-exponential fits to the data.
Calculated lifetime parameters for PMal (donor only) bound to
Cys24 in PLB were (A) R1 ) 0.47 ( 0.01; τ1 ) 0.6 ( 0.2 ns;
R2 ) 0.36 ( 0.02; τ2 ) 4.7 ( 0.7 ns;R3 ) 0.12 ( 0.02; τ3 )
20 ( 4 ns; R4 ) 0.050 ( 0.002; τ4 ) 95 ( 3 and (B) R1 )
0.57 ( 0.04; τ1 ) 0.5 ( 0.1 ns;R2 ) 0.25 ( 0.01; τ2 ) 4.2 (
1.4 ns;R3 ) 0.11 ( 0.02; τ3 ) 20 ( 6 ns;R4 ) 0.063( 0.005;
τ4 ) 96 ( 7 ns. The goodness-of-fit was calculated by minimizing
the ø2

R, which minimizes the sum of the differences between the
calculated and experimental values as previously described (28).
Prior to phosphorylation by PKA,ø2

R ) 2.0 (donor only) and 5.4
(donor-acceptor). Following phosphorylation by PKA,ø2

R ) 2.8
(donor only) and 2.7 (donor-acceptor).

3872 Biochemistry, Vol. 43, No. 13, 2004 Li et al.



of Tyr6 in PLB, the frequency response of PMal-PLB is
shifted toward higher frequencies, indicating a reduction in
the average donor lifetime due to the presence of FRET. In
comparison with the untreated (inhibited) sample, the shift
in the frequency response (toward higher frequencies) is
much larger following the phosphorylation of PLB by PKA,
indicating increased FRET upon release of the inhibitory
interaction between PLB and the Ca-ATPase (Figure 2).
These results, therefore, demonstrate the presence of a
phosphorylation-induced decrease in the average dimensions
of the cytosolic domain of PLB, consistent with earlier
suggestions that phosphorylation stabilizes the secondary
structure of PLB due to the formation of a salt-linkage
between phosphoSer16 and Arg13 in PLB (16).

FRET Data Analysis. The intensity decay of PMal-PLB
covalently bound to Cys24 can be adequately described as a
sum of four exponentials, irrespective of its phosphorylation
by PKA, as indicated by the random distribution of the
weighted residuals about the origin (Figure 2). Including
additional fitting parameters made no further improvement
in the goodness-of-fit. Assuming a single unique conforma-
tion of PLB, the decrease in average lifetime (i.e.,τj) is often
used to calculate an apparent spatial separation. However,
this model does not take into account protein structural
heterogeneity and provides no information regarding possible
changes in conformational heterogeneity that may be as-
sociated with interactions between PLB and multiple binding
sites on the Ca-ATPase or the dissociation of either the
transmembrane or cytosolic domain of PLB from the Ca-
ATPase. We have, therefore, fit the data to a model involving
a distribution of distances that explicitly takes into account
protein conformational heterogeneity and provides an equiva-
lent fit (based on a consideration of the residuals andø2

R) to
the lifetime data with fewer floating parameters (Table 1)
(12, 16, 29, 32).

A consideration of the error surfaces for these calculated
distance distributions provides a conservative estimate of the
recovered parameters (39) and demonstrates the presence of

two well-defined conformations for the cytoplasmic portion
of PLB both before and after phosphorylation of Ser16 by
PKA (Figure 3). Before phosphorylation by PKA, the average
distance (Rav) between PMal at Cys24 and nitroTyr6 within
bound PLB is 15.0( 0.2 Å (Figure 3A). Following
phosphorylation by PKA, the Rav is 14.0( 0.1 Å. Irrespec-
tive of phosphorylation by PKA, the half-width of the
distribution is approximately 2-3 Å (Figure 3B), indicative
of specific binding interactions between PLB and the Ca-
ATPase that define a unique conformation of the cytosolic
domain of PLB. In contrast, the average spatial separation
between these chromophores is poorly determined for PLB
reconstituted in the absence of the Ca-ATPase (i.e.,Rav <
21 Å; HW ) 36 Å); the large half-width indicates the
presence of a flexible hinge region between the transmem-
brane and cytosolic domains of PLB (16, 40). Thus, the
narrow distance distributions are indicative of conforma-
tionally distinct structures of PLB bound to the Ca-ATPase
before and after phosphorylation by PKA. These results
provide the first indication that the structure of PLB is well-
defined following the release of enzyme inhibition by the
PKA-dependent phosphorylation of PLB. In addition, these
results confirm earlier suggestions that the cytosolic and
transmembrane domains of PLB remain associated with the
Ca-ATPase following phosphorylation by PKA and the
release of enzyme inhibition (14, 17, 18). Thus, PLB appears
to regulate Ca-ATPase function through modest conforma-
tional changes consistent with other known allosteric modu-
lators of enzyme function.

Localized Structural Changes Near PutatiVe Hinge Upon
PLB Phosphorylation. To further assess possible changes in
the structure of PLB upon release of Ca-ATPase inhibition
following phosphorylation by PKA, we have measured the
rotational dynamics of PMal covalently bound to Cys24 in
the transmembrane domain of PLB using frequency-domain
fluorescence anisotropy methods. The differential phase and
modulated anisotropy were measured over 20 frequencies
between 0.4 and 200 MHz for PMal-PLB before and after

Table 1: Data from Model Involving Distribution of Distancesa

experimental conditionsb

[Ca2+]free PKA Ro
c (Å) Rav

d (Å) HWd (Å) ø2
R

e

30 nM no 21.8( 0.1 14.0 3.7 5.9
(13.9-14.1) (3.5-3.8)

0.5µM no 21.7( 0.1 15.0 2.7 6.9
(14.8-15.1) (2.2-3.1)

0.5µM yes 21.5( 0.1 14.0 2.0 6.2
(13.9-14.1) (1.8-2.2)

100µM no 21.7( 0.1 15.1 2.8 5.8
(14.9-15.2) (2.2-3.3)

a Values and associated errors were obtained from independent
measurements of FRET between PMal-Cys24 and nitroTyr6 in 50 mM
MOPS (pH 7.0), 0.1 M KCl, 5 mM MgCl2, 1 mM EGTA, and sufficient
calcium yield the indicated free calcium concentration, where the
fractional nitration of Tyr6 was typically approximately 0.92.b Energy
transfer efficiencies (E) represent average values and associated standard
errors of the mean calculated using lifetime measurements of PMal-
Cys24 in Table 1.c Förster critical distance (Ro) under the indicated
experimental conditions represents the distance between chromophores
where the FRET efficiency is 50% (64, 65). d Average donor-acceptor
distance (Rav) or full-width at half-maximum (HW) assuming a Gaussian
distribution of distances (29, 32, 33). Indicated errors (in brackets) were
obtained from a global analysis of errors, as depicted in Figure 5.
e Average value of reduced chi-squared (ø2

R) fit.

FIGURE 3: Depiction of error surfaces demonstrating conformational
transition in structure of PLB following phosphorylation by PKA.
Experimental curves correspond to parameter values for average
donor-acceptor separation (Rav) and associated half-width (HW)
for a model involving a Gaussian distribution of the donor-acceptor
distances. Error surfaces were obtained from a global fit for three
data sets for PLB co-reconstituted in the presence of the Ca-ATPase
before (solid line) or after (dashed line) the phosphorylation of Ser16

by PKA. Error surfaces were constructed by incrementally adjusting
eitherRav or HW and allowing all other parameters to vary in the
least-squares analysis, which provides a conservative estimate of
changes in the recovered values (39). The horizontal line corre-
sponds to theF-statistic for one standard deviation. Experimental
conditions are as described in the legend to Figure 2.
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phosphorylation (Figure 4). A progressive increase in both
the differential phase and modulated anisotropy is observed
as the frequency increases. While there are small differences,
the overall shape of the frequency responses for PLB bound
to the Ca-ATPase are very similar, indicating that the rates
of motion are not significantly affected by the phosphoryl-
ation of PLB by PKA. A nonlinear least-squares fit of the
data requires a model involving two rotational rates (i.e.,æ1

andæ2) and a residual anisotropy (i.e.,r∞) (Table 2), which
correspond to segmental rotational motions of PMal (i.e.,
æ1), changes in the backbone motions of the transmembrane
domain (i.e.,æ2), and conformational restrictions imposed
upon PLB by the membrane bilayer and Ca-ATPase (i.e.,
r∞). As previously described, the rates of independent probe
motion (i.e., æ1) and dynamic fluctuations of the protein
backbone (i.e.,æ2) are not significantly affected by associa-
tion with the Ca-ATPase (12). Rather, the amplitudes

associated with each rotational rate are affected, such that
the contribution of faster motions associated with backbone
fluctuations of PLB are reduced upon binding to the Ca-
ATPase. These results are consistent with the location of
PMal at Cys24, which has been shown to be located in a
conformationally disordered region of PLB that does not
undergo direct contact interactions with the Ca-ATPase (14).
The reduction in the amplitude of motion associated with
the backbone-fold (i.e.,g2 × ro), which varies from 0.10(
0.01 for PLB alone to 0.05( 0.01 following association
with the Ca-ATPase, is diagnostic of the interaction between
PLB and the Ca-ATPase (12). In the current manuscript, the
amplitude of motion associated with the backbone-fold of
PLB does not change (i.e.,g2 × ro ) 0.05) irrespective of
phosphorylation of PLB by PKA or calcium activation of
the Ca-ATPase (Table 2). These results provide strong
evidence that PLB remains associated with the Ca-ATPase
under all conditions studied in this manuscript.

The only significant change in the fitting parameters
following PLB phosphorylation is the amplitude associated
with probe mobility, which is slightly increased following
the phosphorylation by PKA and results in a decrease in the
residual anisotropy (r∞). Thus, there are localized changes
in the structure of PLB near the putative hinge, in agreement
with earlier observations that implicate this structural element
as a conformational switch that modulates the inhibitory
interaction between PLB and the Ca-ATPase (14-16).
However, the transmembrane domain of PLB remains tightly
associated with the Ca-ATPase following phosphorylation
of PLB by PKA.

Calcium ActiVation of the Ca-ATPase Increases the
OVerall Dimensions of the Cytosolic Domain of PLB.
Differences in the structural interactions between PLB and
Ca-ATPase have been observed to result from calcium
activation or the phosphorylation of PLB by PKA. For
example, PLB remains associated with the Ca-ATPase
following immunoprecipitation of the detergent-solubilized
Ca-ATPase irrespective of whether PLB is phosphorylated
by PKA; on the other hand, the complex between PLB and
the Ca-ATPase does not coprecipitate upon calcium activa-
tion of the Ca-ATPase (18). However, the structural basis
of alterations in the binding interaction between PLB and
the Ca-ATPase following detergent solubilization remains
unclear; in membrane bilayers PLB remains associated with
the Ca-ATPase following calcium activation (20). Yet, the
site-specific chemical cross-linking between engineered sites
on PLB and the Ca-ATPase are diminished following

Table 2: Rotational Dynamics of PMal Bound to Cys24 in PLBa

experimental conditionsb

[Ca2+]free PKA ro g1 × ro æ1 (ns) g2 × ro æ2 (ns) r∞ ø2
R

c

30 nM no 0.29 0.10 0.8 0.05 17 0.14 5.1
(0.23-0.40) (0.08-0.15) (0.2-1.4) (0.03-0.07) (12-23) (0.11-0.16)

0.5µM no 0.29 0.10 0.7 0.047 11 0.140 6.4
(0.25-0.31) (0.09-0.11) (0.4-1.3) (0.041-0.053) (7-14) (0.132-0.153)

0.5µM yes 0.30 0.15 0.5 0.04 24 0.10 3.5
(0.25-0.40) (0.11-0.20) (0.2-0.8) (0.02-0.07) (13-38) (0.07-0.12)

100µM no 0.34 0.16 0.5 0.049 8 0.13 3.8
(0.28-0.40) (0.13-0.19) (0.3-0.8) (0.045-0.052) (6-10) (0.11-0.16)

a Mean values and associated standard errors of the mean (in brackets) obtained from a four-exponential fit to frequency-domain data collected
for PMal bound to Cys24, as described in the legend to Figure 5.b Associated errors (in parentheses) obtained from error surfaces associated with
simultaneous fits to three independent measurements obtained from a global fit to three data sets (39).

FIGURE 4: Fluorescence anisotropy decays for PMal-PLB co-
reconstituted with the Ca-ATPase before (b, s) or after (O, ---)
phosphorylation by PKA. Measured differential phase angles (A)
and modulated anisotropies (B) and associated nonlinear least-
squares fits to multiexponential model (s, ---) are shown, where
r(t) ) (ro - r∞)∑i)1

ngi exp-(t/φi) + r∞. ro and r∞ are the limiting
anisotropy in the absence and presence of rotational diffusion,æi
are the rotational correlation times, andgi × ro represent the
amplitudes associated of the total anisotropy loss associated with
each rotational correlation time. The weighted residuals (Wt. Res.)
are shown below respective data sets. Experimental conditions are
as described in the legend to Figure 2.
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calcium activation of the Ca-ATPase (9-11, 41), suggesting
a movement of these sites with respect to one another.
Therefore, to better understand the mechanism underlying
the reduced calcium sensitivity of Ca-ATPase activity when
PLB is bound, we have measured the dimensions of the
cytosolic portion of bound PLB as a function of the free
calcium concentration (Figure 5).

We find that before calcium activation (i.e., 30 nM free
calcium), significant energy transfer occurs between PMal
(Cys24) and Tyr6, as evidenced by the large shift in the
frequency response of PMal-PLB bound to the Ca-ATPase
(i.e., donor only) upon nitration of Tyr6 (i.e., donor-acceptor)
(Figure 5). Calcium binding to the Ca-ATPase results in a
significant reduction in the shift of the frequency response
of donor-acceptor relative to donor-only, indicating reduced
energy transfer and a larger spatial separation between PMal
bound to Cys24 and nitroTyr6 following calcium activation
of the Ca-ATPase. Both nonsaturating (i.e., 0.5µM) and
saturating (i.e., 100µM) free calcium concentrations result
in similar reduced energy transfer efficiencies in comparison
to the apo-enzyme, suggesting that occupancy of high-affinity
calcium-binding site(s) of the Ca-ATPase is sufficient to

induce the observed conformational rearrangement of PLB
(1, 42). Irrespective of the calcium concentration, the
conformational heterogeneity of the cytosolic domain of PLB
(as measured by the width of the distance distribution)
remains narrow, indicating specific binding interactions
between the cytosolic and transmembrane domains of PLB
with the Ca-ATPase (Figure 6). Thus, while phosphorylation
of Ser16 stabilizes the backbone-fold of PLB to bring the
labeled residues into closer proximity, calcium activation of
the Ca-ATPase induces structural changes within the Ca-
ATPase that, in turn, induces a more extended conformation
of PLB.

Altered Structural Interaction with PLB Upon Calcium
ActiVation of the Ca-ATPase. The frequency response of the
modulated anisotropy and differential phase of PMal-PLB
in association with the Ca-ATPase was measured to detect
calcium-induced alterations in the structural interaction
between PLB and the Ca-ATPase. Calcium activation of the
Ca-ATPase results in a small change in the anisotropy decay
(Figure 7), which is the result of a small increase in the
amplitude of segmental probe motion and an increase in the
rate of backbone dynamics (Table 2). The change in the
frequency response of the anisotropy decay of PMal-PLB

FIGURE 5: Frequency-domain lifetime data for PMal bound to PLB
co-reconstituted with the Ca-ATPase in the presence of the indicated
free calcium concentrations. Frequency-response and four-expo-
nential fits (solid and dashed lines) corresponding to the phase shift
(b, O) and modulation (9, 0) for PMal-PLB in the absence (b,
9) and presence (O, 0) of the FRET acceptor nitroTyr6. Measure-
ments were made at 25°C using 30 nM (0.2µg/ml) PLB
reconstituted with SR lipids in the presence of 30 nM (3µg/ml)
Ca-ATPase in 50 mM MOPS (pH 7.0), 0.1 M KCl, 5 mM MgCl2,
1 mM EGTA, and sufficient calcium to yield the indicated free
calcium concentration (27). Data were fit to a sum of four
exponentials, whereI(t) ) ∑iRi e-t/τi and the mean lifetime (τj) was
calculated as∑iRiτi. Calculated lifetime parameters for PMal (donor
only) bound to Cys24 in PLB were (top)R1 ) 0.45 ( 0.01; τ1 )
0.5 ( 0.1 ns; R2 ) 0.28 ( 0.01; τ2 ) 4.2 ( 0.4 ns; R3 )
0.17( 0.01;τ3 ) 16 ( 1 ns;R4 ) 0.095( 0.006;τ4 ) 95 ( 1,
(middle)R1 ) 0.47( 0.01;τ1 ) 0.6 ( 0.2 ns;R2 ) 0.36( 0.02;
τ2 ) 4.7 ( 0.7 ns;R3 ) 0.12 ( 0.02; τ3 ) 20 ( 4 ns; R4 )
0.050( 0.002;τ4 ) 95 ( 3, and (bottom)R1 ) 0.49( 0.03;τ1 )
0.6 ( 0.1 ns;R2 ) 0.35( 0.02;τ2 ) 4.7 ( 0.6 ns;R3 ) 0.11(
0.02;τ3 ) 19 ( 4 ns;R4 ) 0.047( 0.006;τ4 ) 92 ( 6 ns. The
goodness-of-fit was calculated by minimizing theø2

R, which
minimizes the sum of the differences between the calculated and
experimental values as previously described (33), andø2

R equals:
(top) 2.8 (donor only) and 2.7 (donor-acceptor), (middle) 2.0
(donor only) and 4.2 (donor-acceptor), and (bottom) 2.7 (donor
only) and 3.2 (donor-acceptor).

FIGURE 6: Depiction of error surfaces demonstrating conformational
transition in structure of PLB following calcium binding to Ca-
ATPase. Experimental curves correspond to free calcium levels of
30 nM (dotted line), 0.5µM (solid line), and 100µM (dashed line).
The horizontal line corresponds to theF-statistic for one standard
deviation. Experimental conditions are as described in the legend
to Figure 5.

FIGURE 7: Measured differential phase angles (A) and modulated
anisotropy (B) data (b, 0, O) and nonlinear least-squares fits
(s, ‚‚‚‚, ---) of the rotational dynamics of PMal-PLB co-
reconstituted with the Ca-ATPase at variable free calcium concen-
trations, where the free calcium concentrations are 30 nM (b, solid
line), 0.5 µM (0, dotted line), and 100µM (O, dashed line).
Experimental conditions are as described in the legend to Figure
5.
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upon calcium activation is very similar to that observed upon
the phosphorylation of PLB by PKA (Figure 4), suggesting
similar structural changes in the vicinity of the putative hinge
element occur irrespective of the mechanism of Ca-ATPase
activation.

DISCUSSION

To identify the mechanism of PLB inhibition that results
in a shift in the calcium-dependence of Ca-ATPase activation
and how phosphorylation of PLB by PKA releases this
inhibition, we have probed the overall dimensions and
conformational heterogeneity of the cytosolic portion of PLB
bound to the Ca-ATPase using fluorescence spectroscopy.
In contrast to the large range of conformations (HW) 36
Å) adopted for the cytosolic portion of PLB reconstituted in
the absence of the Ca-ATPase, we find that the conformation
is well defined when PLB is bound to the Ca-ATPase (i.e.,
the half-width of the distance distribution is approximately
3 Å). The large decrease in HW upon binding to the Ca-
ATPase is consistent with FRET measurements of other
proteins that adopt well-defined structures upon association
with their binding partners (43, 44). These highly ordered
binding interactions between PLB and the Ca-ATPase are
retained following either phosphorylation by PKA or calcium
activation of the Ca-ATPase. Thus, in conjunction with
fluorescence anisotropy measurements of restricted rotational
dynamics under the same conditions (Figures 4 and 7), it is
apparent that both the transmembrane and cytosolic domains
of PLB remain tightly associated with the Ca-ATPase. Thus,
the nature of the conformational switch that underlies release
of Ca-ATPase inhibition does not involve the dissociation
of either domain of PLB from the Ca-ATPase.

Moreover, the retention of similar dimensions for the
cytosolic portion of PLB (14-15 Å), irrespective of calcium
activation or the phosphorylation of PLB, suggests localized
structural changes that selectively destabilize the inhibitory
interaction between PLB and the Ca-ATPase. The phospho-
rylation-induced decrease in spatial separation between PMal
covalently bound to Cys24 and nitroTyr6 is consistent with a
mechanism involvingR-helical stabilization within PLB by
a salt bridge between the phosphoryl group at Ser16 and the
guanidine moiety of Arg13, which was previously suggested
to modulate the hinge mobility of PLB reconstituted in the
absence of the Ca-ATPase (16) (Figure 8).

In contrast, the inhibition of the Ca-ATPase by PLB, which
is manifested in a shift in the calcium-dependence of Ca-
ATPase activation toward higher calcium concentrations, can
be understood in terms of the kinetics of calcium activation.
Prior equilibrium binding measurements have revealed that
PLB does not affect the calcium-dependence (affinity) of
calcium binding (1). Rather, PLB selectively modulates the
energetics of the cooperative structural change (i.e.,ECa f
E′Ca) associated with the formation of the second high-
affinity calcium binding site within the Ca-ATPase (Scheme
1) (1, 21). This latter result is consistent with prior kinetic
measurements that, in conjunction with the high-resolution
structure of the Ca-ATPase, indicate formation of the second
calcium binding site is the rate-limiting process underlying
calcium activation and ATP utilization by the Ca-ATPase
(42, 45-48). Thus, when PLB is complexed with the Ca-
ATPase, occupancy of the first calcium binding site induces

a conformational change of the Ca-ATPase that allows
binding of the second calcium; this conformational change
coincides with the extension of the cytosolic domain of bound

FIGURE 8: Model depicting relationship between formation of salt-
linkage between phosphoSer16 and Arg13 in PLB and release of
inhibitory interaction between the cytosolic domain of PLB (yellow)
and nucleotide binding domain (N-domain) of the Ca-ATPase
(blue). The cartoon takes into account cross-linking derived
interaction sites between the transmembrane domain of PLB (N27

and N30) and the transmembrane helix M4 of the Ca-ATPase (i.e.,
L321 and C318) (site 1) as well as K3 near the amino-terminus of
PLB and the KDDKPVK403 binding sequence (site 2) within the
N-domain of the Ca-ATPase (9-11, 63). In addition, a putative
regulatory interaction between PLB and the Ca-ATPase (site 3) is
depicted that may involve a salt linkage between Arg13 within PLB
and acidic residues within the nucleotide binding domain of the
Ca-ATPase (A, B). Prior to its phosphorylation by PKA, the hinge
region within PLB assumes an extended structure, permitting
association of the cytosolic domain of PLB with sites 2 and 3 on
the nucleotide-binding domain of the Ca-ATPase (A, B). This
binding interaction induces a reorientation of the nucleotide-binding
domain of the Ca-ATPase by approximately 10° to bring the PLB
binding sequence closer to the membrane surface (B) (5, 12). PLB
binding functions to increase the energetic barriers associated with
the rigid body reorientation of the N-domain that accompanies
calcium activation of the Ca-ATPase (A), shifting the calcium-
dependence of ATPase activity toward higher calcium concentra-
tions (5, 13, 49). In contrast, phosphorylation of Ser16 by PKA
induces the formation of a salt-linkage with Arg13 (dashed line in
panel C), constraining the overall dimensions of the cytosolic
portion of PLB by stabilizing the helical structure of the hinge
region (bottom figure; see Figure 1). As a result, the cytoplasmic
portion of PLB releases the inhibitory interaction with sites 2 and
3, which is associated with a physical constraint of the N-domain
and enzyme inhibition, and binds to an as yet unidentified sequence
of the Ca-ATPase.
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PLB. We suggest that, in its unphosphorylated state, bound
PLB constrains the structure of the Ca-ATPase so that the
rate of this conformational transition is reduced; higher
calcium concentrations are necessary to overcome the kinetic
barrier associated with the cooperative binding of the second
calcium ion. Thus, the larger kinetic barrier associated with
the formation of the second high-affinity calcium binding
site results in a reduced calcium sensitivity, limiting the rate
of calcium sequestration, since occupancy of the second high-
affinity calcium site is necessary to promote ATP activation
and phosphoenzyme formation. Further, the calcium-depend-
ent reorientation of both the transmembrane helices of the
Ca-ATPase and individual cytosolic domains is consistent
with observed reductions in site-specific chemical cross-
linking between engineered sites on the Ca-ATPase and PLB
following calcium activation (9-11, 41).

This mechanism involving inhibition of catalytically
important movements of the Ca-ATPase by PLB is consistent
with the previous structural data regarding the interaction
between the cytoplasmic domain of PLB and the nucleotide
binding domain of the Ca-ATPase, which demonstrates that
PLB binding alters both the orientation of the nucleotide
binding domain and restricts that rate of domain movement
(5, 9, 21). Thus, it is expected that PLB binding will affect
calcium-induced large-scale domain movements of the
nucleotide-binding domain that are normally associated with
enzyme activation (13, 48, 49). Since these protein domain
movements are critical to transport function and have
previously been shown to be rate limiting under physiological
conditions, a restriction of domain mobility is expected to
reduce the overall rate of calcium transport function (5, 21,
50-53). Indeed, other physiological modulators of Ca-
ATPase function beside PLB expression, including changes
in lipid composition, directly modulate activity through the
modulation of dynamics of the nucleotide binding domain
(5, 54, 55).

Thus, our results suggest that PLB functions as an
allosteric regulator of the Ca-ATPase, where the structure
of the hinge region modulates the inhibitory interaction
between PLB and the Ca-ATPase. Prior to the release of
the inhibitory interaction between PLB and the Ca-ATPase,
the hinge region within PLB assumes a more extended
structure (Figure 8), permitting the association between
sequences within the cytosolic domain IA of PLB with the
inhibitory sequence of the Ca-ATPase associated with
enzyme inhibition (Figure 1). This interaction requires a
reorientation of the nucleotide-binding domain of the Ca-
ATPase to bring the PLB binding sequence closer to the
membrane surface (12). The associated restriction in the
mobility of the nucleotide binding domain functions to inhibit
the transport kinetics of the Ca-ATPase (5, 13). Upon
phosphorylation of Ser16, a salt-linkage is formed with Arg13,
which functions to constrain the overall dimensions of the
cytosolic domain of PLB by stabilizing the secondary
structure within the hinge region. Release of the inhibitory
interaction between PLB and the Ca-ATPase must be

understood in the context of the extended and motionally
restricted structures of PLB and the Ca-ATPase, which is
released by the disruption of the inhibitory interaction
through the translational movement of the cytosolic region
of PLB.

Our results, which demonstrate that PLB remains associ-
ated with the Ca-ATPase following the release of enzyme
inhibition, are in agreement with all prior measurements that
have directly probed the structural interaction between PLB
and the Ca-ATPase (14, 17, 20, 56). Using NMR, FTIR,
spin-label EPR, and fluorescence spectroscopy, it has been
demonstrated that structural interactions between both the
cytosolic and transmembrane domains of PLB and the Ca-
ATPase are retained following either phosphorylation of PLB
by PKA or calcium activation of the Ca-ATPase. Following
calcium activation the high-affinity binding interaction
between PLB and the Ca-ATPase has been measured (i.e.,
Kd ) 140 ( 30 µM) (20). The functional inhibition of Ca-
ATPase activity mirrors the extent of PLB binding in both
native and reconstituted preparations (2). Thus, irrespective
of the calcium concentration, 70( 6% of the total PLB is
bound to the Ca-ATPase in slow-twitch skeletal muscle or
following the functional co-reconstitution of equal molar
amounts of PLB and the Ca-ATPase (2, 20). Nevertheless,
models of Ca-ATPase regulation that involve dissociation
of PLB from the Ca-ATPase upon either calcium activation
of the Ca-ATPase or phosphorylation of PLB by PKA are
commonly proposed in the current literature (6, 10, 41). For
example, Jones and co-workers have suggested that PLB
dissociates from the Ca-ATPase following calcium activation
on the time-scale of enzymatic turnover, and propose that
PLB dissociation induces the disruption of large dodecameric
aggregates of the Ca-ATPase to enhance the transport activity
of the pump (19, 41, 57). This latter model suggests a cycle
of PLB dissociation and rebinding during the catalytic
transport cycle of the pump and on a beat-to-beat basis during
contraction, irrespective of the extent of beta-adrenergic
receptor activation (41).

Models of Ca-ATPase regulation by PLB that involve the
complete dissociation of PLB from the Ca-ATPase are
largely derived from the observation that site-specific cross-
linking reactions between residues on PLB and the Ca-
ATPase are diminished upon either calcium activation of the
Ca-ATPase or phosphorylation of PLB by PKA (9, 10, 41).
However, changes in cross-linking efficiency are not able
to distinguish between dissociation of PLB from the Ca-
ATPase relative to other models in which the specific reactive
groups on either PLB or the Ca-ATPase need only reorient
or move apart small distances to diminish the efficiency of
the cross-linking reaction, as documented previously (41).
Indeed, the structure of a primary cross-linking site on the
Ca-ATPase (i.e., K328), located at the C-terminus of the M4
helix in the calcium-activated form of the pump (1EUL.pdb),
is altered in the apo-forms of the Ca-ATPase (1IWO.pdb
and 1KJU.pdb) (48, 49, 59). Thus, changes in the orientation
and secondary structures of the transmembrane helices of
the Ca-ATPase that occur upon calcium activation are
consistent with observed changes in cross-linking efficiency
between PLB and the Ca-ATPase (48, 58). In fact, cross-
linking interactions between PLB and the Ca-ATPase are
retained following the phosphorylation of PLB by PKA, and
are optimal only for the apo-form of the Ca-ATPase in the

Scheme 1
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presence of bound nucleotide (10, 41). In this respect, the
identification of conditions that optimize the site-specific
cross-linking between sites on PLB and the Ca-ATPase can
most effectively be used to constrain possible structural
interactions between PLB and the Ca-ATPase, rather then
inferring global changes in the structures of either PLB or
the Ca-ATPase (11, 16, 60).

Additional support for models that suggest the dissociation
of PLB to underlie the functional regulation of the Ca-
ATPase in the heart have been inferred from early measure-
ments using phosphorescence anisotropy to monitor the
structure of the Ca-ATPase (57). These measurements have
been interpreted to suggest that PLB induces the formation
of large dodecameric oligomers of the Ca-ATPase that are
functionally inactive (19, 61). The dissociation of PLB from
these large oligomers of the Ca-ATPase following phospho-
rylation by PKA was proposed to enhance enzyme activity
through the dissociation of these large aggregates of the Ca-
ATPase. However, observed large changes in the phospho-
rescence anisotropy of the erythrosin probe bound to the Ca-
ATPase following the phosphorylation of PLB was subse-
quently shown to be the result of the high stoichiometry of
the bound dye, which has the potential to induce changes in
phosphorescence depolarization through intramolecular en-
ergy transfer due to changes in the proximity of nearby labels
(5, 13). Using lower labeling stoichiometries that permit the
selective labeling of the nucleotide-binding domain of the
Ca-ATPase, PLB binding was shown to have no affect on
the oligomeric state of the Ca-ATPase (5). Rather, PLB
binding induces alterations in the relative orientation of the
nucleotide-binding domain to modify the calcium-depen-
dence of enzymatic activity (5, 12, 13, 21). Under these latter
conditions, both the cytosolic and transmembrane domains
of PLB remain associated with the Ca-ATPase (14, 17). Thus,
there is no reliable data to support earlier models that
suggested the dissociation of PLB is required to release the
inhibition of Ca-ATPase activity.

In addition to confirming earlier measurements that PLB
remains associated with the Ca-ATPase following the release
of inhibition through either the direct phosphorylation of PLB
by PKA or calcium activation of the Ca-ATPase, the current
results further clarify the structure of PLB in association with
Ca-ATPase. Specifically, we demonstrate that PLB assumes
a unique conformation when bound to the Ca-ATPase
irrespective of the release of enzyme inhibition following
the phosphorylation of PLB by PKA or calcium activation
of the Ca-ATPase. Indeed, it is the stabilization of the hinge
element of PLB following phosphorylation of Ser16 by PKA
that functions as an important conformational switch to
release the inhibitory interactions between the cytoplasmic
domain of PLB and the nucleotide-binding domain of the
Ca-ATPase, which enhances the kinetics of calcium activa-
tion and transport function through the modulation of
catalytically important domain motions of the Ca-ATPase
(1, 5, 12, 13, 16, 54, 55, 62).
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