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ABSTRACT: We have used frequency-domain fluorescence spectroscopy to investigate the structural linkage
between the transmembrane and cytosolic domains of the regulatory protein phospholamban (PLB). Using
an engineered PLB having a single cysteine (Cys24) derivatized with the fluorophoreN-(1-pyrenyl)maleimide
(PMal), we have used fluorescence resonance energy transfer (FRET) to measure the average spatial
separation and conformational heterogeneity between PMal bound to Cys24 in the transmembrane domain
and Tyr6 in the cytosolic domain near the amino terminus of PLB. In these measurements, PMal serves
as a FRET donor, and Tyr6 serves as a FRET acceptor following its nitration by tetranitromethane. The
native structure of PLB is retained following site-directed mutagenesis and chemical modification, as
indicated by the ability of the derivatized PLB to fully regulate the Ca-ATPase following their
co-reconstitution. To assess how phosphorylation modulates the structure of PLB itself, FRET measurements
were made following reconstitution of PLB in membrane vesicles made from extracted sarcoplasmic
reticulum membrane lipids. We find that the cytosolic domain of PLB assumes a wide range of
conformations relative to the transmembrane sequence, consistent with other structural data indicating
the presence of a flexible hinge region between the transmembrane and cytosolic domains of PLB.
Phosphorylation of Ser16 by PKA results in a 3 Å decrease in the spatial separation between PMal at
Cys24 and nitroTyr6 and an almost 2-fold decrease in conformational heterogeneity, suggesting a stabilization
of the hinge region of PLB possibly through an electrostatic linkage between phosphoSer16 and Arg13

that promotes a coil-to-helix transition. This structural transition has the potential to function as a
conformational switch, since inhibition of the Ca-ATPase requires disruption of the secondary structure
of PLB in the vicinity of the hinge element to permit association with the nucleotide binding domain at
a site located approximately 50 Å above the membrane surface. Following phosphorylation, the stabilization
of the helical content in the hinge domain will disrupt this inhibitory interaction by reducing the maximal
dimension of the cytosolic domain of PLB. Thus, stabilization of the structure of PLB following
phosphorylation of Ser16 is part of a switching mechanism, which functions to alter binding interactions
between PLB and the nucleotide binding domain of the Ca-ATPase that modulates enzyme inhibition.

Phospholamban (PLB)1 represents a major target of the
â-adrenergic cascade, and its phosphorylation at Ser16 by
cAMP-dependent protein kinase (PKA) results in the
release of the inhibitory interaction between PLB and the
Ca-ATPase, resulting in accelerated rates of muscle relax-
ation that facilitates greater cardiac force generation (1-8).

PLB binding to the Ca-ATPase inhibits transport activity by
restricting catalytically important motions involving the
nucleotide binding domain of the Ca-ATPase known to be
involved in calcium transport (9-14). Release of inhibition
is mediated by the phosphorylation of PLB by PKA, which
induces a structural change near the putative hinge of PLB
that relaxes the conformational restriction of the nucleotide
binding domain (11, 15). However, the nature of the
conformational switch involving the phosphorylation-de-
pendent change in the structure of PLB that underlies
regulation of the Ca-ATPase remains undefined.

Knowledge of the binding site for PLB on the Ca-ATPase
coupled with recent high-resolution structures of PLB and
the Ca-ATPase provides important insights into the interac-
tion between PLB and the Ca-ATPase and suggests that the
inhibitory interaction between PLB and the Ca-ATPase
requires PLB to adopt an extended structure (12, 13, 16-
19). From the high-resolution NMR structure, PLB is
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suggested to form transmembrane (residues 22-49) and
cytosolic (residues 4-16) helical domains connected through
either aâ- or flexible-turn conformation (Figure 1), permit-
ting the cytosolic domain of PLB to adopt a range of
conformations relative to the transmembrane domain (16,
20, 21).

These suggestions are consistent with some earlier FTIR
measurements of PLB in reconstituted bilayers, which also
suggested that PLB is composed of twoR-helices separated
by aâ-structure (22). However, an alternative model based
on similar FTIR measurements of PLB reconstituted into
lipid bilayers suggests that PLB adopts a continuousR-helix
of about 40 amino acids (23, 24). Moreover, spin-label EPR
and solid-state NMR measurements of PLB in reconstituted
bilayers have been interpreted to indicate that the cytosolic
domain of PLB orients approximately perpendicular to the
plane of the membrane so as to undergo direct binding
interactions with the lipid bilayer (25, 26). These contradic-
tory models suggest two possibilities: one, that the high-
resolution structures of PLB obtained in organic cosolvents
or helix-promoting solvents at low pH do not reflect the
native structure of PLB in the bilayer; the other, that the
spin-label electron paramagnetic resonance (EPR) and solid-
state nuclear magnetic resonance (NMR) measurements,
which resolve a single average structural intermediate, do
not resolve the biological conformational heterogeneity.

To further investigate the structure of PLB and phospho-
rylation-induced structural changes, we have used fluores-
cence resonance energy transfer (FRET) to measure the
spatial separation and conformational heterogeneity between
chromophores located in the cytosolic and transmembrane
domains of PLB following reconstitution into membrane
bilayers made from lipids extracted from sarcoplasmic
reticulum (SR) membranes. These measurements demonstrate
the presence of considerable conformational heterogeneity
with respect to the relative orientations of the cytosolic and
transmembrane domains that is reduced following the phos-
phorylation of Ser16 in PLB by PKA. The phosphorylation-
induced restriction in conformational heterogeneity indicates
the stabilization of the backbone fold of PLB, suggesting
that the linker between the cytosolic and transmembrane
domains becomes more ordered due to a coil-to-helix
structural transition.

EXPERIMENTAL PROCEDURES

Materials. N-(1-Pyrenyl)maleimide (PMal) was obtained
from Molecular Probes, Inc. (Junction City, OR). Tetrani-
tromethane (TNM) was purchased from Aldrich (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)propanesulfonic acid (MOPS)
was purchased from Fisher Biotech (Fair Lawn, NJ). Bio-
Beads SM2 and acrylamide were purchased from Bio-Rad
(Richmond, CA). Lipids were extracted from the SR vesicles
isolated from rabbit skeletal fast-twitch muscle by standard
methods (27, 28). The Ca-ATPase was affinity purified from
skeletal muscle SR using Reactive Red-agarose (29).
Affinity-purified PLB and Ca-ATPase were stored at-70
°C.

Expression and Purification of PLB. DNA encoding the
single cysteine mutant PLB (PLB, Cys36,41,46/Ala24Cys) was
cloned into a pGEX-2T plasmid expression vector and
expressed in JM109Escherichia colicells as previously
described (30). The expressed PLB protein was purified by
preparative electrophoresis essentially as previously de-
scribed, with the exception that theE. coli cells were
incubated with 200µg/mL lysozyme at room temperature
prior to sonication. The resulting membrane pellet collected
by centrifugation at 150000g for 10 min was solubilized with
1% sarcosyl in 20 mM Tris-HCl (pH 7.5).

Co-reconstitution of the Ca-ATPase with PLB. Before
reconstitution, the anionic detergent SDS in the purified PLB
sample obtained from preparative SDS-PAGE was ex-
changed for nonionic detergent C12E9 using a DEAE-
cellulose chromatography. This step involved application of
approximately 2 mg of purified PLB in 10 mL of buffer
containing 20 mM MOPS (pH 7.0) and 2.5% C12E9 onto
the DEAE-cellulose column preequilibrated with the same
buffer. PLB was eluted with 20 mM MOPS (pH 7.0), 2.5%
C12E9, and 0.2 M NaCl. PLB was reconstituted in the absence
or presence of purified Ca-ATPase at a molar ratio of three
PLB per Ca-ATPase into liposomes of extracted SR lipids
as previously described (31). The concentration of PLB was
determined by the Amido Black method (32).

Enzyme, Protein, and Free Calcium Assays. ATP hydroly-
sis activity of the Ca-ATPase was determined by measuring
the time course of the release of inorganic phosphate (33),
using 100 g of protein/mL in a solution containing 50 mM
MOPS (pH 7.0), 0.1 M KCl, 5 mM MgCl2, 1 mM EGTA, 1
µM CCCP, 2µM valinomycin, 2µM A23187, and sufficient
calcium to yield the desired concentration of free calcium
(31). To phosphorylate PLB for enzyme activity measure-
ments, 10µg of PKA/mL and 1 µM cAMP were also
included in the assay buffer, incubating the solution at 25

FIGURE 1: Depiction of backbone fold (A) and primary sequence (B) of PLB showing relative positions of donor chromophore PMal (blue
circle) covalently bound to position 24 and acceptor chromophore nitrotyrosine (red circle) at position 6 relative to the complete amino acid
sequence. The illustration was taken from the Protein Data Bank using the coordinates published by Krebs and co-workers (1FJK.pdb;16).

Conformational Heterogeneity of Phospholamban Biochemistry, Vol. 42, No. 36, 200310675



°C for 10 min before addition of 5 mM ATP to start the
reaction. All protein concentrations were determined by the
Amido Black method (32). Free calcium concentrations were
calculated from total ligand and EGTA concentrations,
correcting for pH and ionic conditions (34).

Specific DeriVatization of PLB. The chemical modification
of the single Cys24 with PMal and the nitration of the single
Tyr6 with tetranitromethane (TNM) was carried out es-
sentially as previously described for other proteins (35, 36).
Before modification of Cys24 with PMal, PLB was incubated
in the presence of 50 mM K2HPO4 (pH 7.2), 50 mM DTT,
and 0.1% C12E9 for 3 h atroom temperature. Following the
separation of PLB from DTT using a Sephadex G-15 size-
exclusion column, 6µM PLB was incubated with 12µM
PMal in buffer A [50 mM K2PO4 (pH 7.2) and 0.1% C12E9]
at 25°C for 3 h. The reaction was quenched by the addition
of 0.1 mM DTT before separating the labeled PLB from
PMal using DEAE anion-exchange chromatography. After
extensive washing, the bound PLB was eluted with buffer
A containing 0.5 M NaCl. Incorporation of PMal was
determined in buffer A using the molar extinction coefficient
ε343nm ) 3.6 × 104 M-1 cm-1 (37). For nitration of Tyr6, 6
µM PLB was suspended in 0.1 M Tris-HCl (pH 8.0), 1 M
NaCl, and 0.1% C12E9 before the addition of 24µM TNM,
which was incubated at 25°C for 1 h. PLB was then
separated into 10 mM Tris-HCl buffer (pH 8.0) using a
Sephadex G-15 size-exclusion column. The extent of nitra-
tion was determined following solubilization in 10 mM Tris-
HCl (pH 8.0), 0.5 M NaCl, and 0.1% C12E9 using the molar
extinction coefficientε428nm ) 4200 M-1 cm-1 (38).

Fluorescence Measurements. Steady-state fluorescence
spectra were measured using a Spex Industries (Edison, NJ)
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 (39). Excitation used the 333 nm
output from a Coherent (Santa Clara, CA) Innova 400 argon
ion laser; emitted light was collected after a Corion 400 nm
interference filter (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 (39-
44). In the case of FRET measurements, the incomplete
nitration of Tyr6 was taken into account, as previously
described (45). Alternatively, algorithms are available that
permit the determination of the initial anisotropy in the
absence of rotational diffusion (r0), the rotational correlation
times (æi), and the amplitudes of the total anisotropy loss
associated with each rotational correlation time (r0gi), as
previously described in detail (36). The parameter values are
determined using the method of nonlinear least-squares
analysis in which the reduced chi-squared (i.e.,ø2

R) are
minimized (46). A comparison ofø2

R values provides a
quantitative assessment of the adequacy of different assumed
models to describe the data (47). Data were fit using the
Globals software package (University of Illinois, Urbana-

Champaign) or the program Mathcad (MathSoft Inc., Cam-
bridge, MA).

RESULTS

Function of Engineered and DeriVatized PLB. A single
cysteine mutant of PLB (A24C) was constructed in which
the three cysteines in the transmembrane sequence (Cys36,
Cys41, and Cys46) of wild-type PLB were substituted with
alanines, and a further substitution was introduced into the
transmembrane sequence near the lipid-water interface to
permit site-specific incorporation of the fluorescent probe
N-(1-pyrenyl)maleimide (PMal) (Figure 1). Following de-
rivatization with PMal, the A24C mutant of PLB migrates
as a single monomeric species on SDS-PAGE (data not
shown). This result is consistent with earlier measurements
where it was demonstrated that following mutation of the
three transmembrane cysteines to alanines oligomeric inter-
actions are disrupted and PLB exists predominantly as a
monomer (48-50). Thus, using this mutant of PLB there
are no complications in the analysis of FRET between
proximal PLB molecules within oligomeric species (51).
While our structural measurements consider only PLB
reconstituted into membrane lipids in the absence of the Ca-
ATPase, we have additionally examined the ability of mutant
and derivatized PLB to regulate the Ca-ATPase to investigate
the possible effect of chemical derivatization on the structure
of PLB. In agreement with earlier observations (15), the
expressed PLB fully regulates the Ca-ATPase following co-
reconstitution into liposomes made from SR lipids (Figure
2). This inhibitory interaction is evidenced by the charac-
teristic shift in calcium concentration dependence of activa-
tion toward higher calcium in the presence of PLB and its
reversal by PKA-dependent phosphorylation of PLB. More-
over, there is quantitative agreement between both the
calcium concentrations required for half-maximal enzyme
activation of the Ca-ATPase (Ca1/2) in the absence and
presence of PKA and the extent of the phosphorylation-
induced shift in Ca1/2 (i.e., ∆Ca1/2 ) 280 ( 20 nM; Figure
2) and these values observed for the Ca-ATPase in cardiac
microsomes (∆Ca1/2 ) 280( 20 nM; 52, 53). These results
support earlier conclusions that the inhibitory form of PLB
that associates with the Ca-ATPase is monomeric (53, 54).

FIGURE 2: Calcium dependence of ATPase activity for the Ca-
ATPase reconstituted with PLB in the absence (O, 9) or presence
(b, 0) of PKA for wild-type PLB (O, b) or following covalent
attachment of PMal to Cys24 and nitration of Tyr6 (9, 0). Calcium
concentrations associated with half-maximal activation of the
Ca-ATPase were 650( 20 nM (O), 660( 20 nM (9), 370( 10
nM (b), and 380( 10 nM (0). The maximal Ca2+-dependent
ATPase activities measured at 25°C were 7.2( 0.2 (O), 7.5 (
0.2 (b), 7.0( 0.1 (9), and 7.1( 0.2 (0) µmol of Pi‚mg-1‚ min-1.
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Following covalent modification of Cys24 with PMal and
nitration of Tyr6, PLB retains its ability to fully inhibit the
Ca-ATPase, which is fully reversed by phosphorylation by
PKA (Figure 2). Thus, measurements of the spatial separation
between PMal and nitroTyr6 reflect the physiological struc-
ture of PLB, and these samples will provide reliable
information regarding the conformational switching mech-
anism underlying the regulation of the structure of PLB by
PKA.

Spatial Separation between Sites on Transmembrane and
Cytosolic Domains of PLB. The spectral overlap between
the fluorescence emission spectrum of PMal covalently
bound to Cys24 and the absorbance spectrum of nitroTyr6

permits the use of FRET to measure the spatial separation
between these sites (Figure 3). Following nitration of Tyr6

the intensity of the fluorescence emission spectrum of PMal
decreases by approximately 50% (Figure 4). These results
suggest that the average spatial separation between PMal
bound to Cys24 and nitroTyr6 is about 20 Å (i.e., ap-
proximately R0; Table 1), consistent with previous NMR
measurements of PLB in organic solvents. The average
spatial separation between the side chains at positions 24
and 6 in the proposed average NMR structure varies between
19.1 and 25.2 Å (1FJK.pdb;16). Moreover, previous FTIR
measurements also suggested that PLB is composed of two
R-helices separated by aâ-structure (22). However, these

FRET measurements are inconsistent with an alternative
model in which PLB forms a continuousR-helix where the
average spatial separation between PMal covalently bound
to Cys24 and nitroTyr6 would be approximately 28.5 Å
(23, 24).

Fluorescence Lifetime Measurements. Frequency-domain
fluorescence spectroscopy was used to measure of the
intensity decay of PMal bound to Cys24 in PLB in the absence
and presence of nitroTyr6 (Figure 5), permitting an assess-
ment of protein conformational heterogeneity. In the presence
of nitrotyrosine the frequency response of PMal is shifted
to the right, indicating that the average lifetime is reduced
because of the presence of FRET. In both cases, the
fluorescence intensity decay can be described as a sum of
four exponentials, as indicated by the weighted residuals that
are randomly distributed about the origin. The mean lifetime
decreases from 3.2( 0.2 ns for PMal alone to 2.2( 0.2 ns
in the presence of the FRET acceptor nitroTyr6 (Table 2).
Assuming a single unique conformation of PLB, the decrease
in average lifetime can be used to calculate an apparent
spatial separation, which is 21.1( 0.9 Å (Table 1). These
results are consistent with the steady-state fluorescence
measurements and thus indicate that there is minimal static
quenching which would indicate a significant population of
PLB conformations that bring nitroTyr6 within 9 Å (i.e.,
1/2R0) of PMal bound to Cys24. Therefore, from this distance
it is apparent that PLB adopts an extended structure upon
reconstitution in liposomes.

Phosphorylation-Induced Structural Changes in PLB.
Following phosphorylation of Ser16 by PKA there is a
significant shift in the frequency response of PMal-labeled
PLB toward lower frequencies (Figure 5B), indicating that
the average lifetime increases. These results indicate that

Table 1: Spatial Separation between PMal Bound to Cys24 and Tyr6 a

exptl
conditions Eb (%) R0

c (Å) rapp
d (Å) Rav

e(Å) HWe(Å) ø2
R

f

no PKA 31( 7 18.5( 0.1 21.1( 0.9 <21 36.3 (18.9-42.8) 12.0
+PKA 46 ( 5 17.7( 0.1 18.2( 0.6 12.3 (9.0-14.7) 15.0 (11.9-17.7) 8.9

a Values and associated errors were obtained from five to ten independent measurements of FRET between PMal-Cys24 and nitroTyr6 using 1
µM PLB in 50 mM MOPS (pH 7.0), 0.1 M KCl, 5 mM MgCl2, 1 mM EGTA, and 0.55 mM CaCl2, resulting in the presence of 0.5µM free calcium
in the absence and presence of PKA, where the fractional nitration of Tyr6 was 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 2.c Förster critical distance (R0) under the
indicated experimental conditions represents the distance between chromophores where the FRET efficiency is 50% (66, 67). d Apparent distance
between PMal-Cys24 and nitroTyr6 calculated on the assumption of a unique conformation.e Average donor-acceptor distance (Rav) or full width
at half-maximum (HW) assuming a Gaussian distribution of distances (40, 43, 44). Indicated errors were obtained from a global analysis of errors,
as depicted in Figure 6.f Average value of the reduced chi-squared (ø2

R) fit to the Gaussian distribution of distances.

FIGURE 3: Spectral overlap between the steady-state emission
spectrum ofN-(1-pyrenyl)maleimide-labeled PLB (dashed line;λex
) 343 nm) and absorbance spectra of nitroTyr6 in PLB (solid line
2) for 41.5µM PLB in 10 mM Tris-HCl (pH 7.0), 0.5 M NaCl,
and 0.1% C12E9 (25 °C). Additional absorbance spectra of nitrated
PLB are shown at pH 8.0 (solid line 1) and pH 3.5 (solid line 3),
illustrating the sensitivity of the absorbance of nitrotyrosine to
protonation. The absorbance spectrum of unlabeled PLB (dotted
line) is shown for comparison.

FIGURE 4: Steady-state emission spectra of PMal bound to Cys24

before (s) and following (---) nitration of Tyr6 for 4 µM PLB in
50 mM MOPS (pH 7.0), 0.1 M KCl, 5 mM MgCl2, 1 mM EGTA,
and 0.55 mM CaCl2, resulting in 0.5 mM free calcium (25°C). λex
) 343 nm.
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phosphorylation of PLB by PKA induces a substantial change
in the structure of PLB in the vicinity of PMal covalently
bound to Cys24. Moreover, in comparison to unphosphory-
lated PLB, the presence of nitroTyr6 results in a larger shift
in the frequency response toward higher frequencies, indicat-
ing that there is greater energy transfer efficiency. These
results indicate that the average spatial separation between
PMal bound to Cys24 and nitroTyr6 is reduced following
phosphorylation by PKA. Using the mean lifetimes (i.e.,τj)
calculated from the multiexponential fits to the frequency-
domain data (Table 2), the energy transfer efficiency
increases from 31( 7% to 46 ( 5% following the
phosphorylation of PLB by PKA. Assuming a unique donor-
acceptor separation, these results suggest that the average
spatial separation between PMal covalently bound to Cys24

and nitroTyr6 decreases from 21.1( 0.9 Å to 18.2( 0.6 Å
following the phosphorylation of PLB. Thus phosphorylation
of Ser16 induces a conformational rearrangement that brings
the transmembrane and cytosolic domains of PLB into closer
proximity.

Conformational Heterogeneity of the Cytosolic Domain
of PLB. Additional information regarding the average spatial
separation and conformational heterogeneity between PMal
and nitroTyr6 located respectively on the transmembrane and
cytosolic domains of PLB is available from fitting the time-
dependent decays of PMal to a model that assumes a
Gaussian distribution of distances between donor and ac-
ceptor chromophores (40, 43, 55). The intensity decay of
PMal covalently bound to Cys24 can be adequately described
as a sum of four exponentials, as indicated by the random
distribution of the weighted residuals about the origin (Figure
5). Inclusion of additional fitting parameters results in no
further improvement ofø2

R. The similar goodness of fit (i.e.,
ø2

R) obtained when fitting the lifetime data to a model that
assumes a Gaussian distribution of distances with two
floating parameters (i.e.,Rav and HW; Table 1) in comparison
to the fit obtained using a sum of exponentials with nine
floating parameters (i.e.,R1, τ1, R2, τ2, R3, τ3, andτ4; Table
2) indicates that fitting the data to the simpler model
involving a distribution of distances is statistically justified.

From the distance distribution data it is apparent that the
apparent spatial separation (rapp) calculated on the assumption
of a unique donor-acceptor separation is consistent with the
average spatial separation (Rav) determined from the distance
distribution model (Table 1). The observed HW (full width
at half-maximum height) of the donor-acceptor distance
distribution of PLB in reconstituted bilayers is about 36 Å,
indicating that the cytoplasmic domain of PLB adopts a wide
distribution of conformations. The large extent of confor-
mational heterogeneity is consistent with the presence of a
flexible hinge connecting cytoplasmic and transmembrane
domains of PLB and permitting a wide distribution of
conformations within the cytoplasmic domain of PLB when
the transmembrane domain is tethered within the bilayer.
These results are inconcistent with models that assume PLB
to be a continuous helix or that propose that the cytoplasmic
domain directly binds to phospholipids at the membrane
surface (23-25).

Following the phosphorylation of Ser16 by PKA there is
significant reduction in the half-width (HW) of the distribu-
tion, with no significant change in average spatial separation
(Rav) (Table 1). A consideration of the error surfaces for these
calculated distance distributions provides a conservative
estimate of the recovered parameters (56) and demonstrates

Table 2: Lifetime Data for PMal Covalently Bound to Cys24 in the Absence and Presence of the FRET Acceptor NitroTyr99a

exptl
conditionsb label R1 τ1 (ns) R2 τ2 (ns) R3 τ3 (ns) R4 τ4 (ns) τj (ns) ø2

R
c

no PKA donor 0.61( 0.06 0.5( 0.1 0.27( 0.02 2.9( 0.8 0.10( 0.04 10( 2 0.02( 0.01 55( 2 3.2( 0.2 6.3
D-A 0.69( 0.02 0.3( 0.1 0.22( 0.01 2.6( 0.5 0.08( 0.02 10(2 0.01( 0.01 64( 5 2.2( 0.2 1.6

+PKA donor 0.54( 0.05 0.5( 0.2 0.28( 0.03 3.1( 0.8 0.13( 0.03 11( 2 0.05( 0.02 70( 10 6.1( 0.5 5.1
D-A 0.64( 0.02 0.4( 0.1 0.24( 0.01 2.7( 0.2 0.10( 0.02 10( 1 0.02( 0.01 70( 10 3.3( 0.1 6.5

a Indicated values and associated standard errors of the mean for three to six independent measurements were obtained from a four-exponential
fit to frequency-domain data collected for PMal covalently bound to Cys24 prior to (donor) or following (D-A) nitration of Tyr6. b Buffer contained
50 mM MOPS (pH 7.0), 0.1 M KCl, 5 mM MgCl2, 5 mM ATP, 1 mM EGTA, and 0.6 mM CaCl2 (free calcium concentration equals 0.5µM) in
the absence (no PKA) and presence (+PKA) of 1.0 µM cAMP and 20µg PKA. The total volume was 2 mL.c Average value of the reduced
chi-squared (ø2

R) fit to the Gaussian distribution of distances.

FIGURE 5: Frequency-domain lifetime data for PMal bound to PLB.
Frequency response and four-exponential fit (black line, gray line)
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 for PLB in the absence (A) and presence (B) of
PKA. Measurements were made at 25°C using 0.2µg/mL PLB in
50 mM MOPS (pH 7.0), 0.1 M KCl, 5 mM MgCl2, 1 mM EGTA,
and 0.55 mM CaCl2, resulting in a free calcium concentration of
0.5 µM. Data were fit to a sum of 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 fit to the data.
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the presence of two well-defined conformations for the
cytoplasmic domain of PLB that are modulated by the PKA-
dependent phosphorylation of PLB (Figure 6). These results
provide strong evidence that phosphorylation directly modu-
lates the conformation of PLB and suggest a possible
involvement of the flexible hinge region.

Dynamics of Transmembrane Domain. To further assess
the structural properties of PLB, we have measured the
rotational dynamics of PMal covalently bound to Cys24 in
PLB using frequency-domain fluorescence anisotropy meth-
ods. These measurements resolve both the segmental rota-
tional motion associated with PMal and changes in the global
motions of the transmembrane domain of PLB. The dif-
ferential phase and modulated anisotropy were measured over
20 frequencies between 0.4 and 200 MHz (Figure 7). One
observes that there is a progressive increase in both the
differential phase and modulated anisotropy as the frequency
increases and that there are substantial differences resulting
from the phosphorylation of PLB that are most readily
apparent in the frequency-independent reduction of the
modulated anisotropy (Figure 7B). These results clearly
demonstrate a phosphorylation-induced change in the fre-
quency response of both the differential phase and modulated
anisotropy.

However, as the frequency response is sensitive to both
changes in the lifetime and rotational dynamics of the

chromophore, a quantitative consideration of the frequency
responses of the differential phase and modulated anisotropy
requires that the data be fit using the method of nonlinear
least squares to a sum of exponentials. A quantitative
description of the frequency responses before and after the
phosphorylation of PLB by PKA requires a model involving
three rates (Table 3), which are related to the independent
motion of the probe and dynamic fluctuations in the
backbone fold of PLB that are a reflection of its conforma-
tional heterogeneity (57). From these results it is, further-
more, clear that PMal does not detect any significant change
in the backbone fold of PLB following phosphorylation.
Thus, the observed differences in the frequency-domain
anisotropy data are a reflection of the large increase in the
mean lifetime of PMal covalently bound to Cys24 following
phosphorylation of PLB by PKA. These results emphasize
that observed changes in the conformational heterogeneity
between the cytosolic and transmembrane domains of PLB
measured using FRET reflect alterations in their structural
coupling rather than a global structural change involving the
transmembrane domain. Furthermore, the large amplitude
motions of PMal, coupled with the fact that both PMal and
nitroTyr6 are solvent exposed, suggest that donor and

Table 3: Rotational Dynamics of PMal Bound to Cys24 in PLBa

exptl
conditionsb r0 g1× r0 æ1 (ns) g2× r0 æ2 (ns) æ3 (ns) ø2

R
c

no PKA 0.34( 0.02 0.15( 0.01 0.4( 0.2 0.11( 0.01 9( 3 200( 100 8.9
+PKA 0.33( 0.07 0.15( 0.05 0.2( 0.1 0.12( 0.04 7( 3 400( 200 12.0

a Mean values and associated standard errors of the mean 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 obtained from error surfaces associated with simultaneous fits to three
independent measurements obtained from a global fit to three data sets (56). c Average value of the reduced chi-squared (ø2

R) fit to the Gaussian
distribution of distances.

FIGURE 6: Depiction of error surfaces demonstrating phosphory-
lation-induced changes in conformational heterogeneity of the
cytosolic domain of PLB. 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 distance. There are at least three
independent data sets for PLB in the absence (dashed line) or
presence (solid line) of 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 phosphorylation-induced changes in the
recovered values (56). The horizontal line corresponds to the
F-statistic for one standard deviation. Experimental conditions are
as described in the legend to Figure 5.

FIGURE 7: Fluorescence anisotropy decays for PMal-PLB before
(b, s) or after (O, ---) phosphorylation by PKA. Measured
differential phase angles and modulated anisotropies (b, O) and
associated nonlinear least-squares fits to the three-exponential model
(s, ---) with weighted residuals (Wt. Res.) are shown below
respective data sets. Experimental conditions are as described in
the legend to Figure 5.
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acceptor chromophores are motionally averaged (i.e.,κ2 )
2/3) and that errors in the calculations of distances from the
FRET measurements are no larger than 3 Å (15, 31, 40, 43,
58).

DISCUSSION

Summary of Results. We have used FRET to measure both
the spatial separation and conformational heterogeneity
between the site-specific chromophores PMal covalently
bound to Cys24 at the top of the transmembrane domain and
nitroTyr6 within the cytosolic domain of PLB in the absence
of the Ca-ATPase (Figure 1). These probes, which do not
compromise the regulatory function of PLB, provide accurate
structural measurements of PLB within bilayer lipids and in
the absence of complicating interactions with the Ca-ATPase.
Thus, this study focuses on responses of PLB structure to
its phosphorylation at Ser16, permitting an understanding of
this conformational switch underlying the regulation of
muscle contraction. Phosphorylation of PLB by PKA results
in a global conformational change that brings these chro-
mophores within the cytosolic and transmembrane domains
into closer proximity, where the apparent spatial separation
decreases by 3 Å from 21.1( 0.9 Å to 18.2( 0.6 Å (Figure
5, Table 1). There is considerable conformational heteroge-
neity in the recovered distance distribution (HW> 18.9 Å;
Figure 6, Table 1), consistent with the presence of the flexible
hinge element suggested by solution NMR measurements
(16). Conformational heterogeneity is significantly reduced
upon phosphorylation of PLB by PKA, without correspond-
ing changes in the rotational dynamics of the transmembrane
domain (Table 3), indicating that the average structure
remains relatively unchanged. Thus, the phosphorylation-
induced restriction of the conformational heterogeneity of
PLB involves the stabilization of cytosolic secondary struc-
tural elements. In conjunction with the high-resolution NMR
structure, these results suggest that this angular stabilization
of the cytosolic structure involves conformational restriction
within the flexible hinge connecting the cytosolic and
transmembrane domains corresponding to a coil-to-helix
transition (Figure 8). Such a phosphorylation-responsive
switching mechanism has the potential to induce conforma-
tional rearrangements that affect functional interactions with
the Ca-ATPase by disrupting binding interactions between
residues near the amino terminus of PLB and sites on the
nucleotide binding domain of the Ca-ATPase, located
approximately 50 Å above the membrane surface. Binding
to this site on the nucleotide binding domain requires PLB
to adopt an extended and disordered structure (18, 19).
Phosphorylation stabilizes the helical structure of PLB near
the hinge element, reducing the possible length of the
cytosolic domain of PLB. Thus, physical constraints imposed
by the maximal extension of the PLB structure require the
release of the inhibitory interaction with the nucleotide
binding domain of the Ca-ATPase following phosphorylation,
permitting relaxation of the Ca-ATPase structure and restora-
tion of enzyme function.

Structural Interaction between PLB and the Ca-ATPase.
Prior measurements have demonstrated that PLB binds to a
sequence (i.e., KDDKPVK403) within the nucleotide binding
domain of the Ca-ATPase (5, 59, 60). Before its phospho-
rylation by PKA, PLB binding stabilizes the backbone fold
of the Ca-ATPase, reducing the amplitude of catalytically

important nucleotide domain motions associated with the
transport mechanism of the Ca-ATPase (9-13, 57, 61).
However, following phosphorylation, PLB remains associ-
ated with the Ca-ATPase, although the conformation near
the lipid-water interface is altered to modulate the binding
interface between PLB and the Ca-ATPase so as to release
the inhibitory interaction (15, 31, 62). We report that
phosphorylation of PLB at Ser16 restricts the conformational
heterogeneity of the cytosolic domain through the stabiliza-
tion of the backbone fold of PLB. Together, these results
provide strong support for a model in which the phospho-
rylation-induced stabilization of theR-helical content of the
cytosolic domain of PLB induces a conformational rear-
rangement between PLB and the Ca-ATPase that induces
the formation of a new set of molecular interactions that no
longer restrict catalytically important domain motions in-
volving the nucleotide binding domain. Thus, prior to its
phosphorylation, PLB associates with the Ca-ATPase in an
extended structure that permits elements within the cytosolic
and transmembrane domains of PLB to bind to spatially
distant sites on the Ca-ATPase to inhibit function (18, 19,
63). Following phosphorylation and the stabilization of helix
near the hinge element, PLB adopts a more compact structure
that involves the formation of new interfacial contact
interactions and the release of the inhibitory interaction
associated with the nucleotide binding domain.

Structure of PLB. Critical to understanding the mechanism
of inhibition is an elucidation of the structural changes
associated with the phosphorylation of PLB that modulate
Ca-ATPase function. Earlier FTIR measurements using
synthesized PLB suggested a structure that was essentially
completely helical with essentially noâ-structure (23). In
contrast, CD and FTIR measurements of wild-type or
expressed PLB reconstituted into lipid bilayers suggest the
presence ofâ-structure (22, 57), which is consistent with
the high-resolution NMR structure of PLB obtained in
organic cosolvents (16). A distribution of structures were
determined by Krebs and co-workers, whose spatial separa-

FIGURE 8: Model depicting phosphorylation-dependent stabilization
of the backbone fold of PLB. Phosphorylation is depicted as
stabilizing the helical structure in the cytosolic domain through the
formation of a salt bridge between phosphoSer16 and Arg13 on the
same face of the helix. A similar stabilization is possible following
phosphorylation of Thr17 that may involve Arg14. Depicted structures
are models derived from coordinates 1FJK.pdb (16) using the
program Swiss-Pdb viewer (68). Average orientations of cytosolic
domains of PLB are arbitrary and do not represent the most probable
conformation in the bilayer. Horizontal lines represent approximate
positions of the bilayer surface.
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tion between the side chains at positions 24 and 6 (used in
this study to attach chromophores for FRET measurements)
varied between 19 and 25 Å (1FJK.pdb). Before phospho-
rylation, we observe that the apparent spatial separation
between these sites in PLB reconstituted in lipid bilayers is
less than 21 Å, which is consistent with the proposed
structure (Table 1). However, the half-width of the distance
distribution from FRET measurements is substantially larger
than estimates from the NMR structure (HW) 36 Å; Figure
6). This apparent discrepancy may be related to either
solution conditions (i.e., organic cosolvents vs reconstituted
bilayers) or differences in the sensitivities of these methods
to conformational disorder. Specifically, while NMR mea-
surements favor the structure determination of ordered and
highly populated states, fluorescence spectroscopy measure-
ments resolve the full extent of conformational disorder (43).
Irrespective of the underlying physical reason, these results
suggest that the cytoplasmic domain adopts a larger range
of orientations than depicted in the family of structures
determined by Krebs and co-workers (16), suggesting greater
conformational disorder within the hinge region of PLB than
the average structure determined by these NMR measure-
ments (Figure 1). Phosphorylation induces a significant
reduction in the conformational heterogeneity of the cytosolic
domain (HW) 15 Å; Figure 6). These results suggest a
structural reorganization involving a reduction in the flex-
ibility of the linker region interconnecting the cytosolic and
transmembrane domains of PLB. The proximal arginine (i.e.,
Arg13) lies on the same face of the helix proximal to Ser16

and can form electrostatic interactions with the phosphoryl
group of phosphoSer16 (Figure 8). The formation of this salt
bridge would, furthermore, be expected to decrease the
binding interaction between PLB and the inhibitory site on
the Ca-ATPase, since prior to phosphorylation Arg13 in PLB
is suggested to form a stabilizing hydrogen-bonding interac-
tion with either Glu432 or Glu429 of the Ca-ATPase (18). We
therefore suggest that the phosphorylation of Ser16 by PKA
restricts the conformational heterogeneity of the cytosolic
domain relative to the transmembrane sequence by the
stabilization of the backbone fold of the linker region
connecting the transmembrane and cytosolic domains of
PLB. This coil-to-helix transition would, furthermore, reduce
the maximal length of PLB. These results are in contrast to
earlier measurements using peptides identical to the cytosolic
domain of PLB, which suggested that phosphorylation
disrupts the backbone fold between Ala11and Ser16 (21, 64,
65). However, under the solution conditions used (i.e., pH
3.0 or 4.2) these peptides adopt largely unconstrained
structures in aqueous solution; secondary structural assign-
ments required the use of helix-promoting cosolvents. Under
these conditions the negative charge density of the phos-
phoryl moiety may disrupt cosolvent-protein interactions
important to maintaining structure. Thus, the present study
provides the first indication that phosphorylation of PLB by
PKA stabilizes the backbone fold of PLB. Given that PLB,
by necessity, adopts an extended structure to form the
favorable interaction between its cytosolic domain and the
KDDKPVK403 binding sequence within the Ca-ATPase (18,
19), these results suggest that phosphorylation induces a coil-
to-helix transition that effectively shortens the maximal
extension of the cytosolic domain of PLB. We suggest that
this steric restraint functions as a conformational switch to

release the inhibitory interaction between PLB and the
nucleotide binding domain of the Ca-ATPase.

Conclusions and Future Directions. We have demonstrated
that phosphorylation of Ser16 in PLB by PKA induces a
structural rearrangement between the cytosolic and trans-
membrane domains of PLB. Before its phosphorylation PLB
assumes a wide range of conformations, which may facilitate
its molecular interaction with the Ca-ATPase so as to inhibit
function. Following phosphorylation of PLB, the backbone
fold is stabilized, resulting in a reduction in the observed
conformational heterogeneity. These results suggest that
phosphorylation functions as a switching mechanism that
modulates the binding interaction between PLB and the
Ca-ATPase to modulate function. Future results should seek
to clarify how phosphorylation modulates the precise binding
interactions between PLB and the Ca-ATPase to identify the
molecular details associated with conformational switching.
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