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We have used chemical synthesis, functional reconstitution, and electron
paramagnetic resonance (EPR) to probe the functional dynamics of
phospholamban (PLB), which regulates the Ca-ATPase (SERCA) in cardiac
sarcoplasmic reticulum. The transmembrane domain of PLB inhibits
SERCA at low [Ca2C], but the cytoplasmic domain relieves this inhibition
upon Ser16 phosphorylation. Monomeric PLB was synthesized with Ala11
replaced by the 2,2,6,6-tetramethylpiperidine-1-oxyl-4-amino-4-carboxylic
acid (TOAC) spin label, which reports peptide backbone dynamics directly.
PLB was reconstituted into membranes in the presence or absence of
SERCA. TOAC–PLB showed normal inhibitory function, which was
reversed by phosphorylation at Ser16 or by micromolar [Ca2C]. EPR
showed that the PLB cytoplasmic domain exhibits two resolved
conformations, a tense T state that is ordered and a relaxed R state that is
dynamically disordered and extended. PLB phosphorylation shifts this
equilibrium toward the R state and makes it more dynamic (hyper-
extended). Phosphorylation strongly perturbs the dynamics of SERCA-
bound PLB without dissociating the complex, while micromolar [Ca2C] has
no effect on PLB dynamics. A lipid anchor synthetically attached to the N
terminus of PLB permits Ca-dependent SERCA inhibition but prevents the
phosphorylation-induced disordering and reversal of inhibition. We
conclude that the relief of SERCA inhibition by PLB phosphorylation is
due to an order-to-disorder transition in the cytoplasmic domain of PLB,
which allows this domain to extend above the membrane surface and
induce a structural change in the cytoplasmic domain of SERCA. This
mechanism is distinct from the one that relieves PLB-dependent SERCA
inhibition upon the addition of micromolar [Ca2C].

q 2006 Elsevier Ltd. All rights reserved.

Keywords: Ca-ATPase; cardiac; EPR; calcium transport; regulation
*Corresponding author
Introduction

Phospholamban (PLB)1 is a 52 residue integral
membrane protein that regulates the enzymatic
activity of sarco-endoplasmic reticulum Ca-ATpase
(SERCA) in cardiac sarcoplasmic reticulum (SR).1

The SERCA–PLB calcium-regulatory system
has been implicated in cardiovascular disease.2–7

Clarification of the physical mechanism by which
lsevier Ltd. All rights reserve

paramagnetic reso-
A, sarco-endoplasmic
-tetramethylpiperi-
id; WT, wild-type;

ing author:
PLB regulates SERCA is needed to develop
strategies for rescuing the failing heart muscle.

Relief of inhibition does not require PLB
dissociation from SERCA

It has been suggested that relief of inhibition, due
to phosphorylation of PLB, micromolar [Ca2C], or
mutation, is due to dissociation of PLB from
SERCA, in a dynamic binding equilibrium, which
also involves oligomeric interactions within PLB
and within SERCA.2,8–13 However, fluorescence
resonance energy transfer (FRET) in functionally
reconstituted membranes has shown that PLB binds
tightly to SERCA in both the presence and absence
of micromolar [Ca2C], so Ca-dependent relief of
inhibition must be due to structural rearrangement
d.
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within the SERCA–PLB complex.12 Similarly, other
spectroscopic studies suggest that phosphorylation
of PLB does not dissociate PLB from SERCA.14–17

Thus, in the present study, we focus our attention
on changes in the structure of the SERCA–PLB
complex that occur with relief of inhibition due to
phosphorylation of PLB or Ca2C binding to SERCA.
Structural dynamics of PLB in micelles
and lipids

PLB is predominantly a homopentamer in
membranes, with a small fraction of monomer,11,18

but it has been shown by electron paramagnetic
resonance (EPR),8,11 fluorescence,19 and mutagen-
esis10,18,20 that the less predominant monomeric
form of PLB is primarily responsible for inhibition
of SERCA. Therefore, as in our previous studies, we
focus on a stable and fully functional PLB monomer,
designated AFA-PLB, obtained by replacing the
three Cys residues (36, 41, and 46) to Ala, Phe, and
Ala, respectively.21 A high-resolution structural
model of AFA-PLB has been obtained by NMR in
detergent micelles,22 and its orientation in lipid
bilayers has been determined by solid-state NMR23

and EPR.24,25 The result is a model in which two
helical domains are connected by a five-residue (17–
21) semi-flexible loop in an L-shaped configuration
(Figure 1, T). NMR relaxation studies showed that
the PLB backbone structure in detergent micelles is
actually quite dynamic throughout the cytoplasmic
domain, especially in the region near the hinge-like
loop.26
Figure 1. Two-state model for PLB structural dynamics
in lipid bilayers, based on EPR of TOAC spin-labeled
PLB.25 Bottom: sequence of AFA-PLB with TOAC (t)
substituted for Ala at position 11. Left: cytoplasmic
domain undergoes a dynamic equilibrium between T
and R states. Right: a lipid anchor attached to the N
terminus stabilizes only the T state. The T state is depicted
as the average NMR solution structure,22 while the R state
(colored spectrally to indicate backbone dynamics
increasing from blue to yellow to green to red25) is
depicted as one of the more extended conformations from
the ensemble of structures in that same NMR study.
TOAC spin label

In order to elucidate PLB structural dynamics
with high resolution in lipid bilayers, we previously
synthesized monomeric AFA-PLB with the spin
label 2,2,6,6-tetramethylpiperidine-1-oxyl-4-amino-
4-carboxylic acid (TOAC) rigidly coupled to the
a-carbon, which thus reports directly the nano-
second rotational dynamics of the peptide backbone
at the labeled site.25 A probe in the transmembrane
domain showed little nanosecond motion, indicat-
ing a stable a-helix in this region, whereas three
probes in different parts of the cytoplasmic
domain all exhibited clearly a dynamic equilibrium
between two conformational states, a predominant
one (T, tense) that is helically ordered, and a minor
population (R, relaxed) that is dynamically dis-
ordered on the nanosecond time scale, and is
probably extended. The T and R nomenclature is
used to discuss the cooperative allosteric inter-
actions with SERCA that perturb the equilibrium
between these two states.27 We showed that the
ordered conformation is stabilized by interaction
with the membrane surface (Figure 1, T), whereas
the dynamically disordered (extended) form
(Figure 1, R) is poised to interact with SERCA,
shifting the cytoplasmic domain above the mem-
brane surface.24 Both EPR and NMR studies in
detergent micelles, and EPR in lipid bilayers,
indicate that SERCA binds preferentially to the R
conformation, consistent with an allosteric regu-
lation mechanism.27 NMR relaxation studies in
micelles show that this conformational switch is
affected by phosphorylation, which induces a
further disorder-to-order transition.26

Here, we use TOAC-spin-labeled PLB to deter-
mine the changes in PLB structural dynamics in its
regulatory complex with SERCA in lipid bilayers,
when inhibition is relieved by Ca2C binding to
SERCA or phosphorylation of PLB. The effects of
phosphorylation on these EPR spectra, in the
presence and absence of SERCA, reveal new details
about the role of structural dynamics in PLB
regulation of SERCA. The effect of a lipid anchor
attached to the N terminus of the cytoplasmic
domain provides new insight into the importance
of the cytoplasmic domain for the reversal of
inhibition by phosphorylation.
Results

Secondary structure

Circular dichroism (CD) spectra (Figure 2) show
that both AFA-PLB and its phosphoserine 16
derivative (Ser(P)16-AFA-PLB) are 85–90% a-helical
in lipid bilayers under EPR conditions, with a
negligible change in helicity due to phosphoryl-
ation (K3(G5)%). Similarly, phosphorylation had a
negligible effect on the CD spectrum (not shown)
under NMR conditions26 (phosphate-buffered
saline (pH 6.0), containing 300 mM DPC, at 37 8C).



Figure 2. CD spectra of AFA-PLB, and its phosphory-
lated derivatives, in DOPC/DOPE bilayers (50:1, lipid/
peptide) 10 mM Tris (pH 7.0). CD spectra were recorded
on a Jasco J-710 spectrophotometer at 25 8C and analyzed
as reported.21 Spectra are plotted as mean residue
ellipticity, [q].
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Phosphorylation of Ser16 relieves SERCA
inhibition

The inhibition of Ca-ATPase activity was quanti-
fied by the shift in pKCa (the pCa value required
for 50% activation). We showed previously that
AFA-PLB has similar inhibitory activity as wild-
type (WT)-PLB, and that AFA-PLB retains inhibi-
tory potency when Ala11 is replaced by TOAC.25
Figure 3. Effect of phosphorylation at Ser16 on inhibitory f
PLB, spin-labeled with TOAC at position 11 and reconstitute
equation (1) and plotted as V/Vmax. Each point represents the
(SEM) was smaller than the plotted symbol. (b)–(e) EPR spec
((d) and (e)): phosphorylated. Left column ((b) and (d)): no SER
were normalized to unit concentration by dividing by the doub
structural model consistent with the data, as discussed in mo
This is confirmed in Figure 3(a), which shows that
11-TOAC–AFA-PLB induces a threefold increase in
KCa, shifting pKCa from 6.40G0.02 to 6.11G0.02.
This inhibitory activity was almost completely
reversed by synthetically engineered phosphoryl-
ation (Figure 3(a)), shifting pKCa to 6.29G0.02. We
showed previously that essentially the same inhibi-
tory effects are caused by unlabeled WT-PLB,25

except that phosphorylation completely reverses
the inhibition.28 These experiments were performed
in the presence of excess PLB (10 PLB/SERCA) in
order to assess the full effect of spin-labeled PLB,
whereas EPR experiments were performed with
excess SERCA, in order to assess the full effect of
SERCA on PLB. Under EPR conditions (0.5 PLB/
SERCA; pCa 6.5) SERCA inhibition was 42(G10)%
of the maximal inhibition (10 PLB/SERCA), indi-
cating that essentially all of the spin-labeled PLB is
interacting functionally with SERCA. Under these
same EPR conditions, inhibition by spin-labeled
PLB was completely relieved at pCa 5, and was
relieved by more than half upon PLB phosphoryl-
ation, again indicating that the EPR data come from
PLB that has normal functional coupling with
SERCA.
Effect of SERCA and phosphorylation
on EPR-detected dynamics

As we showed previously,25 the cytoplasmic
domain at position 11 reveals a dynamic equili-
brium between two resolved conformations of the
peptide backbone, corresponding to ordered
(helical, T state) and dynamically disordered
(extended, R state) conformations, as shown in
unction (a) and EPR-detected dynamics ((b)–(e)) of AFA-
d with SERCA in lipid bilayers. (a) Data sets were fit by
mean (nO6); in most cases, the standard error of the mean
tra. Top row ((b) and (c)) unphosphorylated. Bottom row
CA. Right column ((c) and (e)): 2 SERCA per PLB. Spectra
le integral. Scan width 120 G at 4 8C. Drawings illustrate a
re detail in Figure 7.



Figure 4. Effect of a lipid anchor, attached to the N terminus of 11-TOAC–AFA-PLB, on the data given in Figure 3.

Figure 5. Results of EPR spectral analysis of rotational
dynamics, for spectra given in Figure 3(b) (left) and
Figure 4(b) (right). X(R) is the mole fraction of the R
component. SZorder parameter, tRZrotational corre-
lation time. Parameters S(R) and tR(R) were not
determined in the presence of the lipid anchor, due to
the small values of X(R).
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Figure 3(b). Addition of SERCA increases substan-
tially the population in the R state (Figure 3(b) to
(c)), suggesting that SERCA binds preferentially to
this extended state,27 as depicted in Figure 3(c).
Phosphorylation at S16 (Figure 3(b) to (d)) has a
qualitatively similar but much greater effect on PLB,
increasing substantially the population in the R
state. On the other hand, SERCA decreases the
dynamics (decreases the R state population) of
phosphorylated PLB (Figure 3(d) to (e)); and
phosphorylation decreases the dynamics of
SERCA-bound PLB (Figure 3(c) to (e)). If phos-
phorylation caused PLB to dissociate from SERCA,
there would be no difference between spectra (d)
and (e) in Figure 3, and phosphorylation of SERCA-
bound PLB would increase the R state population.
Neither is observed; indeed, phosphorylation of
SERCA-bound PLB causes the opposite of the
predicted effect. Thus phosphorylation, which
relieves SERCA inhibition by PLB (Figure 3(a)),
does not dissociate PLB from SERCA, but rather
changes the conformation of SERCA-bound PLB.
As illustrated in Figure 3 and discussed below,
these results support a model in which the
dynamically disordered (R) conformation of the
PLB cytoplasmic domain facilitates the binding
of PLB to SERCA in an inhibitory complex, but
phosphorylation produces an even more disor-
dered PLB conformation that binds differently to
SERCA and relieves inhibition.

Lipid anchor prevents functional and structural
effects of phosphorylation

In the presence of the N-terminal lipid anchor,
normal inhibition was observed, but phosphoryl-
ation failed to reverse this inhibition (Figure 4(a))
as it does in the absence of the anchor (Figure 3(a)).
EPR shows that the ordered T conformation of PLB
is stabilized by the lipid anchor, and the dynami-
cally disordered R conformation is virtually absent,
regardless of the presence of SERCA or phos-
phorylation (Figure 4(b)–(e)). As illustrated in
Figure 4 and discussed below, these results
support the conclusion that neither the R state
nor interaction with the SERCA cytoplasmic
domain are requried for SERCA inhibition, but
both are required for reversal of inhibition due to
phosphorylation, as illustrated in Figure 3.

Quantitative analysis of dynamics

The results of Figures 3 and 4 are represented
more quantitatively in Figure 5, which shows
rotational dynamics parameters obtained from
spectral simulation and fitting. In the absence of
the lipid anchor (Figure 5, left), unphosphorylated
PLB (black) spends only 7% of its time in the
dynamically disordered R state (X(R)Z0.07), which
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is characterized by a subnanosecond correlation
time (tRZ0.3 ns) and a very low-order parameter
(SZ0.2, implying an angular amplitude exceeding
708). The predominant T state is much less dynamic,
with a much higher-order parameter (SZ0.62,
corresponding to an angular amplitude of about
408) and much longer correlation time (tRZ3 ns).
The primary effect of phosphorylation on isolated
PLB (Figure 5, blue) is to increase X(R) by a factor of
3, while increasing the dynamics of this population
(decreasing both S and tR). Thus, phosphorylation
increases PLB dynamics in two ways, shifting the
equilibrium toward R and making the R state even
more dynamic, causing it to be hyperextended, as
illustrated in Figures 3(b) and 6(b). There was little
or no effect of phosphorylation on the mobility of
the more restricted T state (characterized by S(T)
and tR(T)), which is stabilized by its contact with
the lipid surface.

When unphosphorylated PLB binds to SERCA
(Figure 5, red), the R state becomes more populated
and more disordered. Thus, the effect of SERCA is
similar to that of phosphorylation, in that it induces
an order-to-disorder transition, but the effect is
clearly different: SERCA causes a much smaller
increase in X(R), and it induces much slower
dynamics (greater tR) for both components. When
PLB is phosphorylated in the presence of SERCA
(Figure 5, purple), the R state becomes less
populated (decreased X) and more ordered
(increased S), producing dynamics that are quite
different from that of phosphorylated PLB in the
absence of SERCA (Figure 5, blue). Thus, it is clear
that phosphorylation does not relieve inhibition by
Figure 6. Two-state model for PLB conformational
dynamics. (a) Unphosphorylated PLB is in equilibrium
between ordered (T) and dynamically disordered (R)
conformers. The disordered (extended) R form binds
preferentially to SERCA but does not relieve inhibition.
(b) Phosphorylation at Ser16 disorders PLB further,
shifting the equilibrium toward the disordered form
(right), which itself is more dynamically disordered
(hyperextended), and can thus bind to the relief site on
SERCA, as depicted by the black spot on SERCA in
Figure 3(b). Structures are from solution NMR of un-
phosphorylated22 and phosphorylated PLB.26 The dis-
ordered forms (right) are colored spectrally to indicate
backbone dynamics, increasing from blue to yellow to
green to red.
dissociating PLB from SERCA, but rather decreases
the dynamics of bound PLB (Figure 5).

The principal effect of the lipid anchor (Figure 5,
right) is to virtually eliminate the dynamic R state,
reducing X(R) to very low values. The remaining T
state is similar to that observed in the absence of the
anchor (Figure 5, right), supporting the conclusion
that the T state is stabilized by contact with the lipid
surface. There are slight but significant effects of
SERCA on the T state, increasing tR(T) but
decreasing S(T), so it is not clear whether the
anchored cytoplasmic domain interacts with
SERCA at all. The lipid anchor completely prevents
the effects of phosphorylation. These results sup-
port the conclusion that phosphorylation acts
through its effects on the R state, which (in the
absence of the anchor) increases in population,
becomes hyperextended, and interacts with the
cytoplasmic domain of SERCA, relieving inhibition
(Figure 3).

Ca2C has no effect on PLB dynamics
in the presence of SERCA

The experiments on SERCA–PLB complexes
shown in Figure 3(c) and (e) (no lipid anchor) and
in Figure 4(c) and (e) (lipid anchor) were carried out
at both pCaZ6.5 (where SERCA inhibition is
maximal) and pCaZ5.0 (where SERCA is not
inhibited by PLB), with no difference detected.
The EPR spectra at the two pCa values were
essentially identical. Quantitatively, it was found
that this variation in pCa changed the mole fraction
X(R) by no more than 0.01. We cannot rule out the
possibility that Ca2C affects the structure of PLB, or
its interactions with SERCA, at a site distant from
the spin-labeled site (position 11).29 However, it
is quite clear that (a) Ca2C does not relieve
inhibition by dissociating PLB from SERCA, (b)
relief of SERCA inhibition by Ca2C does not require
the PLB cytoplasmic domain to rise above the
membrane surface, and (c) phosphorylation and
Ca2C relieve SERCA inhibition through different
mechanisms.
Discussion

Phosphorylation or SERCA induces an order-to-
disorder transition in PLB

Figure 6 illustrates a model for a two-state
conformational equilibrium in PLB, consistent with
the data in Figure 3((b) to (d)), and with previously
published EPR and NMR studies.22,24,25,27

The cytoplasmic domain of PLB undergoes an
equilibrium between at least two states, an ordered
state that is similar to the L-shaped NMR solution
structure (Figure 6(a), T) and a dynamically
disordered state in which the central part of this
domain is unfolded (Figure 6(a), R) and thus able
to extend above the membrane surface and interact
with the SERCA cytoplasmic domain. Phosphoryl-



Phosphorylation of Spin-labeled PLB Bound to SERCA 1037
ation increases PLB disorder in two ways, shifting
the equilibrium toward the R state (increasing X(R);
Figure 5), and making the R state itself even more
disordered (decreasing S(R); Figure 5), justifying the
new label R 0 for this hyperextended state
(Figure 6(b)). This phosphorylation-induced order-
to-disorder transition is consistent with previous
NMR relaxation studies in DPC micelles.26 Since
only the phosphorylated state relieves SERCA
inhibition, we propose that the hyperextended R0

state is required to make the proper contact
with SERCA to reverse the inhibitory interaction
in the transmembrane domain, as illustrated in
Figure 6(b).

At first glance, it is surprising that CD data
indicate a negligible effect of phosphorylation on
helicity (K3(G5)%) for isolated PLB, while both
EPR and NMR indicate a substantial decrease in
helical order. However, both EPR and NMR indicate
that the portion of PLB that takes part in the order-
to-disorder transition is small. NMR and EPR data
together suggest that the affected region extends
approximately from residue 10 to 27.25,26,30 Of these
18 residues, 13 are helical in the proposed T state.
Thus, even if we assume that all 13 of these residues
shift from helix to coil in the T to R transition, the
predicted change in helicity over the entire PLB
would be K13/52ZK25%. The EPR observation is
that the labeled site increases its fraction disordered
by 19(G5)% upon phosphorylation (Figure 5). If
this corresponds to the magnitude of the R-to-T
transition induced by phosphorylation, it predicts a
change in helicity by K4%, which is well within the
range of values consistent with the CD measure-
ment (K3(G 5)%).
A phosphorylation-induced change in structural
dynamics of SERCA-bound PLB relieves
inhibition

Figure 7 illustrates a model, elaborating on the
illustrations in Figures 3 and 6, consistent with the
EPR data in the present study and the NMR data in
the related paper.31 PLB is in a dynamic equilibrium
between ordered (T) and dynamically disordered
Figure 7. Schematic structural model for the mechan-
ism of SERCA inhibition and relief by PLB.
(R) structural states (Figure 7(a)). SERCA binds
preferentially to the R state of PLB in both the
absence (Figure 7(b)) and presence (Figure 7(d)) of
phosphorylation. In the absence of phosphorylation
(Figure 7(b)), PLB is not sufficiently extended to
reach the relief site on SERCA (depicted as a black
target zone on SERCA) so SERCA remains inhibited
due to interactions between specific portions of the
two transmembrane domains (highlighted in white
in Figure 7). In contrast, the hyperextended form of
pPLB (Figure 7(c)) does reach the relief site on
SERCA, transiently forming the collision complex
of Figure 7(d). SERCA binding then reduces the
dynamics of phosphorylated PLB (as shown in
Figures 3 and 5), resulting in a less extended, more
ordered form, which could cause the loss of SERCA
inhibition by displacing the inhibitory trans-
membrane interactions between PLB and SERCA,
as illustrated by the separation of white zones in
Figure 7(e).

Lipid anchor prevents reversal of inhibition by
blocking formation of disordered state of PLB

The N-terminal lipid stabilizes the ordered T state
of PLB and prevents the formation of the disordered
(extended) R state (Figure 4(b)–(e)), but does not
prevent inhibition by PLB (Figure 4(a)), showing
that inhibition does not require an interaction
between the extended form of PLB and the
SERCA cytoplasmic domain. However, the anchor
does prevent reversal of inhibition due to phos-
phorylation (Figure 4(a)), probably because it blocks
formation of the dynamically disordered (hyper-
extended) R 0 form of the PLB cytoplasmic domain,
which reverses SERCA inhibition by contacting a
specific relief site on the SERCA cytoplasmic
domain (Figure 7). This provides strong support
for the importance of the dynamically disordered
form of PLB in reversal of SERCA inhibition.

Relationship to NMR study

This study is closely related to a parallel study in
which NMR was used to detect the effects of
phosphorylation on the PLB–SERCA interaction.31

These two studies yield consistent results and are
quite complementary to each other. Like the present
EPR study, the NMR study observes spectroscopic
signals from the peptide backbone of monomeric
PLB, and inhibition of SERCA was shown to be
relieved by Ca2C or phosphorylation under NMR
conditions. While the present study is limited to a
single labeled site, the NMR study reports infor-
mation from every residue of PLB. Unlike the
present study in lipid membranes, the NMR study
was performed in detergent micelles, as required to
obtain high-resolution data. While NMR can only
observe directly the signal from free (unbound) PLB
and the signals are only indirectly related to peptide
dynamics, EPR detects both free and bound
components with equal sensitivity and reports
directly on rotational dynamics of the backbone.
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Taken together, the EPR and NMR results show that
a large portion of the cytoplasmic domain of PLB
undergoes a disorder-to-order transition upon
phosphorylation, and that phosphorylation
changes the structural dynamics of PLB without
dissociating the two proteins. NMR data also
suggest that phosphorylation increases the coop-
erativity of the SERCA–PLB interaction, supporting
a cooperative allosteric model for this regulatory
system.
Conclusion

EPR spectroscopy of a TOAC spin label attached
rigidly to the peptide backbone at position 11 in the
cytoplasmic domain of PLB shows that PLB
phosphorylation at Ser16 induces an order-to-
disorder (T to R) transition in the cytoplasmic
domain of PLB, and it is this dynamically dis-
ordered (hyperextended) R structural state that
rises above the membrane surface and binds to the
SERCA cytoplasmic domain in a conformation that
relieves SERCA inhibition. An N-terminal lipid
anchor, which prevents the cytoplasmic domain of
PLB from rising above the membrane surface and
abolishes the dynamically disordered structural
state, inhibits PLB normally but prevents the relief
of inhibition by phosphorylation. Micromolar
[Ca2C] reverses PLB-dependent inhibition without
a detectable change in cytoplasmic domain
dynamics and without the need for the PLB
cytoplasmic domain to rise above the membrane
surface. Thus, it is clear that neither Ca2C nor PLB
phosphorylation acts by dissociating PLB from
SERCA, and that Ca2C and PLB phosphorylation
relieve SERCA inhibition by distinct mechanisms.
Materials and Methods
Synthesis of TOAC-labeled PLB

Figure 1 (bottom) shows the sequence of the syn-
thesized monomeric AFA-PLB peptide that incorporates
the spin-labeled amino acid TOAC at position 11. The
solid-phase synthesis and characterization of this peptide
were reported.21,25,32,33 In order to obtain a derivative of
spin-labeled PLB that has its N terminus anchored in the
lipid bilayer, dialkyl 1 0, 3 0-dioctadecyl-N-succinyl-L-glu-
tamate (lipid tail) was linked to 11-TOAC–AFA-PLB
through the N-terminal amino group. The synthesis of
novel dialkyl chain amphiphiles containing peptides and
its application on PLB was supported previously.25,34

Phosphorylation at Ser16 was accomplished either by
incorporation as Fmoc-Ser[PO(OBzl)OH] (Novabiochem,
San Diego, CA) during peptide synthesis or by cAMP-
dependent protein kinase (PKA)26 after reconstitution,35

with essentially the same results, both on inhibitory
function and on EPR. Phosphorylation by PKA was
greater than 80% complete, as determined using anti-PLB
antibody (1D11), and the anti-phosphoserine PLB (285)
antibody36 on Western blots.
Chemical and functional analysis

Mass spectrometry (MALDI-TOF), Edman protein
sequencing, amino acid analysis, circular dichroism,21

inhibitory function,25 and EPR spectroscopy were used to
establish the high purity and functional integrity of the
spin-labeled peptides. Each PLB derivative was co-
reconstituted in lipid bilayer membranes (DOPC/
DOPE, 4:1) with purified SERCA at molar ratios of 10
PLB/SERCA and 700 lipids/SERCA,28,35 and the Ca
dependence of ATPase activity was measured at 25 8C.32

The initial ATPase rate V was measured as a function of
pCa (calculated as described37), and the data were fit by
the Hill equation:

V ZVmax=½1C10nðpKCaKpCaÞ� (1)

to determine Vmax, pKCa (the pCa value when VZVmax/2),
and n (Hill coefficient). Vmax was obtained from the fit, and
the data were plotted as V/Vmax versus pCa. The main goal
was to determine the shift in pKCa caused by PLB.
EPR spectroscopy

For EPR experiments, TOAC–PLB was reconstituted
into lipid vesicles containing DOPC/DOPE (4:1; 200
lipids per PLB) in the presence and absence of excess
SERCA.24 Measurements were conducted in low Ca (pCa
6.5) buffer (50 mM KCl, 5 mM MgCl2, 0.5 mM EGTA,
210 mM CaCl2, 50 mM Mops (pH 7.0)), where the
inhibitory effect of PLB was maximal, and high Ca (pCa
5.0) buffer (same as low Ca, except 489 mM CaCl2), where
the inhibitory effect of PLB was negligible.12 The
concentration of SERCA was twice that of TOAC–PLB,
such that further increase had no effect on EPR spectra.
The concentration of TOAC–PLB was determined
by amino acid analysis and SERCA concentration by the
Lowry method.38

EPR spectra (Figures 3 and 4) were acquired using a
Bruker EleXsys 500 spectrometer with the SHQ cavity.
Samples (20 ml in a 0.6 mm i.d. quartz capillary) were
maintained at 4 8C using the Bruker temperature con-
troller with a quartz Dewar insert. The field modulation
frequency was 100 kHz, with a peak-to-peak amplitude of
1 G. The microwave power was 12.6 mW, producing
moderate saturation (so that signal intensity was at least
50% of maximum) without significant effect on the
spectral lineshape.

EPR spectra were calculated as a sum of one or two
components, each component produced by a population
having a static isotropic distribution of membrane
orientations and undergoing rotational diffusion in a
restricting potential (defined by order parameter S) with a
single rotational correlation time (tR). Components were
simulated with NLSL39 on an IBM SP; the MOMD model
was used, and the NLSL parameters �R (diffusion rate) and
c20 (first ordering potential parameter) were set to
produce the desired tR and S. Magnetic tensors were
determined from spectra obtained at K60 8C. Lorentzian
linewidths of 1 G and 2 G were used for narrow and
broad spectral components, respectively. Experimental
spectra were fit by summing simulated components.
Error estimates for tR and S (Figure 5) were determined
from the range of input values of these parameters for
which the spectral splittings and linewidths were within
experimental uncertainty of observed values. Angular
amplitudes of motion were estimated from the expression
qcZcosK1½0:5ð1C8SÞ1=2K0:5�, where qc is the radius of the
cone that limits the motion.
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