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ABSTRACT: Phospholamban (PLB) is a 52-amino acid integral membrane protein that helps to regulate
the flow of Ca2+ ions in cardiac muscle cells. Recent structural studies on the PLB pentamer and the
functionally active monomer (AFA-PLB) debate whether its cytoplasmic domain, in either the
phosphorylated or dephosphorylated states, isR-helical in structure as well as whether it associates with
the lipid head groups (Oxenoid, K. (2005)Proc. Natl. Acad. Sci. U.S.A. 102, 10870-10875; Karim, C.
B. (2004)Proc. Natl. Acad. Sci. U.S.A. 101, 14437-14442; Andronesi, C.A. (2005)J. Am. Chem. Soc.
127, 12965-12974; Li, J. (2003)Biochemistry 42, 10674-10682; Metcalfe, E. E. (2005)Biochemistry
44, 4386-4396: Clayton, J. C. (2005)Biochemistry 44, 17016-17026). Comparing the secondary structure
of the PLB pentamer and its phosphorylated form (P-PLB) as well as their interaction with the lipid
bilayer is crucial in order to understand its regulatory function. Therefore, in this study, the full-length
wild-type (WT) PLB and P-PLB were incorporated into 1-palmitoyl-2-oleoyl-sn-glycero-phosphocholine
(POPC) phospholipid bilayers and studied utilizing solid-state NMR spectroscopy. The analysis of the2H
and31P solid-state NMR data of PLB and P-PLB in POPC multilamellar vesicles (MLVs) indicates that
a direct interaction takes place between both proteins and the phospholipid head groups. However, the
interaction of P-PLB with POPC bilayers was less significant compared that with PLB. Moreover, the
secondary structure using13CdO site-specific isotopically labeled Ala15-PLB and Ala15-P-PLB in POPC
bilayers suggests that this residue, located in the cytoplasmic domain, is a part of anR-helical structure
for both PLB and P-PLB.

High-resolution solution NMR1 techniques are commonly
used to probe the structure of proteins and peptides in
solution and micelles (1-10). Membrane proteins inserted
into synthetic phospholipid bilayers mimic the biological
membrane environment better than micelles (11-15). Al-
ternatively, solid-state NMR spectroscopy is routinely used
to determine the structural and dynamic properties of both
membrane macromolecules and peptides in phospholipid
bilayers (16-22). From the perspective of the lipids,2H
solid-state NMR spectroscopy can be used to probe the
possible orientation and dynamics of peptides or proteins

incorporated into deuterated phospholipid bilayers (23-28).
Moreover,31P solid-state NMR spectroscopy can be used to
investigate the interaction of peptides, proteins, and drugs
with phospholipid head groups (26-29). The secondary
structure of13CdO site-specific isotopically labeled peptides
or proteins inserted into lipid bilayers can be probed utilizing
13C CPMAS solid-state NMR spectroscopy (30-33).

Phospholamban (PLB) is a 52-amino acid transmembrane
protein that interacts with the Ca-ATPase pump and lowers
its affinity for Ca2+ (34-36). PLB plays a major role in the
regulation process of the cardiac cycle (includes both
contraction and relaxation), which controls the heartbeat
(36-38). Unphosphorylated PLB inhibits sacroplasmic reticu-
lum ATPase activity and stops the flow of Ca2+ ions, and
this inhibition can be relieved by the cyclic AMP- and
calmodulin-dependent phosphorylation of PLB (36-38).
Heart failure can be induced by abnormal relaxation of
cardiac muscle cells, possibly caused by disproportionate
ratios of Ca2+-ATPase and PLB in heart muscle cells leading
to abnormal levels of Ca2+ ions as observed in failed human
and animal hearts (39). Because PLB is biologically signifi-
cant and it is relatively small in size, many theoretical and
biophysical experimental studies have been conducted to
investigate its structure in a membrane (40-56). Fuji and
co-workers elucidated the complete PLB primary structure
by amino acid sequencing (43). Also, they reported that the
molecular mass of the PLB monomer is about 6 kD and
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determined that PLB is a pentamer consisting of five identical
subunits (43). The functional form of PLB is believed to
consist of a homopentameric cluster, which retains activity
when reconstituted into lipid bilayers (40, 48).

Early structural studies on PLB disagreed on the structure
of PLB embedded in lipid membranes (42, 55). In one
structural model suggested by Arkin and co-workers, a
continuousR-helix with a tilt angle of approximately 28°
for PLB with respect to the bilayer normal has been proposed
(42). In another model suggested by Tatulian and co-workers,
PLB is composed of twoR-helices connected by an
unstructured/â-sheet region with a cytoplasmic domain tilted
in a range of 50-60° with respect to the bilayer normal (55).
The earlier two structural models of PLB were based upon
spectroscopic studies and molecular modeling techniques for
pentameric PLB (42, 55).

Recently, new high-resolution solution NMR studies as
well as other structural techniques have been used to describe
the orientation and dynamics of the functionally active AFA-
PLB monomer and PLB pentamer (57-61). First, an
L-shaped model has been proposed for the AFA-PLB mutant
by the Veglia group utilizing15N solid-state NMR spectros-
copy (59). Also, the same group reported a high-resolution
solution NMR structure of the monomeric AFA-PLB mutant
(illustrated in Figure 1A) (60). Their data indicates that AFA-
PLB has an L-shape structure, and the cytosolic segment of
AFA-PLB lies directly on the membrane surface (59, 60).
Another model for AFA-PLB proposed by the Baldus group,
indicates a non-R-helical disordered cytosolic domain model
for the monomer utilizing cross-polarization magic angle
spinning (CPMAS) solid-state NMR spectroscopy (Figure
1B) (57). Finally, the Chou group reveals an unusual
bellflower-like assembly for pentameric WT-PLB in micelles
utilizing high-resolution solution NMR spectroscopy (61).
This channel-like architecture holds the monomers together
by leucine/isoleucine zipper motifs (61). The central pore
of the twisted transmembrane helices widens gradually
toward the cytoplasmic end (61). Chou’s high-resolution
solution NMR structure of WT-PLB is illustrated in Figure
1C, and it indicates that the relatively mobile cytoplasmic
domain of the pentamer on average points away from the
membrane surface (61). Alternatively, the results from the
Middleton group suggest that the cytoplasmic domain of PLB
(residues 1-23) is stabilized through its association with the
phospholipid bilayer surface (62).

The transmembrane segment for all three structures
illustrated in Figure 1A, B, and C isR-helical. However,

the structure of the cytoplasmic domain differs significantly.
In both the L-shaped and the bellflower-like assembly
solution NMR structures, the cytoplasmic domain isR-helical
(59, 61). The Baldus model suggests that the cytoplasmic
domain of AFA-PLB is notR-helical (57). Additionally,
while the L-shaped high-resolution solution NMR structure
and the Middleton group studies suggest that the cytoplasmic
domain interacts with the membrane surface (58, 59, 62),
the Chou and the Baldus structures suggest that the cyto-
plasmic domain has minimal interactions with the membrane
surface (phospholipid head groups) (57, 61). Therefore,
PLB’s cytoplasmic segment secondary structure, orientation,
dynamics, and interaction with the membrane are clearly
under serious debate.

Similarly, the effect of phosphorylation on the cytoplasmic
domain is also not well understood. Although the Chou group
did not resolve the solution structure of P-PLB, they
hypothesized that introducing a negative charge upon phos-
phorylation of PLB could alter the average orientation of
the cytoplasmic domain and decrease its accessibility to the
calcium pump (61). Previously, Veglia indicated that phos-
phorylation of serine 16 (located within the cytoplasmic
domain) of the AFA-PLB monomer induces an order-to-
disorder transition that disrupts the L-shaped AFA-PLB and
causes a reduction in theR-helical secondary structure around
the phosphorylation site (63). This finding contradicts an
older report by Bigelow and co-workers, which suggested
that the phosphorylation of AFA-PLB increases the stabiliza-
tion of the helical content, especially in the hinge region,
leaving the cytoplasmic domain associated with the mem-
brane (63, 64).

Three models have been proposed to describe PLB
interacting with sarco(endo)plasmic reticulum calcium
ATPase (SERCA) (36, 61, 65). In the first and earliest model,
the dephosphorylated pentamer dissociates to a PLB mono-
mer that inhibits sacroplasmic reticulum ATPase activity by
binding to the cytoplasmic and transmembrane domains of
the calcium pump. Phosphorylation of PLB at Ser 16 or Thr
17 reduces its electrostatic binding with the pump (34, 36).
Consequently, the calcium pump inhibition will be reversed,
and the association of PLB monomers into pentamers is
favored (36).

In the second model, an allosteric interaction between the
PLB monomer and SERCA takes place (65). When PLB is
in its free form (not interacting with SERCA), the monomer
interconverts between the bent form (T-state, inactive, highly
ordered L-shape, cytoplasmic domain facing the lipids,

FIGURE 1: Proposed structural models of pentameric and monomeric phospholamban in a lipid bilayer. (A) L-shaped monomeric NMR
solution structure of AFA-PLB by the Veglia group (60). (B) Solid-state NMR monomeric structure of AFA-PLB by the Baldus group
(57). (C) NMR solution structure of pentameric PLB by the Chou group (61). This figure was generated using the MOLMOL software and
a G5 Apple Mac computer (94). The 3D structures in A, B, and C were obtained from the published reports and the Protein Data Bank.
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predominant) and the extended form (R-state, active, more
dynamically disordered with higher affinity to SERCA) (65).
In the presence of SERCA, the preexisting equilibrium
between the two forms is disturbed. The bent form inhibits
SERCA because of protein-protein interactions between the
transmembrane regions of PLB and SERCA (65). Only in
the extended form, in which both the cytoplasmic domain
and the transmembrane domain of PLB binds to SERCA,
the SERCA-PLB complex is capable of reversing SERCA
inhibition because of phosphorylation or mutation (65, 66).

In the third and latest model, the tightness of the PLB
pentamer (supercoiled Leu/Ile zipper) raises the question of
how valuable monomeric PLB is for association with SERCA
(61). This model suggests that the relatively mobile cyto-
plasmic domain of the pentamer, which on average points
away from the membrane surface, possibly fits into the
groove of the SERCA cytoplasmic domain (61). On the basis
of the suggested PLB channel-like architecture, PLB could
function as an ion channel besides its ability to regulate
sacroplasmic reticulum ATPase activity (61).

Finally, it is important to emphasize that the high-
resolution NMR solution structures of the monomeric PLB
mutant (AFA-PLB) and the pentameric WT-PLB in micelles
reported by the Veglia and Chou groups, respectively,
represent two of the best and widely accepted membrane
protein structures available in the literature (60, 61). Ad-
ditionally, EPR spectroscopic studies from the Veglia and
Thomas groups indicate that a two-state dynamic equilibrium
exists for the cytosolic segment of AFA-PLB in a lipid
bilayer (58, 65, 66). Similarly, the Chou group suggested
that their structure of PLB in micelles sets the stage for a
series of future experiments to characterize the effect of
phosphorylation on the orientation and dynamics of its
cytoplasmic helix (61). Therefore, in the present study, the
full-length pentameric WT-PLB and its phosphorylated form
(P-PLB) were used to compare the structural changes in the
acyl chains of POPC multilamellar vesicles (MLVs) upon
the insertion of both proteins utilizing31P and2H solid-state
NMR spectroscopy. Additionally,13CdO site-specific studies
of PLB and P-PLB incorporated into lipid bilayers were used
to compare the secondary structure of both PLB forms around
the phosphorylation site (Ser16) utilizing13C CPMAS solid-
state NMR spectroscopy.

MATERIALS AND METHODS

Materials. POPC and POPC-d31 were purchased from
Avanti Polar Lipids (Alabaster, AL). Prior to use, phospho-
lipids were dissolved in chloroform and stored at-20 °C.
Chloroform, hexafluoro-2-propanol, formic acid, and 2,2,2
triflouroethanol (TFE) were purchased from Aldrich Chemi-
cal Co. (St. Louis, MO). HPLC-grade acetonitrile and
2-propanol were obtained from Pharmco (Brookfield, CT)
and were filtered through a 0.2µm nylon membrane before
use. Water was purified using a nanopure reverse osmosis
system (Millipore, Bedford, MA). Fmoc-amino acids, pre-
phosphorylated Fmoc-serine amino acid, and other chemicals
for peptide synthesis were purchased from Applied Biosys-
tems, Inc. (Fostercity, CA).13CdO labeled Leu and Ala
Fmoc-amino acids were purchased from Isotec/Sigma-
Aldrich (St. Louis, MO).N-[2-hydroxyethyl]piperazine-N′-
2-ethane sulfonic acid (HEPES) and EDTA were obtained
from Sigma-Aldrich (St. Louis, MO).

Synthesis and Purification of PLB.The isolation and
purification of large quantities of native PLB through
molecular biology techniques has not yet been achieved
because of difficulties encountered in the bacterial overex-
pression of phospholamban cDNA (67, 68). Alternatively,
PLB has been prepared by chemical synthesis using standard
solid-phase peptide synthesis and purification in organic
solvents (69, 70). In addition, this approach gives the
opportunity to synthesize site-specific isotopically labeled
peptides and proteins (30, 59, 71). The biochemical and
biophysical comparison of synthetic PLB and native PLB
revealed that they are both similar in size and functionally
identical (69, 70). The chemically synthesized form of the
full length PLB and P-PLB were used in all of the solid-
state NMR experiments presented. PLB was synthesized
according to a new procedure developed in our lab. Briefly,
PLB was synthesized using modified Fmoc-based solid-phase
methods with an ABI 433A peptide synthesizer (Applied
Biosystems, Foster city, CA). PLB is very hydrophobic; thus,
the synthesis of this peptide is very challenging (see the
Supporting Information for more details). In addition, during
our first run, we found that the coupling of Leu-7 to Thr-8
was difficult even after double coupling and extending the
reaction time to 6 h. However, this problem was solved by
using the pseudoproline dipeptide of Fmoc-Leu-Thr (ΨMe,Me

Pro)-OH from Novabiochem (San Diego, CA) (72). The use
of a pseudoproline dipeptide of Fmoc-Leu-Thr (ΨMe,Me Pro)-
OH enhanced the yield to about 25% after lyophylization.
To synthesize P-PLB, a pre-phosphorylated Fmoc-serine
amino acid was used at amino acid position 16 instead of
the regular Fmoc-serine used in the synthesis of PLB (73).
Additionally, 13CdO labeled Leu and Ala amino acids from
Isotec/Sigma-Aldrich (St. Louis, MO) were used to synthe-
size the13CdO site-specific isotopically labeled Leu39-PLB,
Ala15-PLB and Ala15-P-PLB.

The crude peptide was purified on an Amersham Phar-
macia Biotech AKTA explorer 10S HPLC controlled by
Unicorn (version 3) system software (see the Supporting
Information for more details). The purified protein was
lyophilized and characterized by matrix-assisted laser de-
sorption ionization time-of-flight (MALDI-TOF) mass spec-
trometry and SDS-PAGE (data not shown).

The oligomerization state of WT-PLB and P-PLB was
explored using SDS-PAGE analysis (data not shown). Our
results are comparable to those of Simmerman and co-
workers and indicate that the two peptides are mainly
pentameric and did not show the coexistence of any
additional dimer bands as reported in the Middleton study
on the PLB mutant (74, 75). Additionally, the Smith group
has demonstrated with solid-state NMR spectroscopy that
the full-length WT-PLB forms a pentamer in PC membranes,
and a similar conclusion was reported in our previous TM-
PLB study (71, 76).

NMR Sample Preparation.POPC bilayers containing
various mol % of P-PLB or PLB in phospholipid were
prepared according to the protocol given by Rigby and co-
workers (12). POPC (35 mg) and PLB or P-PLB were
dissolved in CHCl3 and TFE, respectively, and placed into
a 12× 75 mm test tube. The solvents were removed under
a steady stream of N2 gas and then the test tube was placed
in vacuum desiccators overnight to remove any residual
solvent. The P-PLB/lipid or PLB/lipid mixture was then
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resuspended in 95µL of HEPES buffer (5 mM EDTA, 20
mM NaCl, and 30 mM HEPES at pH 7.0). Finally, after the
phospholipids were fully dissolved, the sample was trans-
ferred to an NMR sample tube. POPC-d31 (8 mg) was added
to the samples when conducting the2H NMR experiments.
The protein concentration used was 4 mol % for P-PLB or
PLB with respect to lipids when conducting the13C CP-
MAS NMR experiments.

Solid-State NMR Spectroscopy.A 500 MHz WB Bruker
Avance solid-state NMR spectrometer and a Bruker 4 mm
triple resonance CP-MAS probe (Bruker, Billerica, MA) were
used to collect the2H, 31P, and13C solid-state NMR spectra.
For 2H solid-state NMR experiments, the spectrometer was
operated as 76.77 MHz, and the quadrupolar echo pulse
sequence was employed using quadrature detection with
complete phase cycling of the pulse pairs (77). The 90° pulse
length was 3µs, the inter-pulse delay was 40µs, the recycle
delay was 0.5 s, and the spectral width was set to 100 kHz.
A total of 20 K transients were averaged for each2H solid-
state NMR spectrum and processed using 300 Hz line
broadening.31P NMR spectra were recorded with1H decou-
pling using a 4µs π/2 pulse for31P and a 4 srecycle delay,
2 K scans were averaged, and the free induction decay was
processed using 100 Hz of line broadening. The spectral
width was set to 300 ppm.31P T1Z longitudinal relaxation
experiments were conducted using an inversion-recovery
pulse sequence 180°-T-90°-acq with the sample spinning (4
kHz) at the magic angle. After the 180° pulse, the delay time
(T) was varied from 10.0 ms to 6.0 s. The recycle delay was
set to 10 s. In order to measureT1, the change in the area
under a particular peak was fitted to a single-exponential
function: I(t)dI(0) - Aexp(-t/T1), whereI(0) is close to 1,
andA is about 2 (28).

The 13C CPMAS NMR experiments were performed at
1H and13C resonance frequencies of 500.13 and 125.78 MHz,
respectively. The1H 90° pulse length was 4.5µs, the contact
time was 3 ms, and the recycle delay was 4.5 s, and 8000
scans were signal averaged. The spinning speed was con-
trolled at 6 kHz at a temperature of-25 °C. The spectral
width was set to 50 ppm. All13C chemical shifts were
referenced relative to tetramethylsilane (TMS) at 0 ppm.
Simulations of the13C NMR spectra were carried out using
the DMFIT software program (Supporting Information,
Figure 1S) (78).

NMR Data Analysis.All of the powder-type2H NMR
spectra of multilamellar dispersions of POPC-d31 were
numerically deconvoluted (dePaked) using the algorithm of
McCabe and Wassal (79, 80). These spectra were dePaked
such that the bilayer normal was perpendicular with respect
to the direction of the static magnetic field. Then, the
quadrupolar splittings were directly measured from the
dePaked spectra and converted into order parameters as
described before (26, 27). For numbering, the2H nuclei
attached to the terminal methyl carbons were assigned carbon
number 15. The remaining2H assignments were made in
decreasing order along the phospholipid acyl chain. The
quadrupolar splittings of the CD3 methyl groups at the end
of the acyl chains are the smallest and close to 0 kHz because
they rotate at the fastest frequency. The second smallest
splitting was assigned to the2H attached to C-14, and so
forth along the acyl chain. The quadrupolar splittings for
the deuterons in the plateau region were estimated by

integration of the last broad peak. The order parameters
calculated for the CD3 quadrupolar splitting were multiplied
by three according to procedures in the literature (81, 82).

RESULTS

2H NMR Study of PLB and P-PLB Incorporated into
POPC Bilayers.The effect of PLB and P-PLB on the order
and dynamics of the acyl chains of POPC-d31 bilayers was
investigated utilizing2H solid-state NMR spectroscopy in
the absence (Figure 2A) as well as in the presence of 2 mol
% (Figure 2B) and 4 mol % (Figure 2C) PLB and P-PLB at
25 °C. In Figure 2(A), the central resonance doublet
corresponds to the terminal CD3 groups and the remaining
overlapped doublets result from the different CD2 segments
of the acyl chain of POPC-d31. The addition of 2 mol % and
4 mol % P-PLB to POPC MLVs slightly alters the2H NMR
spectra (Figure 2B and C) compared to that of the control
(Figure 2A) sample. Conversely, an inspection of Figure 2B
and C clearly indicates that the addition of 2 mol % and 4
mol % PLB to the POPC-d31 bilayers significantly alters the
line shape and the spectral resolution of the2H NMR spectra
compared to that of the control (Figure 2A) sample. The loss
in spectral resolution is manifested by the disappearance of
the sharp edges of the2H peaks of 2 mol % and 4 mol %
PLB in POPC bilayers. The changes in spectral resolution
of the 2H NMR spectra indicate that PLB interacts more
significantly with the POPC-d31-containing MLVs than with
P-PLB.

Additionally, the effect of temperature increase (25-55
°C) on the order and dynamics of the acyl chains of POPC
MLVs was investigated. The2H solid-state NMR spectra
indicate that as the temperature increases, the quadrupolar
splittings decrease for all samples with and without PLB and

FIGURE 2: 2H NMR powder-pattern spectra of the POPC bilayers
in the absence (A, solid line) and presence of 2 mol % (B) and 4
mol % (C) PLB (dashed lines) and P-PLB (dotted lines) with respect
to the lipids at 25°C.
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P-PLB, implying that the mobility of the acyl chains
increases as the temperature increases (data not shown).

Figure 3 displays the smoothed segmental C-D bond
order parameters (SCD) of the POPC-d31 acyl chains calcu-
lated by dePakeing the corresponding2H NMR powder
spectra shown in Figure 2. Figure 3A reveals a characteristic
profile of decreasing order (SCD) with increasing distance
from the glycerol backbone for the pure bilayer as well as 2
mol % and 4 mol % P-PLB samples at 25°C. In Figure 3A,
there is a slight difference in the order parameter profile of
POPC-d31-containing bilayers in the presence of 2 mol %
and 4 mol % of P-PLB compared to that of the control
sample (without P-PLB). Conversely, for the PLB samples
(Figure 3B), there is more disorder and motion in the acyl
chain upon incorporation of 2 mol % and 4 mol % PLB
when compared to that in the control sample (without PLB).

31P NMR Studies of PLB and P-PLB Interacting with
POPC MLVs.The static31P NMR spectrum of P-PLB protein
dissolved in TFE in the absence of POPC lipids at 25°C is
shown in Figure 4 A. The isotropic peak corresponds to the
phosphate group, attached to Ser16, of the dissolved P-PLB
rotating fast in the absence of lipids. The static31P NMR
spectra of POPC lipid bilayers prepared in the absence and
presence of 2 mol % and 4 mol % of PLB and P-PLB at 25
°C are shown in Figure 4B, C, and D. At 25°C, the
motionally averaged powder pattern spectra are characteristic
of MLVs in the liquid crystalline phase (LR) and are expected
for POPC bilayers at a temperature well above the chain
melting point transition temperature (theTm value is-2 °C
for POPC) (83, 84). The addition of PLB or P-PLB (Figure
4C and D) broadens the corresponding31P line shapes

compared to that in pure POPC bilayers (Figure 4B). The
chemical shift anisotropy (CSA) widths were measured for
the pure POPC MLVs (Figure 4B), CSA) 48 ppm) as well
as for the POPC MLVs interacting with 2 mol % P-PLB
(Figure 4C), CSA) 46 ppm), 2 mol % PLB (Figure 4C),
CSA ) 45 ppm), 4 mol % P-PLB (Figure 4D), CSA) 45
ppm), and 4 mol % PLB (Figure 4D), CSA) 41 ppm). The
measured CSA values are arranged (from high to low) in
the following order: CSA control> P-PLB> PLB. Clearly,
the31P line shape and CSA width data indicate that the POPC
head groups are perturbed the most by the addition of 4 mol
% PLB than by 4 mol % P-PLB (Figure 4D). These results
agree with our 2H solid-state NMR spectra described
previously.

The powder pattern31P NMR spectra of POPC MLVs,
with and without 4 mol % P-BLB and 4 mol % PLB, were
recorded at temperatures ranging from 25 to 55°C, and the
chemical shift anisotropy (CSA) widths were measured (data
not shown). The data indicate that as the temperature
increases, the CSA of POPC bilayers (with and without PLB
or P-PLB) decreases, indicating that the axial rotational
motion of the phospholipid head groups increases with
temperature.

In order to further probe the interaction of PLB with the
phospholipid head groups,31P MAS T1 relaxation experi-
ments were conducted (Figure 5) (28). The 31P T1 spin-
lattice relaxation rates are sensitive to the rapid conforma-
tional changes of lipid acyl chains and polar head groups as
well as to changes in the long axis rotation and diffusion of
lipids upon peptide interaction (22). Figure 5 indicates that
the 31P T1 value of pure POPC MLVs increases as the
temperature increases for temperatures ranging from 25 to

FIGURE 3: Smoothed acyl chains orientational orderSCD profiles
calculated from the dePaked2H NMR spectra of Figure 2. The
open squares, circles, and triangles (A) represent POPC bilayers
with 0 mol %, 2 mol %, and 4 mol % P-PLB, respectively. The
closed squares, circles and triangles (B) represent POPC bilayers
with 0 mol %, 2 mol %, and 4 mol % PLB, respectively.

FIGURE 4: Static31P solid-state NMR spectrum of P-PLB without
POPC lipids investigated at 25°C (A, solid line). Static31P solid-
state NMR spectra of POPC phospholipid in the absence (B, solid
line) and presence of 2 mol % (C) and 4 mol % (D) P-PLB (dotted
lines) and PLB (dashed lines) with respect to the POPC lipids
investigated at 25°C.
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55 °C. At 25 °C, there is no significant difference in the31P
T1 relaxation values among the 4 mol % P-PLB, 4 mol %
PLB, and POPC control samples. However, Figure 5 reveals
that the31P T1 relaxation time of the 4 mol % P-PLB and
PLB sample is considerably less than the POPC control at
biologically relevant temperatures and above, ranging from
35 to 55°C. Interestingly, the data indicates that this31P T1

gap increases as the temperature increases. Additionally, the
31P T1 relaxation time difference between the control and
the 4 mol % P-PLB sample is less than the difference
between the control and the 4 mol % PLB sample. For
example, at 35°C, the31PT1 differences between the control
and both the 4 mol % P-PLB sample and the 4 mol % PLB
sample are 60 and 140 ms, respectively. These results agree
with the 31P solid-state NMR powder spectra described
previously, implying that PLB interacts more significantly
with the head groups of the POPC bilayers than with its
phosphorylated form (P-PLB).

13C CP-MAS Solid-State NMR Spectroscopy on PLB and
P-PLB. In order to probe the secondary structure of PLB
and P-PLB in phospholipid bilayers,13C CPMAS solid-state
NMR data were collected. The13CdO CPMAS solid-state
NMR peak is very sensitive to the secondary structure of
the protein (30, 32, 85). A13CdO CPMAS solid-state NMR
peak between 174 and 177.5 ppm corresponds to anR-helical
structure originating from the13CdO labeled residue of the
protein (30, 32, 85). In addition, a13CdO CPMAS solid-
state NMR peak at 172.4 ppm corresponds to either aâ-sheet
or an unstructured conformation of the peptide (30).

Figure 6 displays the13C-CPMAS solid-state NMR spectra
of 13CdO labeled Leu39-PLB (Figure 6A), Ala15-PLB
(Figure 6B), and Ala15-P-PLB (Figure 6C) proteins upon
insertion into POPC bilayers as well as the13C CPMAS solid-
state NMR spectrum of the natural abundance carbonyl of
pure POPC bilayers (Figure 6D) at-25 °C. All samples in
Figure 6 were collected using the same lipid concentration
and the same number of scans. A comparison of the first
three spectra (Figure 6A, B, and C) with the control POPC
spectrum (Figure 6D) indicates that the signal intensities of
the 13CdO labeled amino acid residues are considerably
higher than the signal intensity of the background natural

abundance of the POPC13C carbonyl carbon of the control
sample. Although it cannot be clearly seen because of low
intensity, the natural abundance lipid’s13C carbonyl carbon
chemical shift of the first three spectra (Figure 6A, B, and
C) is expected at about 174 ppm. The13C CPMAS solid-
state NMR spectrum of13CdO labeled Leu39 residue
(located within the transmembrane domain of PLB) reveals
one well-resolved peak at 175.8 ppm (Figure 6A), indicating
that Leu39 (transmembrane segment) is in anR-helical
structural conformation. In Figure 6B, the13C NMR spectrum
corresponding to the13CdO labeled Ala15 residue located
within the cytosolic domain of PLB reveals 2 peaks with
similar intensities at 176.5 and 175 ppm. These 2 peaks
suggest that the cytoplasmic domain of PLB is in two
different R-helical structural conformations. Similarly, in
Figure 6C, the13C NMR spectrum corresponding to the13Cd

O labeled Ala15 residue located within the cytosolic domain
of P-PLB reveals two peaks at 176 and 175 ppm. However,
the intensities of these two peaks are unequal. All of the
experimental spectra in Figure 6 were simulated and are
shown in the Supporting Information (Figure 1S).

FIGURE 5: 31P spin-lattice relaxationT1 as a function of temperature
(25-55 °C) of POPC phospholipid bilayers with and without 4
mol % protein with respect to the lipids. The open circles represent
a POPC control (without protein) sample. The open triangles and
squares represent POPC bilayers with 4 mol % P-PLB and PLB,
respectively. The error bars were obtained by averaging31P T1
values from two different sample sets.

FIGURE 6: 13C-CPMAS solid-state NMR spectra of13CdO labeled
Leu39-PLB (A), Ala15-PLB (B), and Ala15-P-PLB (C), upon
insertion into the POPC bilayers at-25°C. At the same temperature
(-25 °C), the13C-CPMAS solid-state NMR spectrum of the natural
abundance13C carbonyl of POPC bilayers (without protein) is
shown in (D).

Interaction of Phosphorylated Phospholamban with Membranes Biochemistry, Vol. 45, No. 44, 200613317



DISCUSSION

PLB Interacts with POPC Bilayers.The structure de-
scribed by the Chou group of WT-PLB in micelles suggests
that the cytoplasmic domain of the PLB pentamer is, on
average, oriented away from the membrane surface, mini-
mizing the possibility of its interaction with the head groups
(61); however, the interaction of the full-length PLB pen-
tamer with the MLVs’ head groups from the lipid perspective
utilizing solid-state NMR spectroscopy has not been reported
in the literature. Only the interaction of the transmembrane
and cytoplasmic domains of the AFA-PLB monomer or
segmented portions of the WT-PLB pentamer (not the full-
length pentamer) have been studied with the membrane (27,
58, 59, 62). Therefore, three new solid-state NMR experi-
ments were conducted, and the results indicate that the full-
length WT-PLB interacts with POPC lipid bilayers. First,
the molecular order parameter (SCD) profiles of the2H solid-
state NMR spectra indicate that PLB disturbs the order of
the acyl chains of POPC-d31 doped MLVs. Additionally, the
line shape and CSA of static31P solid-state NMR spectra of
the POPC bilayers indicate that PLB strongly interacts with
the head group region of the POPC MLVs. Finally, the
dramatic changes observed in the31PT1 values of PLB/POPC
bilayers compared to those of the POPC control are obviously
caused by PLB interacting with the head group region of
the POPC bilayers. Similar changes in the31PT1 values have
been observed for complexes of cytochromec interacting
with DOPG and DOPS lipids (86).

In order to further investigate the effect of phosphorylation
on the PLB pentamer upon interaction with the membrane,
the same set of solid-state NMR spectroscopic experiments
were conducted using the phosphorylated form of the PLB
pentamer.

Comparing P-PLB and PLB Interacting with POPC
Bilayers. The current2H and 31P solid-state NMR data
indicate that both PLB and P-PLB interact with POPC
bilayers. However, the interaction of PLB with POPC MLVs
is more significant compared that with phosphorylated PLB.
The results indicate that the cytoplasmic domain of WT-
PLB behaves in a manner similar to that of the AFA-PLB
upon phosphorylation (63). Veglia and co-workers have
indicated that phosphorylation of serine 16 (AFA-PLB)
moves the cytoplasmic domain of AFA-PLB away from the
lipid surface, and residues 15 and 16 of the cytoplasmic
domain become part of the loop region (unstructured) upon
phosphorylation (63). In order to further investigate the effect
of phosphorylation on the secondary structure of the WT-
PLB pentamer around the phosphorylation site,13CdO site-
specific studies of PLB and P-PLB incorporated into lipid
bilayers were conducted.

Secondary Structure of PLB and P-PLB in Phospholipid
Bilayers. 13C CPMAS NMR spectroscopy can be used to
probe the secondary structure of WT-PLB and P-PLB
proteins in POPC bilayers (87-91). The appearance of the
single well-resolved peak at 175.8 ppm in the13C CPMAS
solid-state NMR spectrum shown in Figure 6A indicates that
Leu39 located in the transmembrane domain of PLB has one
R-helical structural conformation. This agrees with all of the
structural models shown in Figure 1.

Previous solid-state NMR spectroscopic studies have
shown two peaks (176.8 and 172.4 ppm) in a similar

environment for a13CdO-labeled Ala residue for the
magainin antimicrobial peptide (see Table 1 for other
examples) (30). In that magainin study, the first peak (176.8
ppm) was attributed to anR-helical structure, and the upfield
peak at 172.4 ppm was attributed to either aâ-sheet or an
unstructured conformation of the peptide (30). This was
confirmed by FTIR and additional NMR studies, which
showed that theâ-sheet magainin peptide rests on the outside
of the lipid bilayer, whereas theR-helical portion must have
been inserted inside the bilayer (30). Unlike magainin, in
Figure 6B, which corresponds to the Ala15-PLB, two peaks
at 176.5 and 175.3 ppm were observed. The two peaks are
well within the range of anR-helical structure (Table 1).
The observedR-helical structure of the cytoplasmic domain
of PLB agrees with the L-shaped (Figure 1A) and bellflower-
like assembly high-resolution solution NMR structures
(Figure 1C) and disagrees with the non-R-helical disordered
cytosolic domain model shown in Figure 1B (57, 60, 61).

Tuzi and co-workers have indicated that the local confor-
mations of peptides and proteins can be characterized by
examining the13CdO chemical shifts of the13C-labeled
carbonyl of Ala, Leu, and Val and that chemical shifts may
vary within the data range presented here for different
conformational-dependent changes (32). Thomas and co-
workers have probed the structural dynamics of the AFA-
PLB monomer with a nitroxide spin label rigidly coupled to
the peptide backbone utilizing EPR spectroscopy (58). They
concluded that AFA-PLB is in a dynamic equilibrium
between an ordered conformation that is in direct contact
with the membrane surface and a dynamically disordered
conformational state that is detached from the membrane and
proposed to interact with the PLB regulatory target (58). In
agreement with the two structural conformation models, the
current13C solid-state NMR data of PLB-Ala15 (cytoplasmic
domain) suggests that PLB incorporated within POPC
bilayers has two differentR-helical conformers.

Table 1: 13C Carbonyl Chemical Shifts of Site-Specific Isotopically
Labeled Proteins or Peptides and the Natural Abundance13C
Chemical Shifts of the Carbonyl of Lipids

(A) Conformation-dependent13CdO chemical shifts of Ala residues

secondary
structure protein or peptide

13C chemical
shifts (ppm) reference

R-helix magainin analogue 176.8 Hirsh et al. (30)
bacteriorhodopsin (Rb) 176.7 Kimura et al. (31)
bacteriorhodopsin (Rb) 173.9-177.5 Tuzi et al. (32)
polyalanine (PLA) 175.7-176.3 Lee et al. (92)
polyalanine(PLA) 175.7-176.8 Henzler-Wildman

et al. (93)
Ala15-PLB 176.5 and 175.3 current study
Ala15-P-PLB 176 and 175 current study

â-sheet magainin analogue 172.4 Hirsh et al. (30)
polyalanine (PLA) 172.1-173.1 Lee et al. (92)
polyalanine (PLA) 171.6-173.1 Henzler-Wildman

et al. (93)
human calcitonin
(hCT, residues 9-32)

173.1-173.7 Wagner et al. (91)

loop region bacteriorhodopsin (Rb) 173.3-173.6 Tuzi et al. (32)

(B) Natural abundance13C chemical shift of the carbonyl of lipids

lipid

13C chemical
shifts (ppm) reference

DMPC 173 Smith et al. (85)
egg PC 173.6 Yamaguchi et al.

(33)
POPC 174 current study
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Upon phosphorylation, Figure 6C, the13C NMR spectrum
of P-PLB-Ala15 indicated one major peak at 175 ppm and
a shoulder at 176 ppm. These observations suggest that the
cytoplasmic domain of the Ala15-PLB pentamer, in its both
phosphorylated and dephosphorylated states, isR-helical in
structure around the phosphorylation site. This data agrees
with the results previously reported by Arkin and co-workers
(42). Their study indicates that phosphorylation does not
significantly change theR-helical secondary structure of the
WT-PLB in DMPC vesicles utilizing circular dichroism (CD)
and Fourier transform infrared (FTIR) measurements (42).

Finally, in addition to its advantage in probing the
secondary structure,13C CPMAS NMR spectroscopy can be
used to demonstrate the absence of any nonspecific aggrega-
tion of WT-PLB and P-PLB proteins in POPC bilayers (87-
91). 13C CPMAS resonance peaks from unstructured protein/
peptide aggregates are typically located near 172 ppm (87,
88). The single well-resolved13C peak at 175.8 ppm shown
in Figure 6A indicates that Leu39 located in the transmem-
brane domain of PLB has only one structural conformation
that isR-helical. Furthermore, all three spectra in Figure 6A,
B, and C (prepared under the same conditions) did not show
any upfield peaks at 172 ppm, indicating that the they are
homogeneous and fully hydrated and that the protein is
properly folded and inserted (without any clusters or
nonspecific aggregates) (87-91).

Mode of WT-PLB-Membrane Interaction and the Pro-
tein’s Physiological Function.The new solid-state NMR
spectroscopic data indicate that the interaction of PLB with
the membrane surface significantly decreases upon phos-
phorylation. This finding agrees with results from the
Simmerman group, in which phosphorylation of the WT-
PLB pentamer shifts the cytoplasmic domain away from the
lipid bilayer surface, decreasing the possibility of any
interaction between the cytoplasmic domain and the mem-
brane surface (34, 36).

The model proposed by Chou’s of WT-PLB interacting
with SERCA assumes that it is possible for the pentameric
form of PLB to initiate the binding of SERCA without even
having to dissociate to the monomer, eliminating the
energetic cost of the removal of a subunit (61). Additionally,
they hypothesized that upon phosphorylation the introduced
negative charge of the phosphate group at Ser16 or Thr17
could potentially alter the average orientation of the cyto-
plasmic domain of WT-PLB, leaving the helix less accessible
to the calcium pump (61). Our results agree with Chou’s
hypothesis, which proposes a change in the orientation of
the cytoplasmic domain upon phosphorylation.

Alternatively, our data fits very well with the concept of
allosteric regulation previously proposed by the Veglia group
for AFA-PLB (see the introduction for details) (65). When
the WT-PLB is in its free form (not interacting with SERCA),
the pentamer possibly interconverts between two populations
(similar to the T-state and R-state of the AFA-PLB mono-
mer). Simulations of Figure 6B and C (see Supporting
Information, Figure 1S) suggest that phosphorylation shifts
the population between the two proposedR-helical confor-
mations from 50%:50% to 30%:70%. This observation could
be explained in light of the2H and31P solid-state NMR data
discussed previously. The predominant conformer (70%) of
the P-PLB pentamer could have its cytoplasmic domain
oriented away from the membrane surface, decreasing the

P-PLB interaction with the membrane compared to that with
unphosphorylated PLB. Finally, similar to the AFA-PLB
mutant, we propose that the presence of SERCA could alter
the distribution between the two WT-PLB populations
observed in this study (65, 66). Further experiments are
needed to test this hypothesis.

CONCLUSION

This solid-state NMR spectroscopic study clearly shows
membrane-protein interaction differences between PLB and
P-PLB. From the perspective of the lipids, the31P and2H
solid-state NMR spectroscopic data indicate that P-PLB has
less direct contact with the membranes compared to that in
WT-PLB. In addition, 13C CP MAS solid-state NMR
spectroscopy and13CdO site-specific (Ala15 residue) iso-
topically labeled proteins inserted into MLVs indicate that
the PLB pentamer has two equally populated different
R-helical structural conformations. However, upon phospho-
rylation, the conformer that possibly interacts less with the
membrane becomes the predominant form. Finally, the data
suggests that P-PLB conserves theR-helical structure of the
Ala15 residue around the phosphorylation site (Ser 16)
compared to that of PLB.
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