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ABSTRACT: Phospholamban (PLN), a single-pass membrane protein, regulates heart muscle contraction
and relaxation by reversible inhibition of the sarco(endo)plasmic reticulum Ca-ATPase (SERCA). Studies
in detergent micelles and oriented lipid bilayers have shown that in its monomeric form PLN adopts a
dynamic L shape (bent or T state) that is in conformational equilibrium with a more dynamic R state. In
this paper, we use solid-state NMR on both uniformly and selectively labeled PLN to refine our initial
studies, describing the topology and dynamics of PLN in oriented lipid bilayers. Two-dimensional PISEMA
(polarization inversion spin exchange at the magic angle) experiments carried out in DOPC/DOPE mixed
lipid bilayers reveal a tilt angle of the transmembrane domain with respect to the static magnetic field, of
21 ( 2° and, at the same time, map the rotation angle of the transmembrane domain with respect to the
bilayer. PISEMA spectra obtained with selectively labeled samples show that the cytoplasmic domain of
PLN is helical and makes an angle of 93( 6° with respect to the bilayer normal. In addition, using
samples tilted by 90°, we find that the transmembrane domain of PLN undergoes fast long-axial rotational
diffusion about the bilayer normal with the cytoplasmic domain undergoing this motion and other complex
dynamics, scaling the values of chemical shift anisotropy. While this dynamic was anticipated by previous
solution NMR relaxation studies in micelles, these measurements in the anisotropic lipid environment
reveal new dynamic and conformational features encoded in the free protein that might be crucial for
SERCA recognition and subsequent inhibition.

Phospholamban (PLN)1 is a 52-residue integral membrane
protein involved in the uptake of calcium into cardiac
sarcoplasmic reticulum (SR). Calcium is pumped into SR
vesicles by the sarco(endo)plasmic reticulum calcium AT-
Pase (SERCA), stimulating relaxation of cardiac muscle.
PLN inhibits SERCA, by decreasing the calcium affinity for
the ATPase and thereby shifting the calcium cooperativity
curve. The importance of this protein stems from its pivotal
role at the crossroad of two vital physiological pathways:
calcium signaling andâ-adrenergic stimulation, central
mechanisms for the beat-to-beat regulation of heart
muscle.

PLN is thought to exist in a dynamic equilibrium between
a storage form (pentamer) and an active form (monomer)

(1, 2). SERCA has been shown to depolymerize the pen-
tamer, leading to the monomeric form wrapping around
SERCA, inhibiting calcium ion translocation (3). Calcium
flux is restored uponâ-adrenergic stimulation leading to PLN
phosphorylation at Ser16 and Thr17 by protein kinase A and
calmodulin-dependent protein kinase II, respectively (4).

The relatively small size and biological importance have
made PLN an ideal molecule for understanding membrane
protein structure and dynamics. Among the many structural
models in the literature, PLN has been proposed to exist as
a continuousR-helix (5), a transmembraneR-helix with a
completely unstructured N-terminus (6), and an L-shaped
conformation with the cytoplasmic domain interacting with
the lipid bilayer (7-9).

Our effort has focused on the characterization of the
monomeric, fully functional AFA-PLN mutant (C36A, C41F,
C46A) in both micellar and oriented lipid bilayer systems.
All our data consistently point toward the L-shaped arrange-
ment, revealing PLN to be comprised of an amphipathic
cytoplasmic helix (domain Ia, residues 1-16), a structured
yet flexible loop or hinge region (residues 17-21), and a
transmembrane structural domain, which has been further
subdivided into two dynamic regions: a more mobile domain
Ib (residues 22-30) and a relatively rigid domain II (residues
31-52) (10, 11).

Our dynamic L-shaped model indicates that in the absence
of SERCA the cytoplasmic portion of PLN is primarily in
contact with the lipid bilayer surface (>90%) but that two
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conformational PLN states (R and T) exist, supported by
solution NMR and EPR data (12, 13). Additional EPR,
fluorescence, CD, and solid-state NMR data recorded in other
laboratories (14, 15) as well as the amphipathic nature of
the cytoplasmic region support these results. Since the
surrounding lipids influence the membrane protein function,
it is important to determine the overall topology of PLN in
order to reveal its interactions with the lipid membrane.

This study not only resolves the inconsistencies in the
literature regarding the helicity of the cytoplasmic domain
of PLN, showing unambiguous evidence for the presence
of a helical conformation, but also elucidates the topology
and dynamics in a native lipid bilayer.

MATERIALS AND METHODS

Protein and Sample Preparation.A fully functional
monomeric mutant of PLN was used, in which the three
transmembrane domain cysteine residues were replaced with
alanine, phenylalanine, and alanine (AFA). Selectively
labeled ([15N-Ala], [15N-Ile], and [15N-Leu]) and [U-15N]-
AFA-PLN were expressed and purified recombinantly as
previously described (16). PLN (4 mg) was reconstituted in
a 10% SDS detergent solution. A 4:1 molar mixture of 1,2-
dioleoyl-sn-glycero-3-phosphocholine (DOPC) and 1,2-dio-
leoyl-sn-glycero-3-phosphoethanolamine (DOPE) from Avan-
ti Polar Lipids (Alabaster, AL) were dried from chloroform
to a thin film, resuspended in water (0.5%, w/v), and
sonicated on ice using a micro-tip to form small unilamellar
vesicles (SUVs). After sonication, the lipids were centrifuged
for 10 min on a benchtop centrifuge at 13K rpm to remove
metal and larger vesicles. PLN was added to the lipid mixture
followed by one freeze-thaw cycle. The sample was then
dialyzed to remove all SDS, concentrated to approximately
2 mL, and deposited onto 40 glass plates (5.7 mm× 12 mm
× 0.030 mm; Matsunami, Osaka, Japan). Samples were
slowly dried over 2 h at 40°C, rehydrated for 2 days so that
they reached the liquid crystalline phase, and finally sealed
in a rectangular glass cell. The final lipid:protein molar ratio
for all samples was 200:1.

NMR Spectroscopy.The two-dimensional (2D) polariza-
tion inversion spin exchange at the magic angle (PISEMA)
was performed (17,38) with TPPM decoupling during
acquisition (18). PISEMA experiments were acquired with
1K scans and 48t1 increments for [U-15N]AFA-PLN, 3K
scans and 13 increments for [15N-Leu]- and [15N-Ile]AFA-
PLN, and 12K scans and eightt1 increments for [15N-Ala]-
AFA-PLN at 4 °C, using a recycling delay of 4 s. All
PISEMA data were acquired at a field strength of 14.1 T
(1H frequency of 600.1 MHz) equipped with a Bruker DMX
spectrometer (National High Magnetic Field Laboratory,
Tallahassee, FL). Cross-polarization and SEMA were both
performed at 63 kHz using a low-E probe utilizing a doubly
tuned, low-inductance resonator built by the RF program at
the National High Magnetic Field Laboratory.2 Data were
processed with NMRPipe (19) and analyzed using NMR-
VIEW (20). An exponential window function was applied
to the raw data utilizing 50 Hz line broadening along the
15N

chemical shift dimension (t2). After Fourier transformation
and zero-filling, the data consisted of a total matrix size of
2K × 1K points.

Dynamics experiments were performed by acquiring one-
dimensional (1D)15N and PISEMA experiments with the
membrane bilayer normal oriented with an angle (R) of 90°
with respect toB0. Experiments with [15N-Leu]AFA-PLN
were acquired with 1K scans for 1D experiments and 896
scans and 20 increments for PISEMA. [U-15N]AFA-PLN
samples were acquired with 512 scans for the 1D15N
spectrum atR ) 90°.

RESULTS

Determination of Phospholamban Topology within a
Bilayer.Figure 1 shows a 1D15N spectrum of [U-15N]AFA-
PLN and a 1D31P spectrum of the DOPC/DOPE bilayers,
indicating homogeneous alignment of the protein and the
lipid bilayers. Within the31P spectrum, the presence of the
peak at 25 ppm indicates that an oriented lipid bilayer has
formed, while the presence of a small peak at 17 ppm is
likely due to the formation of a DOPE rich domain (21).
From the 1D15N experiment, three structural regions within
the protein are identified: a transmembrane domain (down-
field resonances), a structured yet dynamic loop (isotropic
15N shifts), and a cytoplasmic domain (upfield resonances).
Although 1D spectra can be used to interpret topology, a
2D PISEMA spectrum more definitively reveals helical
topology within the bilayer (22).

In analogy with the assignment strategy by Cross and co-
workers (23), we have implemented a PISEMA fitting
program (24), utilizing the tilt (θ) and rotation (F) angles of
the helix in the bilayer as well as the angle describing the
N-H bond vector with respect to the helical axis (δ). These
angles along with the periodicity of the helix and residue
number are given in a single equation. This approach uses
the periodic, wheel-like patterns first identified by Opella
and co-workers termed “PISA wheels” (22). From these
wheels, periodicity, secondary structure, topology, and reso-
nance assignments can be assessed simultaneously (22, 23).

Figure 2 shows the PISEMA spectrum of [U-15N]AFA-
PLN reconstituted in 4:1 DOPC/DOPE bilayers. Our fitting
algorithm matches the amplitude of the chemical shift aniso-
tropy and dipolar couplings for the PISA wheels correspond-
ing to both the cytoplasmic and transmembrane domains,
thereby determining the tilt angle with respect to the bilayer
normal by minimizing the score function (for details,
see ref24). This best fit match is shown in Figure 2B

2 Gor’Kov, P. L., Chekmenev, E. Y., Li, C., Cotton, M., Buffy, J.
J., Traaseth, N. J., Veglia, G., and Brey, W. W. (2006) Using Low-E
Resonators to Reduce RF heating in Biological Samples for Static Solid-
State NMR up to 900 MHz,J. Magn. Reson.(submitted for publication).

FIGURE1: (A) One-dimensional15N spectra of recombinant [U-15N]-
AFA-PLN reconstituted into 4:1 DOPC/DOPE lipid bilayers (left).
(B) Representative31P spectra indicating alignment of the bilayer
with respect to the static field (right).
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as indicated by the dotted, red wheels. The helical behavior
of residues within the transmembrane domain is apparent
by the wheel-like pattern of the spectrum. When all down-
field resonances are used as input in the simulation, the best
fit to the helical pattern occurs for a transmembrane domain
tilt of 21 ( 2° with respect to the bilayer normal.

Deviation from ideal helical structure and protein dynamics
can further complicate the assignment of the wheel-like
pattern. Therefore, due to the clustering of cytoplasmic
domain residues around∼70 ppm, caused by dynamics and
spectral overlap, selectively labeled spectra were required
to assign the specific peaks and to identify the helical pattern.

Figure 3 shows PISEMA spectra acquired for [15N-Ala]-,
[15N-Leu]-, and [15N-Ile]AFA-PLN samples. AFA-PLN has
a total of five alanines: three located in the transmembrane
domain and two in the cytoplasmic region. The orientations

of Ala11, Ala15, and Ala36 were previously identified by
1D 15N chemical shift spectra using synthetic PLN (10). In
the PISEMA spectrum (Figure 3A), all of the resonances
are resolved, identifying both chemical shift anisotropy and
dipolar couplings for each residue. We repeated the same
analysis for both the [15N-Leu]- and [15N-Ile]AFA-PLN
samples. Of the 10 leucines present in the PLN primary
sequence, nine are located in the transmembrane domain and
resonate at low fields, while Leu7 is in the cytoplasmic
domain resonating in the upfield portion of the spectrum
(Figure 3B). Finally, of the eight isoleucines present in PLN,
six are in the transmembrane domain and two in the
cytoplasmic domain (Figure 3C). Assignments were made
on the basis of matching the best fit of all the experimental
selectively labeled resonances to those resonance positions
expected for an idealR-helix. This strategy allows for a
unique solution, which has previously been shown to be
reliable on the basis that the protein is helical (24).

The assignments of the five residues in the cytoplasmic
domain (Leu7, Ala11, Ala15, Ile12, and Ile18) match with
the periodicity (i.e., chemical shifts and dipolar couplings)
expected for a helix lying on the membrane plane, demon-
strating that the cytoplasmic domain is helical in lipid
bilayers. The clustering of resonances within the cytoplasmic
domain indicates that the tilt angle with respect to the bilayer
normal is 93( 6°, a result which is in agreement with our
predictions using only chemical shift anisotropy data from
selective alanine labels (10).

These new solid-state data are highly complementary to
the solution studies and help identify the relative orientation
and rotation angle of the transmembrane domain of PLN.
Figure 4 illustrates the rotation angle (F) with respect to the
lipid bilayer for the transmembrane domain, showing that
residues Leu31, Ile38, and Leu45 face the hydrophobic side
of the amphipathic cytoplasmic domain. From the definition
of the rotation angle within Figure 4,F ∼ 205°.

While the poor dispersion of cytoplasmic resonances
prevented the accurate determination of the rotation angle
for the cytoplasmic domain helix, the PISEMA simulations
revealed a tilt angle of∼90° with respect to the bilayer
normal. Although additional experimental data are needed

FIGURE 2: (A) PISEMA spectrum of [U-15N]AFA-PLN at a 1H
Larmor frequency of 600 MHz. (B) Best fit simulations (dotted,
red wheels) to the PISEMA data revealing the helical topology of
the transmembrane (21( 2°) and cytoplasmic (93( 6°) domains
with respect to the lipid bilayer normal. The errors of 2° and 6°,
respectively, are based on the score function used in the program
to match the amplitude of the PISEMA spectrum with that expected
for an ideal helix. This error also reflects two additional PISEMA
spectra of [U-15N]AFA-PLN.

FIGURE 3: PISEMA spectra of [15N-Ala]-, [15N-Leu]-, and [15N-
Ile]AFA-PLN (panels A, B, and C, respectively). There are five
alanines (two cytoplasmic and three transmembrane domain), eight
isoleucines (two cytoplasmic and six transmembrane domain), and
10 leucines (one cytoplasmic and nine transmembrane domain)
within AFA-PLN. All spectra were acquired at a1H Larmor
frequency of 600 MHz. (D) Simulated PISEMA spectra shown for
selective labels (alanine, isoleucine, and leucine) given the calcu-
lated tilt and rotation angle in the bilayer shown in Figure 4.

FIGURE 4: Model illustrating the tilt angles of the two domains of
PLN (PDB entry 1N7L) (7) determined by PISEMA within the
bilayer as well as the rotational angle of the transmembrane domain
within the bilayer. In this model, residues Leu31, Ile38, and Ile45
face the lipid membrane. From the definition of the rotation angle
within the figure,F ) 205°.
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to accurately determine the rotation angle, the clustering of
cytoplasmic domain resonances in the upfield portion of the
spectrum strongly supports the conclusion that the cytoplas-
mic domain is helical and in contact with the surface of the
lipid bilayer.

Fast Long-Axial Rotational Dynamics of Monomeric
Phospholamban in Oriented Lipid Bilayers.Resonances in
PISEMA and 1D15N spectra on aligned samples are affected
by mosaic spread (nonuniform alignment of the molecule),
conformational changes, topological interconversion, and
local dynamics (25). Although it may be difficult to
deconvolute these effects, measuring solid-state spectra with
samples oriented at different angles with respect to the
direction of the static field (Bo) helps identify rotational
dynamics in uniaxially aligned samples (26-28).

The canonical orientation used for mechanically aligned
samples is with the normal of the bilayer parallel toBo, which
we refer to asR ) 0°. When a protein aligned with its helical
axis parallel to the membrane bilayer plane at a 0° orientation
undergoes long-axial rotation around the bilayer normal, there
are no changes to the resonance position. However, when
the sample is tilted by 90° (R ) 90°), the projection that the
N-H bond vectors make with the static field becomes time-
dependent with respect to the rotational dynamics, resulting
in an effect on line shape and resonance position. If the time
scale of the long-axial rotational diffusion is slow, all possible
orientations sampled by the rotating molecule will be
observed. However, if the rotational diffusion is fast (<10-5

s), then both scaling of the chemical shift and dipolar
coupling will occur, reducing the powderlike spectrum to a
single resonance.

Figure 5 shows 1D15N spectra for [15N-Leu]AFA-PLN
atR ) 0° and 90°. The [15N-Leu]AFA-PLN sample was used
to identify transmembrane domain residues in the spectrum
at R ) 90°, since 9 of 10 leucine residues are located within
the transmembrane domain. As expected, forR ) 90°,
leucine residues located in the transmembrane domain shifted
to the upfield region of the spectrum. Under these conditions,
the transmembrane domain (that hasθ ) 21° for R ) 0°)
will assume all possible angles from 69° to 111° with respect
to the static magnetic field. If PLN were static, each orien-

tation would result in a distinct PISEMA pattern, generating
a powderlike spectrum. On the contrary, the PISEMA experi-
ment performed withR ) 90° shows discrete resonances
for the transmembrane domain leucine residues (Figure 5),
indicating fast long-axial rotation on the NMR time scale,
resulting in spatial averaging (29, 30). These results on PLN
in lipids are in agreement with Middleton and co-workers
(15) and EPR results by Thomas and co-workers (12). Similar
dynamic motion leading to averaged nonaxially symmetric
CSA tensors has previously been detected in oriented bilayers
and bicelles with15N and19F nuclei (27-29, 31). Further-
more, immobilization of19F labels within proteins oriented
in lipid bilayers below the main phase temperature (gel
phase) has allowed for the measurement of principle tensor
components at different tilt geometries of the sample with
respect to the static magnetic field (28).

While the fast long-axial rotation motion is dominant in
the transmembrane domain, the dynamics of the amphipathic,
cytoplasmic domain is more complex. Our experiments
carried out on AFA-PLN atR ) 0° and 90° are summarized
in Figure 6. Figure 6A shows 1D15N spectra for [U-15N]-
AFA-PLN atR ) 0° and 90°. Figure 6B displays the overlay

FIGURE 5: (A and C) One-dimensional15N spectra and (B and D)
PISEMA spectra. (A and B) [15N-Leu]AFA-PLN with R ) 0° and
(C and D)R ) 90° samples. The presence of discrete resonances
in the PISEMA atR ) 90° indicates fast motion of the transmem-
brane domain helix on the NMR time scale.

FIGURE 6: (A) One-dimensional15N spectra of [U-15N]AFA-PLN
acquired atR ) 0° (s) and R ) 90° (‚‚‚). (B) Overlay of the
spectrum of [U-15N]AFA-PLN at R ) 90° (s), the spectrum of
[15N-Leu]AFA-PLN atR ) 90° (black dotted line), and the mirror
image of the downfield resonances of [U-15N]AFA-PLN at R ) 0°
(transmembrane domain) scaled by one-half (red dotted line). (C)
Overlay of the spectrum of [U-15N]AFA-PLN at R ) 90° (s) and
the simulated spectrum of the cytoplasmic domain (‚‚‚) undergoing
slow long-axial rotational diffusion about the membrane normal.
The shaded area in panel C indicates the isotropic region of the
simulated spectrum for fast long-axial rotational diffusion.
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of the spectrum of [U-15N]AFA-PLN at R ) 90° with both
the spectrum of [15N-Leu]AFA-PLN at R ) 90° and the
mirror image of the transmembrane domain resonances (R
) 0°) scaled by a factor of one-half. Figure 6C shows the
overlay of the spectrum of [U-15N]AFA-PLN at R ) 90°
with the simulation of slow long-axial rotation diffusion for
the cytoplasmic resonances. If the cytoplasmic domain
rotated slowly around the membrane normal, a pattern like
the simulated spectrum in Figure 6C would be expected. On
the other hand, fast rotational motion around the bilayer
normal would scale the resonances within the shaded region
of Figure 6C. In contrast, the experimental spectrum shown
in Figure 6C neither matches the simulated spectrum nor is
confined within the shaded region. This indicates that more
complex dynamic motions other than fast-axial rotational
dynamics exist within the cytoplasmic helix. 1D spectra of
[U-15N]AFA-PLN acquired at higher temperatures (unpub-
lished) indicate no further scaling of the line shape atR )
90°, meaning that the dynamic motion is at the fast limit on
the NMR time scale. From these data, we conclude that PLN
motion in oriented lipid bilayers is faster than 10-5 s, which
is consistent with other spectroscopic measurements (12, 15,
29).

Two Topologies of the Transmembrane Domain.In addi-
tion to the long-axial rotational diffusion of PLN, PISEMA
spectra also map two slightly different topologies within the
transmembrane domain. While the presence of conforma-
tional dynamics in this domain was anticipated by spin
relaxation NMR experiments (11), it was not possible to
clearly identify this in the isotropically orienting detergent
micelles. After a careful analysis of the PISEMA spectra, it
is possible to identify two distinct populations of the
transmembrane resonances. As an example, the PISEMA
spectrum (also reported in Figure 3) of [15N-Leu]AFA-PLN
is plotted with a lower threshold (Figure 7A,C). From Figure
7C, it is possible to see a clear doubling of all the resonances.
Since this does not depend on the scrambling of the labels
during biosynthesis (as assessed by HSQC solution NMR
spectra) and it is not attributable to mosaic spread (the
resonances would be broadened according to a Gaussian
distribution), the peak doubling can be assigned to two
topologies of the PLN transmembrane domain. Although
these results are preliminary, no change in the tilt angle with
respect to the membrane normal for the second population
was detected; instead, a small change in the rotational pitch
angle (F) may describe the second population.

The presence of two different topologies was also observed
for PLN transmembrane domains and also reported for
sarcolipin (SLN), a highly conserved analogue of PLN that
inhibits both SERCA1a and SERCA2a (24, 39, 40).

DISCUSSION

The structure of the monomer has been determined in
organic solvents, detergent micelles, and lipid bilayers (6,
7, 9). Figure 8 summarizes these PLN models in the literature
and the expected PISEMA spectra that would arise from
these models and topologies.

Although each structure shows PLN’s transmembrane
domain (residues 22-52) to be helical, each study makes
different conclusions regarding the topology and structure
for the cytoplasmic domain. Recently, using magic-angle-
spinning (MAS) techniques involving through-space and
through-bond magnetization transfer techniques, the structure
of monomeric PLN was determined in lipid membranes at a
lipid:protein molar ratio of 20:1 (6). This structure is repre-
sented as a model in Figure 8A, with the calculated PISEMA
pattern shown in Figure 8F. While the authors concluded
that the cytoplasmic domain of PLN is highly dynamic and
most likely unstructured, the possibility of a minor population
with helical structure was not completely rejected. Although
this finding differs from solution NMR and EPR studies in
micelles in lipid bilayers, both of which found a major
population L-shaped and helical in the cytoplasmic domain
(T state) with a minor dynamic population (R state) extended
and dynamically disordered (12, 13). It is possible that
Andronesi et al. with MAS methods probed another minor
conformational state of the cytoplasmic domain of PLN.
From deconvolution of the EPR signal in lipid bilayers, the
percentage of dynamically structured L-shaped PLN was
estimated to be 90% (12). The existence of a larger
population of the T state is most consistent with biological
data, indicating both a helical cytoplasmic and transmem-
brane domain, with the cytoplasmic domain side chain
residues involved in phosphorylation (Ser16 and Thr17)
facing solvent and the more hydrophobic residues facing the
lipid bilayer. The predicted PISEMA data from the L-shaped
model shown in Figure 8I best match the experimental
PISEMA data (Figure 8J).

Although the lipid environment (charge, curvature, etc.)
may play a role in the affinity of the cytoplasmic domain for
the bilayer surface and hence its topology, EPR (in DOPC/
DOPE lipid vesicles, DPC detergent micelles) (12, 14),
solution NMR (in DPC detergent micelles) (7), and solid-
state NMR (in DOPC/DOPE aligned bilayers and DOPC,
DOPG, and DMPC vesicles) (10, 15) studies conclude that
the most preferred topology of PLN is L-shaped with the
cytoplasmic domain interacting with the membrane surface.

Interestingly, there are three models for the structure of
wild-type PLN (pentameric) where the cytoplasmic domain
is helical, but not in contact with the surface of the bilayer
(5, 32). One model by Smith and co-workers has wild-type
PLN modeled as a continuous helix (5). A second model by
Thomas and co-workers shows PLN to exist in apinwheel
assembly where each monomer within the pentamer is
L-shaped (41). The third and most recent structure by Chou
and co-workers (32) depicts the pentamer asbellflower-like,
where the cytoplasmic domain helix of each monomer is

FIGURE 7: (A) Overlay of the PISEMA spectrum for [15N-Leu]-
AFA-PLN plotted at two different contour levels. At a higher
contour level (red), all of the nine expected leucine resonances are
present. At a lower contour level (black), a second set of peaks
can be observed. (B and C) Close-up of the rectangle in panel A
showing Leu37, Leu44, and Leu51 at higher and lower contour
levels, respectively.
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approximately parallel with the bilayer normal, 90° out of
phase from the topology we report for monomeric AFA-
PLN. If the cytoplasmic domain of the monomer had an
extended structure in agreement with the model proposed
for pentameric PLN, one would expect PISEMA spectra
corresponding to those simulated in Figure 8G and H, in
which the cytoplasmic domain resonances are downfield of
the isotropic15N chemical shift (117 ppm).

This work further supports EPR data in vesicles and
solution NMR in detergent micelles showing PLN to
primarily exist in a T (or bent) state with the cytoplasmic
domain making direct contact with the surface of the bilayer.
The angle between the two helical domains of AFA-PLN is
∼66°, with the cytoplasmic domain adopting an angle of 93
( 6° with respect to the membrane bilayer normal, while
the transmembrane domain makes an angle of 21( 2°
(Figure 4). This topology agrees with our preliminary
characterization of PLN based only on chemical shift aniso-
tropy and rigid-body molecular dynamics calculations (10),
previous solution NMR studies in organic mixtures (8, 9),
and REDOR solid-state NMR experiments reported by
Hughes and Middleton (33). In our previous paper, we
reported a range of possible solutions for the interhelical
angle between 50 and 90° (10). This works stresses the
necessity of measuring both chemical shift anisotropy and
dipolar couplings for backbone residues in the process of
completely determining protein topology.

In addition to the topology, the PISEMA data offer an
exquisite view of protein dynamics in oriented lipid bilayers.
We have used tilted samples withR ) 90° revealing that
the cytoplasmic domain of PLN is structured, yet dynamic,
undergoing other complex dynamic motion in addition to
long-axial rotational diffusion around the membrane normal.
The dynamic nature of the cytoplasmic helix was underscored
in our micellar studies, where both fast (pico- to nanosecond)
and slow (micro- to millisecond) dynamics were detected.
In addition to rotational dynamics, our PISEMA spectra also
reveal the presence of two populations for the transmembrane

domain, pointing out the importance that solid-state NMR
can have in the identification of conformational exchange
in an anisotropic environment.

Taken with the sensitivity to point mutation, the dynamics
of the transmembrane domain highlights the active role of
this region that alone is sufficient for SERCA inhibition.
Unlike the transmembrane helix of the diacylglycerol kinase,
where every residue can be mutated to both alanine and
leucine while maintaining high specific activity, indicating
a relatively passive role in the enzyme’s structure and
function (34), the transmembrane domain of PLN is highly
conserved, indicating that both dynamics and structure are
needed for proper interaction and inhibition. The presence
of two topologies in another protein, SLN (24), a functional
homologue to PLN that inhibits both SERCA1a and
SERCA2a, underscores the importance of sequence homol-
ogy for SERCA inhibition.

Solution NMR studies reveal that the transmembrane
domains for both PLN and SLN exhibit similar behavior (i.e.,
unwinding) upon interaction with SERCA (35, 36), which
was previously hypothesized by molecular modeling (37).
This demonstrates that both sequence and dynamics need to
be preserved within PLN and SLN to elicit their similar
biological function.

In conclusion, this paper provides a clear picture of the
structural dynamics and topology of monomeric PLN in
oriented lipid bilayers. Our data show unambiguously that
the cytoplasmic domain is helical and lies on the surface of
the bilayer, giving monomeric PLN an overall dynamic
L-shaped conformation. Moreover, PISEMA spectroscopy
shows the presence of two topologies for the transmembrane
domain. The dynamics of the cytoplasmic domain and
different topologies of the transmembrane domains under-
score the importance of a preexisting dynamic equilibrium
necessary for the protein’s biological function, previously
hypothesized on the basis of our NMR studies in an isotropic
micellar environment. Solid-state NMR experiments carried
out in anisotropic environments reveal new dynamic features

FIGURE 8: Validation of the structural models proposed for PLN in lipid bilayers using PISEMA spectroscopy. The different structural and
topological models are shown in panels A-D. The corresponding PISEMA simulations obtained from ideal helices for residues 1-16 and
22-52 are shown in panels F-I. Panel E displays the average minimized structure from the ensemble of conformers reported by our
laboratory (PDB entry 1N7L) (7). The colors are coded with the regions of the protein: red for cytoplasmic, blue for transmembrane, and
green for loop regions. The half-circular shaded region at∼117 ppm corresponds to those spectral patterns expected for isotropic motion.
The experimental PISEMA spectrum is shown in panel J. The L-shaped structure and topology (panels D and E) and the simulations (panel
I) agree best with the experimental PISEMA (panel J).

13832 Biochemistry, Vol. 45, No. 46, 2006 Traaseth et al.



of PLN that will be crucial in understanding the concerted
motions and dynamic interplay between SERCA and its
inhibitors within native membranes.
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