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Abstract

For the first time, 15N solid-state NMR experiments were conducted on wild-type phospholamban
(WT-PLB) embedded inside mechanically oriented phospholipid bilayers to investigate the topology of
its cytoplasmic and transmembrane domains. 15N solid-state NMR spectra of site-specific 15N-labeled
WT-PLB indicate that the transmembrane domain has a tilt angle of 13° 6 6° with respect to the POPC
(1-palmitoyl-2-oleoyl-sn-glycero-phosphocholine) bilayer normal and that the cytoplasmic domain of
WT-PLB lies on the surface of the phospholipid bilayers. Comparable results were obtained from site-
specific 15N-labeled WT-PLB embedded inside DOPC/DOPE (1,2-dioleoyl-sn-glycero-3-phosphocholine/
1,2-dioleoyl-sn-glycero-3-phosphoethanolamine) mechanically oriented phospholipids’ bilayers. The new
NMR data support a pinwheel geometry of WT-PLB, but disagree with a bellflower structure in micelles,
and indicate that the orientation of the cytoplasmic domain of the WT-PLB is similar to that reported for the
monomeric AFA-PLB mutant.
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Wild-type phospholamban (WT-PLB) is a 52-amino-acid
transmembrane protein that interacts with the Ca-ATPase
pump and lowers its affinity for Ca2+. WT-PLB plays a
major role in the regulation process of the cardiac cycle
(contraction and relaxation), which controls the heartbeat
(Simmerman and Jones 1998). Unphosphorylated WT-
PLB inhibits sacroplasmic reticulum ATPase activity and
stops the flow of Ca2+ ions, and this inhibition can be

relieved by the cyclic AMP- and calmodulin-dependent
phosphorylation of WT-PLB (Simmerman and Jones 1998).
Previously, the Smith group demonstrated using 2H solid-
state NMR spectroscopy that WT-PLB forms a pentamer in
phosphatidylcholine (PC) membranes (www.avantilipids.com/
SyntheticPhosphatidylcholine.asp) (Ying et al. 2000). Several
theoretical and biophysical experimental studies have been
conducted to investigate its structure embedded into a
membrane (Arkin et al. 1995; Tatulian et al. 1995; Mascioni
et al. 2002; Zamoon et al. 2003; Clayton et al. 2005;
Oxenoid and Chou 2005; Robia et al. 2005; Abu-Baker
and Lorigan 2006).

One early structural model was proposed by the Arkin
group, in which WT-PLB is a continuous a-helix with a
tilt angle of ;28° with respect to the bilayer normal
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(Arkin et al. 1995). In another structural model suggested
by Tatulian and coworkers, WT-PLB is composed of two
a-helices connected by an unstructured/b-sheet region
with a cytoplasmic domain tilted in a range of 50°–60°
with respect to the bilayer normal of 1,2-Dimyristoyl-sn-
Glycero-3-phosphocholine (DMPC) and 1-palmitoyl-2-
oleoyl-sn-glycero-phosphocholine (POPC) phospholipid
bilayers (Tatulian et al. 1995). A third structural model
suggested by the Thomas group, using fluorescence reso-
nance energy transfer (FRET), indicates that the cyto-
plasmic domain of each subunit of WT-PLB is in direct
contact with the membrane surface, forming an L-shaped
pinwheel geometry (Robia et al. 2005). In agreement with
this model, NMR studies by the Lorigan and Middleton
groups suggest that a direct interaction takes place
between the cytoplasmic domain of WT-PLB and the
phospholipid head groups of the bilayers (Clayton et al.
2005; Abu-Baker and Lorigan 2006). Conversely, using
solution NMR spectroscopy, the Chou group recently
revealed an unusual bellflower-like structural assembly
for pentameric WT-PLB in micelles that indicates an
a-helical cytoplasmic domain of the pentamer that on
average points away from the membrane surface (Fig. 1;
Oxenoid and Chou 2005). This new high-resolution NMR
solution structure suggests minimal interaction between
the cytoplasmic domain and the membrane surface. This
structure represents the most highly constrained WT-PLB
structure of the pentamer currently available in the literature.

Clearly, the structural topology of pentameric WT-PLB
and its interaction with the membrane are under serious
debate. Determining the correct structural topology of
WT-PLB and its interaction with the membrane is impor-
tant to understanding its function. Similarly, a disagreement
has been reported on the physiologically active monomeric
AFA-PLB mutant. The Veglia (Mascioni et al. 2002;
Zamoon et al. 2003) and Baldus (Andronesi et al. 2005)
groups, respectively, debate whether the transmembrane
domain of the monomeric AFA-PLB mutant structure is
connected to an a-helical cytosolic segment that lies on and

interacts with the membrane surface (L-shaped) or a non-
a-helical disordered cytosolic domain that has minimal
interaction with the 1,2-dioleoyl-sn-glycero-3-phosphocho-
line (DOPC)/1,2-dioleoyl-sn-glycero-3-phosphoethanolamine
(DOPE) membrane surface.

15N solid-state NMR spectroscopy is a powerful tool
to ascertain direct information regarding the structural
topology of membrane proteins in oriented phospholipid
bilayers (Cross and Opella 1994). In this approach,
specific 15N-labeled amide sites can be used to probe
the alignment of the helix with respect to the bilayer
normal. In this communication, the orientation of both the
transmembrane and cytoplasmic domains of WT-PLB
embedded inside mechanically oriented phospholipids
will be probed with solid-state NMR spectroscopy.

Results and Discussion

Uniformly 15N-labeled WT-PLB was overexpressed and
purified as described previously (Buck et al. 2003). Site-
specific 15N-labeled WT-PLB was synthesized using a
modified Fmoc-based solid-phase method as reported
previously (Abu-Baker and Lorigan 2006). 15N-labeled
amide residues were chosen at Ala11 (in the cytoplasmic
domain) and Leu42 and Leu51 (both in the transmem-
brane helix). As indicated in the Electronic supplemental
material (Supplemental Fig. S1), all three of these
residues are consistent with an a-helical structure accord-
ing to the 15N cross-polarization magic angle spinning
(CPMAS) chemical-shift values (Wildman et al. 2003).
CD-spectroscopy has indicated that WT-PLB is 79%
a-helical (Arkin et al. 1995). Previously, we showed
using 13C CPMAS solid-state NMR experiments that
Leu39 and Ala15 representing the transmembrane and
the cytoplasmic domains, respectively, are both parts of
an a-helical structure (Abu-Baker and Lorigan 2006).

Mechanically oriented samples containing 3–4 mg of
WT-PLB in 60 mg of either POPC lipids or a mixture of
DOPC and DOPE lipids (4:1 ratio) were prepared as
described previously (Tiburu et al. 2004). This DOPC/
DOPE combination can be used for functional reconsti-
tution of phospholamban into lipid bilayers as determined
by Ca+2 ATPase activity (Karim et al. 2004). A 500-MHz
WB Bruker Avance solid-state NMR spectrometer and a
flat-coil 1H-X Low-E SS NMR probe (designed and built
at the National Magnetic Field Laboratory, Tallahassee,
Florida) with coil dimensions 7.6 3 5.6 3 11 mm were
used to collect the 15N solid-state NMR spectra (Gor9kov
et al. 2007). The magnetic field was parallel to the
membrane bilayer normal for all the oriented samples.

Figure 2 shows the one-dimensional 15N solid-state
NMR spectra of 15N-labeled WT-PLB embedded in
unoriented (Fig. 2A) and oriented (Fig. 2B–E) POPC
phospholipids as well as oriented DOPC/DOPE (4:1)

Figure 1. Side view of the high-resolution solution NMR structure for

WT-PLB by the Chou group (bellflower-like assembly) obtained from

the Protein Data Bank (1ZLL) (Oxenoid and Chou 2005). The WT-PLB

structure embedded inside membrane bilayers was generated using

MOLMOL software and a Macintosh G5 Apple computer.
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phospholipids (Fig. 2G–J). To verify the formation of
uniformly oriented lipid bilayers, one-dimensional 31P
NMR spectra were conduced for all the samples (two
representative examples are shown in Fig. 2L,M). The 31P
peaks at 23 ppm and 26 ppm indicate that the POPC and
DOPC/DOPE bilayer normals are aligned parallel to the
static magnetic field.

The 15N powder pattern spectrum of uniformly 15N-
labeled WT-PLB in unoriented POPC multilamellar
vesicles (MLVs) is shown in Figure 2A. The isotropic
component in this spectrum most likely results from the
side-chain dynamics of 15N-labeled arginine and lysine
residues. When uniform 15N-labeled WT-PLB is embed-
ded inside mechanically aligned POPC or DOPC/DOPE
phospholipids using glass plates, both spectra (Fig. 2B,G)

show two distinct components at ;73 ppm and at ;211
ppm. The component at 211 ppm (near sk) indicates that
a segment of WT-PLB is transmembrane (nearly parallel
with B0), whereas the component at 73 ppm (near s?)
indicates that part of WT-PLB lies on the membrane
surface.

In order to distinguish between the different domains
of WT-PLB, site-specific 15N-labeled amide residues
located on both the cytosolic domain (Ala11) and the
transmembrane domain (Leu42 and Leu51) of WT-PLB
were incorporated into oriented POPC and DOPC/DOPE
bilayers and analyzed via 15N solid-state NMR spectros-
copy. The 15N-labeled Ala11 sample shows resonance
peaks at ;69 ppm (Fig. 2C) and 71 ppm (Fig. 2H). Both
resonant peaks are close to the s? component of the 15N

Figure 2. (A,B) One-dimensional 15N solid-state NMR spectra of uniformly 15N-labeled WT-PLB spectrum in randomly dispersed

POPC MLVs (A) and oriented POPC and DOPC/DOPE (4:1) bilayers (B). (C–E) NMR spectra of site-specific 15N-labeled WT-PLB at

Ala11 (in the cytoplasmic domain) (C), Leu42 (D), and Leu51 (E) (both in the transmembrane helix) in POPC oriented bilayers. (H–J)

NMR spectra of site-specific 15N-labeled WT-PLB at Ala11 (H), Leu42 (I), and Leu51 (J) in DOPC/DOPE oriented bilayers. (L) One-

dimensional 31P NMR spectrum of oriented POPC bilayers (one example is shown). (M) One-dimensional 31P NMR spectrum of

oriented DOPC/DOPE bilayers (one example is shown). (K) Side view and (F) top view of a proposed structural model of WT-PLB

embedded in POPC phospholipid bilayers.
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CSA tensor of the corresponding powder spectrum,
indicating that this residue located in the cytoplasmic
domain is oriented approximately perpendicular to the
bilayer normal. This implies that the structural topology
of WT-PLB embedded inside oriented POPC and DOPC/
DOPE bilayers is not similar to the bellflower-like
structural assembly in DPC micelles reported previously
(Fig. 1; Oxenoid and Chou 2005). According to the
bellflower-like structural assembly, Ala11 should be
oriented approximately parallel to the bilayer normal
(Oxenoid and Chou 2005).

15N resonance peaks corresponding to the hydrophobic
part of WT-PLB were observed at ;211 ppm (Fig. 2D,
Leu42 in POPC), 207 ppm (Fig. 2I, Leu42 in DOPC/
DOPE), 212 ppm (Fig. 2E, Leu51 in POPC), and 209 ppm
(Fig. 2J, Leu 51 in DOPC/DOPE) in oriented membrane
samples. All of these peaks are close to the s|| component,
indicating that the amide backbone vector of both
residues is nearly parallel to the bilayer normal.

For the POPC oriented samples (Fig. 2C,D), the
resonant peaks were broad, indicating some conforma-
tional heterogeneity and/or dynamics. Interestingly, using
DOPC/DOPE phospholipids, the 15N spectral resolution
of uniform 15N-labeled WT-PLB improved (Fig. 2G) when
compared with the WT-PLB/POPC sample (Fig. 2B).

The cytoplasmic segment of the bellflower-like struc-
ture reported for WT-PLB in DPC micelles points away
from the micelle surface (Oxenoid and Chou 2005).
Micelles have a smaller surface area than POPC phos-
pholipids bilayers; therefore, the cytoplasmic domain of
the WT-PLB may not have sufficient area to remain
bound to the micelle surface. Additionally, taking
together both our POPC and DOPC/DOPE data as well
as the continuous a-helical structure reported in DMPC
by the Smith group (Arkin et al. 1995), it can be con-
cluded that the WT-PLB might adapt different unique
structural conformations in different membrane systems.
Additionally, it is important to emphasize that the spacing
between the phospholipid bilayer of interest and its water
content plays an important role in determining the
structural topology of the protein in the aligned samples
(Rand and Parseian 1989).

The tilt angle of the transmembrane helix can be
calculated using the method provided previously by the
Cross group (Kovacs et al. 2000). Using a similar
approach, a tilt angle of 13° 6 7° was calculated using
the chemical shift tensor values of site-specific 15N-
labeled WT-PLB at Leu51and Leu42 inserted into unori-
ented POPC phospholipid bilayers (Supplemental Table
S1) and the 15N chemical shift from the oriented samples
of the same residues (Fig. 2D,E). Previously, tilt angles
of 28° 6 6°, 23°, and 19° were reported using FTIR
spectroscopy (Arkin et al. 1995), computer modeling stud-
ies (Adams et al. 1995), and solution NMR methods

(Oxenoid and Chou 2005), respectively, on the trans-
membrane domain of the WT-PLB. In the current study,
WT-PLB was embedded inside POPC lipids (two long
acyl chains of 16 and 18 carbons). Conversely, Arkin and
coworkers conducted their WT-PLB studies in DMPC
phospholipid bilayers (the acyl chain length is 14 car-
bons). It is quite common for peptides to adjust their
corresponding tilt angle due to hydrophobic mismatch (de
Planque et al. 1998; Harzer and Bechinger 2000). For the
monomeric form of AFA-PLB, a tilt angle of 10° was
reported in DOPC/DOPE bilayers (Mascioni et al. 2002).
Previously, we have shown indirectly using 31P NMR
spectroscopy that WT-PLB in MLVs interacts with the
phospholipid head groups (Abu-Baker and Lorigan 2006).
That work coupled with the new 15N solid-state NMR
spectra presented in this article clearly indicate that the
cytoplasmic domain of WT-PLB interacts with and lays
on the surface of the membrane (Fig. 2C,H). However,
this conclusion disagrees with the recent solution NMR
structure of PLB in a micelle complex (Oxenoid and
Chou 2005). The Chou PLB structure indicates that the
cytoplasmic domain of PLB does not interact with the
membrane surface. Understanding the structural topology
of unbound PLB with respect to the membrane is essential
to completely describe the function and binding mecha-
nism of PLB to sarcoplasmic reticulum calcium ATPase
(SERCA). Several models have been proposed that
describe this interaction for function (Simmerman and
Jones 1998; Oxenoid and Chou 2005; Zamoon et al.
2005). Zamoon and coworkers have indicated that when
AFA-PLB is in its free form (not interacting with
SERCA), the monomer interconverts between a predom-
inant bent form (T-state, highly ordered L-shape, cyto-
plasmic domain facing the lipids) and an extended form
(R-state, with higher affinity to SERCA) (Zamoon et al.
2005). In agreement with these observations, our data
suggest that pentameric WT-PLB in POPC and DOPC/
DOPE lipids exists mainly in a bent/pinwheel form in the
absence of SERCA. Alternatively, the Chou group sug-
gests that the cytoplasmic domain of pentameric WT-
PLB, which on average points away from the membrane
surface, can potentially fit into a groove in the SERCA
cytoplasmic domain (Oxenoid and Chou 2005). The Chou
PLB samples were prepared in the absence of SERCA.

Conclusion

In conclusion, this report clearly shows for the first
time using 15N solid-state NMR of mechanically aligned
bilayers that the orientation of the cytoplasmic domain of
WT-PLB lies on the membrane surface, suggesting that
the WT-PLB pentamer could function and be regulated
in a similar way as the AFA-PLB monomeric mutant
(Mascioni et al. 2002; Zamoon et al. 2003, 2005). Further
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experiments are needed to understand the effect of phos-
phorylation as well as SERCA binding on the orientation
of the cytoplasmic domain of WT-PLB embedded inside
phospholipids bilayers.

Electronic supplemental material

The supplemental material includes additional information about
the sample conditions, 15N CPMAS spectra of site-specific
15N-labeled amide WT-PLB incorporated into POPC bilayers
(Supplemental Fig. S1), and 15N CSA tensor values of unoriented
POPC samples (Supplemental Table S1).
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