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ABSTRACT: Sarcolipin (SLN), a 31 amino acid integral membrane protein, regulates SERCA1a and
SERCA2a, two isoforms of the sarco(endo)plasmic Ca-ATPase, by lowering their apparent Ca2+ affinity
and thereby enabling muscle relaxation. SLN is expressed in both fast-twitch and slow-twitch muscle
fibers with significant expression levels also found in the cardiac muscle. SLN shares∼30% identity
with the transmembrane domain of phospholamban (PLN), and recent solution NMR studies carried out
in detergent micelles indicate that the two polypeptides bind to SERCA in a similar manner. Previous 1D
solid-state NMR experiments on selectively15N-labeled sites showed that SLN crosses the lipid bilayer
with an orientation nearly parallel to the bilayer normal. With a view toward the characterization of SLN
structure and its interactions with both lipids and SERCA, herein we report our initial structural and
topological assignments of SLN in mechanically oriented DOPC/DOPE lipid bilayers as mapped by 2D
15N PISEMA experiments. The PISEMA spectra obtained on uniformly15N-labeled protein as well as
15N-Leu, 15N-Ile and15N-Val map the secondary structure of SLN and, simultaneously, reveal that SLN
exists in two distinct topologies. Both the major and the minor populations assume an orientation with
the helix axis tilted by∼23° with respect to the lipid bilayer normal, but vary in the rotation angle about
the helix axis by∼5°. The existence of the multiple populations in model membranes may be a significant
requirement for SLN interaction with SERCA.

The integral membrane protein sarcolipin (SLN) is ex-
pressed in both fast-twitch and slow-twitch muscle fibers.
Recently, significant expression levels of SLN have been
identified in cardiac muscle, increasing interest in this protein.
In rats and mice, SLN expression is restricted to the heart
and skeletal muscle, whereas in humans and rabbits, a
different expression pattern is observed (1-4). The different
localization pattern amongst species has been attributed to
sequence variations in theN-terminal and/or transmembrane
residues of SLN. MacLennan and co-workers found that the
highly conservedC-terminal tail (RSYQY) of SLN is
responsible for the localization of SLN in the endoplasmic
reticulum (5).

The specific role of SLN in the regulation of heart muscle
has yet to be fully understood. One hypothesis is that SLN
increases the rate of the leakage of Ca2+ into the lumen,

augmenting ATP hydrolysis mediated heat production (6,
7). A second hypothesis is that SLN physically interacts with
SERCA2a in tandem with phospholamban (PLN), its func-
tional homolog, constituting a superinhibitory complex (8).
In support of the latter hypothesis, in vivo and in vitro
experiments show that SLN alone lowers SERCA’s apparent
Ca2+ affinity in a manner similar to that by PLN (9), whereas
the simultaneous reconstitution of SLN and PLN produces
a superinhibitory effect on SERCA (8).

Initially, no posttranslational modifications were identified
in SLN co-purified with SERCA (10), leading to the
hypothesis that its variable expression levels would be
responsible for its regulation (2). Recently, however, the role
of SLN in cardiac physiology was investigated using
transgenic mouse models (11, 12). Specifically, it was found
that the overexpression of SLN affects calcium transport on
the sarco(endo)plasmic reticulum, decreasing the amplitude
of the calcium transient and the rate of muscle relaxation
(11). Although these studies exclude the ancillary role of
SLN and its combined superinhibitory activity with PLN,
they proposed that SLN is a novel regulator of SERCA,
postulating that the inhibitory effect of SLN can be reversed
by â-adrenergic stimulation. Additional studies found that,
when expressed in PLN knock-out mice, SLN is able to
regulate SERCA and that SLN inhibition can be fully
reversed by treatments with isoproterenol (13). This suggests
that the SLN inhibition of SERCA is regulated via a
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phosphorylation mechanism, analogous to that of PLN.
Finally, it was shown that SLN can be phosphorylated at
Thr5 when cotransfected with serine-threonine kinase 16
(STK16), making SLN as important as PLN for cardiac
muscle relaxation (13).

Our previous solution NMR studies, carried out in sodium
dodecyl sulfate (SDS) micelles, showed that the 22 trans-
membrane amino acids of SLN adopt a helical conformation
and contain two short unstructured termini consisting of
residues 1-6 in theN-terminus and residues 27-31 in the
C-terminus (14, 15). More recently, we have solved the SLN
structure in dodecyl phosphocholine (DPC) micelles, showing
that in both SDS and DPC this protein adopts the same
conformation (14). In addition, spin relaxation measurements
carried out in DPC micelles partitioned SLN into four
dynamic subdomains: a short unstructuredN-terminus
(residues 1-6), a short dynamic helix (residues 7-14), a
more rigid helix (residues 15-26), and an unstructured
C-terminus (residues 27-31). This dynamic nature of SLN
is key to understanding its regulatory function of SERCA.
In fact, our binding studies show that upon interacting with
SERCA the different subdomains of SLN behave according
to their dynamics, analogous to the transmembrane domain
of PLN (TM-PLN) (14, 15). This result underscores the high
sequence homology between SLN and TM-PLN, which share
∼30% identity (16). Because the structure, dynamics, and
function of SLN are very similar to those of TM-PLN, we
proposed that both SLN and PLN act using a similar
mechanism by binding to the same groove on SERCA (14).
Our conclusions are in agreement with mutagenesis studies,
cross-linking experiments, and computational modeling car-
ried out by MacLennan and co-workers (13).

Most of our previous structural, dynamics, and interaction
studies were carried out in the isotropic environment of
micelles. Conversely, in vivo SLN regulates SERCA in lipid
membranes through intramembrane protein-protein interac-
tions, where the relative orientations of both SLN and
SERCA within the lipid membrane are crucially important
for understanding the molecular mechanism for the SERCA/
SLN complex formation. In this work, we employ 2D solid-
state NMR polarization-inversion spin exchange at the
magic angle (PISEMA) (17, 18) to map the secondary
structure of SLN and reveal that SLN exists in two distinct
topologies. Both the major and the minor populations assume
an orientation with the helix axis tilted by∼23° with respect
to the lipid bilayer normal, but vary in the rotation angle
about the helix axis by∼5°. This elucidation of the SLN
structure and topology in mechanically oriented lipid bilayers
is a propaedeutic step toward the characterization of the
SERCA/PLN complex.

MATERIAL AND METHODS

Protein Production and Reconstitution.1,2-Dioleoyl-sn-
glycero-3-phosphocholine (DOPC) and 1,2-dioleoyl-sn-
glycero-3-phosphoethanolamine (DOPE) were purchased
from Avanti Polar Lipids (Alabaster, AL).15N-labeled SLN
was expressed according to the previously reported protocol
(19). Mechanically aligned lipid bilayer samples were
prepared in a manner similar to the previously published
procedure (18). Briefly, DOPC/DOPE (4:1) was suspended
in distilled water and sonicated using a Branson Sonifier until

the solution was nearly transparent. Next, SLN was added
to the lipid suspension (200:1 L/P), deposited on thin glass
plates, dehydrated, and then slowly rehydrated (95% RH) at
a temperature above the main-phase transition temperature
of the lipid mixture. Finally, the samples were sealed to
prevent dehydration during data acquisition.

Solid State NMR Spectroscopy.NMR experiments were
performed on a Bruker DMX-600 (National High Magnetic
Field Laboratory, Tallahassee, FL) operating at a frequency
of 600.14 MHz for1H and 60.82 MHz for15N. Prior to15N
data acquisition, the integrity of the oriented lipid bilayer
was verified using31P NMR. The PISEMA experiments (17)
were performed on a probe designed and constructed at the
National High Magnetic Field Laboratory. To reduce sample
heating, the probe utilizes a separate, low inductance1H
resonator outside the15N detection coil. Typical NMR
parameters used in the PISEMA experiments include a1H
pulse length of 3.7µs, decoupling field of 48 kHz, rf field
strength of 67.6 kHz for1H during the SEMA element, and
a recycle delay of 3.5-5 s. The PISEMA spectra on
selectively15N-labeled SLN were acquired at 5°C with 9-12
t1 increments and 3 k scans, whereas uniformly15N-labeled
SLN samples required 32t1 increments and 2 k scans.

PISEMA Spectra Assignment and Simulations.The as-
signments of the peaks in the PISEMA spectra were obtained
by an in-house automated assignment program. The program
uses an exhaustive search algorithm to fit a list of resonances
from the PISEMA spectra and simultaneously derives
resonance assignments, the tilt angle (θ) of the helix relative
to the direction of B0, and the rotation angle (F) around the
helix axis. These angular parameters are back-calculated by
fitting the experimental values of dipolar coupling (DC) and
chemical shift anisotropy (CSA) through a newly defined
mathematical expression, which is a function of the second-
ary structure orientation and residue number (20, 21). Note
that a similar mathematical treatment was used by Mascioni
and Veglia for the interpretation of the regular pattern
described by residual dipolar couplings (20). The DC can
be expressed as

and the CSA can be formulated as

The expressions for the coefficients and the definitions for
all of the variables are reported in Table 1. The full
mathematical treatment will be reported elsewhere.

The algorithm for fitting the PISEMA pattern is similar
to that reported by Opella and co-workers (22, 23) and
performs the assignment in two stages using two peaks lists
as an input. The first list contains the values of CSA and
DC obtained from the peak peaking of the PISEMA spectrum
of the uniformly labeled protein. The second list contains
CSA and DC values from one selectively15N-labeled sample.
In the first stage, the program derives the assignment for
the selectively labeled sample, whereas in the second stage,
the assigned peaks are used to derive the assignment for the
rest of the residues in the uniformly labeled spectrum. During
the first stage, the assignment is unknown, and the peaks
are entered in the input files in a random order. The algorithm

D ) AI sin(2R + ΨI) + AII sin(R + ΨII) + AV

σi ) ∑
i ) 1,2,3

Ai
I sin(2R + ΨI

i) + Ai
II sin(R + ΨII

i) + AVi
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derives an approximate tilt angleθ from the amplitude and
position of the wheel on the PISEMA spectra. This is
accomplished by fitting the maximum and minimum values
of the experimental CSA and dipolar coupling from the list
of resonances in the uniformly labeled spectrum and
calculating the values ofθ andF corresponding to the best
value of the score function

where DDth
max, DDexp

max, DDth
min, DDexp

min, CSAth
max, CSAexp

max,
CSAth

min, CSAexp
min are the minimum and maximum values of

the experimental and theoretical dipolar couplings and
chemical shift anisotropy, respectively. The theoretical values
of DDth

max and CSAth
max are calculated mathematically for

each value ofθ in the range 0-180° andF from 0-360°.
The normalization factorCSAexp

max/DDexp
max is used to take into

account the differences in the orders of magnitude between
the dipolar coupling and the chemical shift anisotropy. The
calculation can be automatically repeated for different values
of δ (the angle that the NH vector makes with the helix axis)
andT (the helix periodicity) using the range and step-size
provided by the user. The initial values for these parameters
are generally chosen to beδ ∼17° and T ) 3.6, values
representative of an idealR-helix.

The value obtained forθ is then used to fit the frequencies
from the selectively labeled spectrum and derive their
assignments. As with the uniformly labeled sample, the
frequencies are entered in the peak list in a random order.
Because the residues that have been selectively labeled are
not necessarily adjacent, the peaks must be entered into the
list with the number corresponding to the sequence number
that they have in the primary sequence. At this point, the
algorithm predicts the assignment through a permutation of
the peak order in the peak list, while keeping the distances
fixed between residue pairs according to the primary
sequence, until all of the possible permutations are tested.
There is no need to know any of the assignments a priori.
For each permutation, a theoretical PISA wheel is back-

calculated using the previously determined value ofθ and
changing the value ofF to minimize the following score
function

where i and j denote the peak number, andDDi
exp, DDj

th,
CSAi

exp, CSAj
th are the corresponding values of experimental

and theoretical dipolar couplings and chemical shift anisotro-
pies. DDexp

max, CSAexp
max are the maximum values of the

experimental dipolar coupling and chemical shift anisotropy.
The permutations of the resonances are generated by

aligning the first theoretical peak with the first experimental
peak through a rotation of the angleF and then permuting
the order of the remaining experimental peaks in the peak
list. The process is repeated for the remaining peaks by
aligning the first theoretical peak with each subsequent
experimental point in the peak list. The solution with the
lower score is taken as the assignment of the selectively
labeled PISA wheel.

In the second stage, the selectively labeled peaks that are
assigned are used to assign the uniformly labeled spectrum.
The peaks on the uniformly labeled spectrum that correspond
to those residues that have been assigned by the selectively
labeled data are rearranged in the order provided by the
algorithm, obtaining a partially assigned peak list. In this
way, the position of the peaks along the PISA wheel
trajectory is synchronized with the newly assigned peaks.
The permutation algorithm is then run a second time using
the updated peak list, leading to the assignment of the
remaining peaks of the uniformly labeled PISA wheel. The
process is repeated independently for each PISA wheel
(corresponding to each individual helical fragment) identified
on the spectra.

RESULTS

Assignment of the Oriented Spectra of SLN.SERCA has
shown maximal activity when reconstituted in a 4:1 ratio of
DOPC/DOPE lipid mixture; hence we carried out our SLN

Table 1

dipolar couplingsa chemical shift anisotropyb

AI ) 3
2

KDD sin2 θ sin2 δ Ai
I ) 1

2
σii sin2 θ sin2 δii

AII ) -6KDD sin θ cosθ sin δ cosδ Ai
II ) -2σii sin θ cosθ sin δii cosδii

AV ) 3
2

KDD sin2 θ sin2 δ + 3KDD cos2 θ cos2 δ - 1 AVi ) 1
2

σii sin2 θ sin2 δii + σii cos2 θ cos2 δii

ΨI ) 2F + π
2

ΨI
i ) 2Fi + π

2

ΨII ) F + π
2

ΨII
i ) Fi + π

2

a KDD, dipolar coupling constant;θ, tilt angle of the helix axis with respect to the normal to the membrane bilayer;δ, angle between the NH
vector and the helix axis;F, rotation angle of the helix around its axis.b σii, componenti of the CSA tensor;δii, angle between componenti of the
CSA tensor and the helix axis;Fi, rotation angle of componenti of the CSA tensor around the helix axis.

Score)

x(DDth
max - DDexp

max)2 + (DDth
min - DDexp

min)2‚
CSAexp

max

DDexp
max

+

x(CSAth
max - CSAexp

max)2 + (CSAth
min - CSAexp

min)2

Score) x(DDi
exp - DDj

th)2‚
CSAmax

exp

DDmax
exp

+

x(CSAi
exp - CSAj

th)2
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structural analysis under these experimental conditions.
Figure 1A shows a representative 1D31P spectrum of a
sample containing SLN reconstituted at a lipid-to-peptide
ratio (L/P) of 200:1. The presence of a peak at∼30 ppm
indicates that a uniform lipid bilayer has formed, whereas
the presence of a small peak at∼17 ppm is likely due to the
formation of DOPE rich domains (24). The corresponding
15N spectrum of uniformly15N-labeled SLN, Figure 1B,
shows that SLN is well oriented in DOPC/DOPE as indicated
by the peak near 200 ppm, which corresponds to the parallel
component of the chemical shift tensor, relative to the
magnetic field. The peak centered near 65 ppm corresponds
to a portion of SLN that is on the surface of the lipid bilayer,
adopting an orientation perpendicular to the magnetic field.
It is worth noting that SLN structural studies, in both DPC
and SDS micelles, (14, 15), indicate that the putative
transmembrane domain extends from∼Arg-6-Val-28, leav-
ing the remaining∼9 residues outside of the bilayer.

Although the 1D spectrum can be used to obtain a
semiquantitative orientation of SLN in lipid bilayers to
unequivocally determine the topology of SLN, it is essential
to correlate the CSA and DC, both of which have orientation-
dependent components (26), through 2D PISEMA NMR
spectroscopy. The 2D PISEMA of uniformly15N-labeled
SLN in oriented DOPC/DOPE lipid bilayers is shown in
Figure 2. The main features of this spectrum are the presence
of downfield peaks near 200 ppm, adopting a wheel-like
pattern, as well as a smaller cluster of upfield peaks centered
near 65 ppm. The downfield and upfield peaks correspond
to amide vectors of SLN oriented parallel and perpendicular,

respectively, relative to the static magnetic field. Although
the samples are well aligned, the resonances appear broad,
which necessitated the preparation of15N-Leu, 15N-Ile, and
15N-Val samples to aid in the backbone assignment. The
PISEMA spectra of15N-Leu (A), 15N-Ile (B), and15N-Val
(C) are shown in Figure 3. Unlike the resonances in the U-15N
labeled spectrum, most of the individual resonances are
discernible in the selectively labeled samples. Val-15, 19,
and 26 are poorly resolved because they are located on the
same face of the helix. The CSA and DC for each resonance
were input as constraints into our search algorithm as
described in Material and Methods. By fitting all of the
residues simultaneously, we obtainedθ ) 23 ( 2° relative
to the bilayer normal and assigned all of the residues located
in the helical portion of SLN. Our backbone assignment of
SLN is supported by the specific pattern of each selectively
labeled sample, giving a unique solution for the orientation
of the helix (27, 28) and the previous 1D data collected on
synthetic SLN (15).

Moreover, it should be noted that the peak intensities in
the PISEMA spectra are not uniform. For instance, Ile-14
and Ile-17 have lower intensities than those of Ile-3 and Ile-
20 (Figure 3B). Ile-14 and Ile-17 are located near a helical
kink, proposed from detergent micelle studies, which likely
exhibits variable dynamics. It is interesting to note that Leu-
16 shows similarly low intensity relative to the other Leu
residues. One possibility for the lower intensity is that the
cross polarization element, which is sensitive to protein
dynamics, is less efficient for certain dynamic regions of
SLN. Another explanation comes from the recent analysis
of the PISEMA peak intensities carried out by Cross and
co-workers (28), who found that a change in the static
magnetic field occurs for each single residue in the protein
sequence and is a function of its position of the specific
resonance in the PISEMA frequency plane. This in turn
would affect the relative intensity of the resonances in the
PISA wheel. As a result, the intensity may be attenuated
because Ile-14 is positioned closer than the other residues
to the so-called sweet spot, which denotes the minimum
intensity point (28). Remarkably, Ile-3 falls in the oriented
R-helical region of the PISEMA spectrum, suggesting that
the helical conformation extends up to this residue in the
lipid bilayer.

In addition to the information regarding the tilt of the helix
with respect to the lipid bilayer, the specific patterns observed
for the selectively labeled samples reveal that the helical face
comprising Leu-21 and Leu-25 points towards the surface

FIGURE 1: (A) Representative 1D31P spectrum of DOPC/DOPE
oriented lipid bilayer in the presence of SLN. The presence of the
peak near 30 ppm in (A) indicates that the lipids are well oriented.
(B) 1D 15N spectra of SLN in mechanically aligned lipid bilayers.
The envelope of peaks resonating between 200 and 65 ppm
represents the portion of SLN that is oriented parallel and
perpendicular to the magnetic field, respectively, whereas the peak
near 120 ppm represents the mobile, isotropic region of SLN.

FIGURE 2: PISEMA of uniformly15N-labeled SLN in oriented lipid
bilayers. A distinct PISA wheel pattern centered near 190 ppm is
indicative of a well-aligned helix, although complete site-specific
resolution is not achieved at this B0 field.
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of the oriented lipid bilayer. In particular,15N-Leu PISEMA
shows that these leucine residues possess1H-15N dipolar
couplings values that are indicative of the leucine NH vectors
oriented almost parallel to the membrane normal. The fit of
our experimental15N-SLN PISEMA (A) and our PISA wheel
assignment (B) are shown in Figure 4. According to our fit
and assignment of our PISEMA spectra, and the implication
that the conservedC-terminal tail (RSYQY) of SLN is
directed towards the lumen (5), our current model of SLN
topology in oriented DOPC/DOPE is shown in Figure 5.

Two Topologies of SLN in Oriented Lipid Bilayers.Given
the high degree of alignment obtained with the SLN samples
the resolution achieved for each amide site in the PISEMA

spectrum for U-15N labeled protein is rather poor. In general,
the reduction in spectral resolution can be caused by
nonhomogeneous sample preparations or by intrinsic protein
dynamics, resulting in a Gaussian broadening of the spectral
lines (28). For SLN, the inspection of lower contour levels
of spectra from PISEMA experiments reveals the presence
of an additional set of discrete peaks. In particular, a close
analysis of15N-Leu- and15N-Ile-labeled SLN spectra reveal
the presence of peak doubling. For example, Figure 6 shows
the upper quadrant of the PISEMA spectrum for the (A)15N-
Leu and (B)15N-Ile spectra plotted at a threshold lower than
that in Figure 3. In addition to the major peaks observed in
Figure 3 for each residue, this spectrum shows an additional
set of peaks, equal to the number of observable Leu peaks,
with ∼60% of the intensity of the principal population.
Because both HSQC spectra and mass spectrometry analysis
carried out on these protein preparations indicate that no
detectable label scrambling has occurred during protein
biosynthesis, these peaks can be assigned to two different
topologies of SLN in DOPC/DOPE lipid bilayers. Our
structural fitting shows that with respect to the major
population the second population is rotated by∼5° about
its helical axis (F) and with a change inθ of ∼2°. The
PISEMA experiments carried out as function of temperature
as well as with SLN reconstituted using a different lipid
composition demonstrate that there is a slow equilibrium
between the two topologies (manuscript in preparation). Note
that to be detectable on the NMR time scale, this topological
interconversion must occur on a time scale that is slower
than 10-4s, which would not completely average the chemical
shift (25). Interestingly, the two populations are also present

FIGURE 3: PISEMA spectra and assignment of (A)15N-Leu SLN, (B) 15N-Ile SLN, and (C)15N-Val SLN in oriented lipid bilayers. Note
that the three Val residues are nearly coincident on the helical wheels and are not completely resolved in the spectrum. The15N-Leu,
15N-Ile, and 15N-Val spectra show wheel patterns that follow those seen for the uniformly15N-labeled SLN spectrum in Figure 2. The
asymmetric distribution of the resonances in the PISEMA spectrum indicates the rotation of the helical axis in the lipid bilayers.

FIGURE 4: (A) Theoretical PISEMA wheel-pattern of polyalanine
with a helical tilt (θ) of 23° with respect to the bilayer normal, fit
to uniformly 15N-labeled SLN. (B) PISA wheel of SLN calculated
from an ideal helix. The residues assigned are highlighted.

FIGURE 5: Proposed structural model of SLN in lipid membranes.
(A) The Leu, Ile and Val residues that are assigned in the PISEMA
spectra are highlighted in yellow, blue and green spheres, respec-
tively. SLN backbone is rotated around its helical axis so that the
face containing Leu-21, Leu-25, and Ile-14 points toward the
N-terminal side of the membrane, corresponding to the cytoplasm
side in SR (5). (B) Definition of θ andF angles.

FIGURE 6: PISEMA spectrum of (A)15N-Leu and (B)15N-Ile SLN
in oriented DOPC/DOPE showing the additional topological
conformer shown in red.

Structure of Sarcolipin in Lipid Bilayers Biochemistry, Vol. 45, No. 36, 200610943



in TM-PLN, showing that primary sequence conservation is
connected to the conservation of protein dynamics (29).

Remarkably, for both populations, the experimental values
of CSA and DC, measured for SLN residues from the
PISEMA spectra, show good correlation with the theoretical
values for an ideal polyalanine helix, tilted by 23( 2°. The
correlation plots for both CSA and DC are shown in Figure
7. The small discrepancies between the theoretical and
experimental values of DC and CSA observed in Figure 7
for Leu-8 may be due to dynamics or the deviation from
ideality. According to the structural dynamics of SLN in
micelles, this residue exhibits a large amplitude motion that
can be the cause for the scaled value of dipolar coupling
and chemical shift anisotropy.

For both helical and beta-barrel membrane embedded
proteins, the presence of slow dynamics and multiple
populations detectable by PISEMA experiments was pre-
dicted by molecular dynamics calculations (30, 31). The
resolution achieved in our 2D PISEMA experiments allowed
us to exemplify and characterize multiple populations for
the first time (Figure 5).

DISCUSSION

SLN adopts a nearly identical structure in both DPC and
SDS micelles, with a 22 amino acid transmembrane helix
(from residues Arg-6 through Arg-28) flanked by unstruc-
tured termini (14, 15). On the basis of these solution
structures, 22 residues would be expected to resonate in the
downfield region of the15N CSA dimension of the PISEMA
spectrum, whereas the remaining nine residues would be
expected to be scaled by motion and resonate near the

isotropic region of∼115 ppm. Our data are in agreement
with this prediction, showing that the residues in the helical
conformation cluster around∼200 ppm, a position indicative
of a parallel orientation of the amide N-H vector with
respect to the magnetic field. The structural fitting carried
out with our algorithm (see Material and Methods) identifies
an angle of 23( 2° relative to the bilayer normal, which
mirrors the conclusions of a similar investigation carried out
with PLN under identical experimental conditions (29). This
result demonstrates that highly homologous primary se-
quences (such as SLN and TM-PLN) are likely to have the
same interactions with lipid bilayers.

The majority of the residues assigned have DC and CSA
values in remarkable agreement with those of an ideal helix,
with only a few residues deviating from ideality. With the
support of the H/D exchange experiments (14), we can
conclude that the helix portion of SLN embedded in the
hydrocarbon region of the membrane has a helical conforma-
tion close to ideality because of the presence of strong
hydrogen bonds, a conclusion that supports the theories of
Cross and Engelmann groups (32, 33) about the ideality of
transmembrane domains. Remarkably, the Ile-3 peak reso-
nates in the region of the PISEMA spectrum that indicates
a helix oriented∼23 ( 2° relative to the bilayer normal
because this region exhibits significant dynamics according
to solution NMR studies in detergent micelles (14, 15). The
resonance position of Ile-3 in the PISEMA spectrum shows
that in lipid bilayer the helical structure of SLN may extend
further than in detergent micelles. Contrary to our predictions
based on solution NMR studies of SLN in detergent micelles,
only one peak is present near the isotropic resonance position
of ∼115 ppm. However, it is apparent that several residues
interact with the lipid bilayer, as demonstrated by the weak
but significant dipolar couplings observed for∼8 peaks
clustered around∼65 ppm. These differences between
detergent micelles and lipid bilayers are due to the limitations
imposed by the micellar systems that mimic the hydrocarbon
region of the cell membrane relatively well but fall short in
reproducing the lipid-water interfaces. In the case of SLN,
the characterization of the membrane-water interface regions
is of particular interest because theC-terminal residues
contain the RSYQY sarco(endo)plasmic membrane localiza-
tion sequence (5). The complete assignment of both backbone
and side chain resonances in the lipid bilayer will be
necessary to identify all of the residues at the membrane-
water interface.

An important aspect that emerges from the PISEMA
experiments is the preferred orientation of SLN with respect
to the membrane bilayer, with the face Leu-21 and Leu-25
pointing toward the bilayer surface. Remarkably, the
PISEMA experiments under the conditions used detect the
presence of a slow equilibrium between two topologies that
interconvert on a slow time scale. These dynamics may play
an important role in the intramembrane recognition of SLN
by SERCA. In fact, our previous NMR studies on both PLB
and SLN interactions with SERCA postulated the presence
of a preexisting equilibrium between the R and the T states,
more apparent in the dynamics of the cytoplasmic portion
of PLN (34-36). Although SLN does not have a large
cytoplasmic domain, spin relaxation measurements indicated
that its transmembrane primary sequence encodes several
dynamics from the picosecond to the millisecond time scales

FIGURE 7: Correlation plots for both (A) CSA and (B) DC showing
the remarkable correlations for experimental15N-Leu values with
the theoretical values of an ideal helix tilted by 23° with respect to
the membrane normal. The filled (9) and open squares (0)
correspond to the major and minor populations, respectively.

10944 Biochemistry, Vol. 45, No. 36, 2006 Buffy et al.



(36). These dynamics may be responsible for the topological
interconversion of both SLN and PLN in lipids and be the
driving force for the Rf T transition. This in turn may
constitute a preexisting equilibrium that facilitates the
recognition by SERCA.

CONCLUSIONS

We used PISEMA spectra to map the structure and
topology of SLN in oriented DOPC/DOPE bilayers. Under
our experimental conditions, this single-pass membrane
protein adopts a helical conformation and crosses the
membrane with a tilt angle of 23( 2°. PISEMA spectra
obtained with both uniformly and selectively15N-labeled
SLN clearly indicate a preferential orientation of the helix
face with Leu-21, Leu-25, and Ile-14 pointing toward the
bilayer surface. Remarkably, the PISEMA spectra show the
presence of a second population of resonances. This ad-
ditional population roughly exhibits the same tilt angle (θ)
of the SLN helix with respect to the membrane bilayer but
a slightly different rotational angle (F). These two topologies
may represent the two states whose information is totally
lost in the isotropic micellar environments and may represent
a preequilibrium state of SLN that constitutes a requirement
for SERCA recognition.

These studies stress the importance of a combined solution/
solid-state NMR approach to solve the structure, topology,
and dynamics of membrane proteins.
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