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Facultéde Chimie, Institut le Bel, UniVersitéLouis Pasteur/CNRS FRE2446, 4, rue Blaise Pascal, 67070 Strasbourg, France,
and Max-Planck-Institut fu¨r Biochemie, Am Klopferspitz 18A, 82152 Martinsried, Germany

ReceiVed March 26, 2004; ReVised Manuscript ReceiVed June 8, 2004

ABSTRACT: Knowledge of the alignment ofR-helical polypeptides with respect to the membrane surface
and their dynamics in the membrane are key to understanding the functional mechanisms of channels,
antibiotics, and signal or translocation peptides. In this paper polypeptides have been labeled with [3,3,3-
2H3]alanine as well as with15N at single site amide positions and reconstituted into oriented phospholipid
bilayers. A transmembrane and two amphipathic helical polypeptides with the deuterium label at orthogonal
positions have been investigated by deuterium and proton-decoupled15N solid-state NMR spectroscopy.
The15N chemical shift measurements and the deuterium quadrupole splitting exhibit a highly complementary
functional dependence with respect to the spatial alignment of the polypeptide. Therefore, the combination
of these two measurements allows one to determine both the tilt and the rotational pitch angle with high
precision. In addition, the deuterium line shape is very sensitive to mosaic spread and the relative orientation
of the peptide. The solid-state NMR measurements indicate that the model sequences exhibit a small
degree of mosaicity, when at the same time the phospholipid headgroup region is significantly distorted.
Furthermore, the2H solid-state NMR spectra reveal small orientational and dynamic differences when
the fatty acyl chain composition of the phosphatidylcholine bilayers is modified.

The structural investigation of membrane-associated pro-
teins remains a difficult task although the subject attracts
increasing interest and a limited number of high-resolution
structures are deposited each year (e.g., refs1-7). On one
hand, diffraction techniques and solution state NMR1 spec-
troscopy are well-established methods to describe at atomic
resolution the intrinsic structure of biomolecules. However,
these techniques require either the availability of crystalline
samples (1-5) or fast isotropic reorientation (6), which for
most protein-membrane complexes has so far proven
impossible to achieve (7). On the other hand, solid-state
NMR spectroscopy is an emerging technique for the struc-
tural analysis of biomolecules (8). The method has been
designed to study immobilized samples such as peptides and
proteins, which are strongly associated with extended lipid
bilayers (reviewed, e.g., in refs9-13).

When membrane polypeptides are investigated by solid-
state NMR spectroscopy, either magic angle sample spinning
is applied or static oriented samples are prepared. By these
approaches accurate distance or angular information within
large protein-lipid complexes has been obtained (e.g., refs
14 and 15). Using static oriented samples the complete
structure of gramicidin A, a membrane-inserted peptide, has
been determined (9). Furthermore, proton-decoupled15N
solid-state NMR spectroscopy has been shown to be par-
ticularly useful in providing detailed information on the
topology of polypeptides with respect to the normal of the
membrane (16). This piece of information is of utmost
importance to our understanding of the function of membrane
polypeptides (17, 18).

In particular, the orientation-dependent15N chemical shift
exhibits a direct functional relationship with the alignment
of the main axis ofR-helical polypeptides (16). The 15N
chemical shift tensor, which describes the anisotropic
interactions of the15N nucleus with the magnetic field,
exhibits a combination of favorable properties which combine
in such a manner to allow for the evaluation of the
approximate helix tilt angle solely from15N chemical shift
measurements. Not only does the uniqueσ33 component of
the 15N chemical shift tensor exhibit an alignment close to
parallel to the long axis ofR-helical polypeptides but the
σ11 and σ22 components are also characterized by ap-
proximately identical values. This, to first approximation,
results in a line shape resembling a symmetric interaction
tensor (16).
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Although these properties make the15N chemical shift a
good indicator of the helical tilt angle (16), the measurements
remain rather insensitive to rotation of the peptide around
the helix axis (19). When15N-labeled peptides are investi-
gated by proton-decoupled15N solid-state NMR spectros-
copy, this rotational orientation can only be deduced by
testing a number of different15N labels along the polypeptide
chain (20, 21). Therefore, in previous investigations several
peptides each labeled at a single site have been prepared
from a given sequence (20, 21). Furthermore, both the
orientation-dependent15N chemical shifts and the corre-
sponding1H-15N dipolar coupling can be extracted from
separated local field spectra, analyzed, and used for structural
analysis (9, 22, 23). Although this approach has also been
applied to perlabeled samples, it still requires knowledge of
the secondary structure preferences, the local dynamics at
each site, and the unambiguous assignment of a few
resonances (10, 16, 23, 24).

Whereas the rotation angle around the helix long axis
(rotational pitch angle) seems irrelevant for transmembrane
helical polypeptides that exhibit fast rotational diffusion
around the membrane normal, this information is of particular
interest for peptides that are oriented along the membrane
surface. At this interfacial location the local chemical
environment changes within a few angstroms, and the
rotational pitch angle thus places the individual peptide
residues in their appropriate surrounding. Unfortunately, in
case of in-plane oriented polypeptides the information on
the rotational pitch is accurate only in exceptional cases when
15N labeling alone is used (e.g., ref25). In addition, peptides
oriented along the membrane surface exhibit exchange
equilibria involving the adjacent aqueous phase (26, 27).
Therefore, these samples are characterized by considerable
motional flexibility, which complicates the quantitative
analysis of chemical shift measurements from oriented solid-
state NMR spectra. Furthermore, motional averaging reduces
the dipolar transfer of magnetization from1H to 15N with
detrimental effects on the inherently low signal-to-noise ratio
observed for the15N nucleus. Additional information from
other nuclei is therefore desired.

Deuterium solid-state NMR spectroscopy of2H-labeled
sites provides alternative approaches (28, 29). The deuterium
nucleus has been used to investigate membrane-associated
lipids (e.g., refs29-32), polypeptides (33-38), or water
(39-41). Furthermore, oriented2H NMR spectroscopy has
made important contributions during the structure determi-
nation of gramicidin A (9, 42, 43) or the retinal moiety in
rhodopsin (44). However, the technique has, to our knowl-
edge, so far not been explored in a systematic manner for
the investigation of membrane alignments ofR-helical
polypeptides. Oriented deuterium solid-state NMR spectros-
copy has also been applied during investigations of the effects
of hydrophobic mismatch on peptide alignment (45) or when
peptides associated with magnetically aligned bicelles were
investigated (46-48). In this paper the applicability of
oriented deuterium solid-state NMR spectroscopy alone and
in combination with15N chemical shift data has been tested.
It will be shown that important topological information is
obtained for amphipathic or hydrophobicR-helical peptides
using oriented2H solid-state NMR spectroscopy of deuterated
alanines.

The deuterated alanine methyl group offers several distinct
advantages during the solid-state NMR investigation of
membrane-associated polypeptides. First, the methyl group
is directly attached to the peptide backbone where the CR-
Câ bond exhibits a well-defined orientation with respect to
the helix axis. Thus the alignment of this vector is related to
the orientation of the helix backbone in a direct manner.
Second, the methyl group carries three equivalent deuterons
that are in fast exchange at ambient temperatures (49). The
superposition of signal intensities from three sites signifi-
cantly increases the sensitivity of the2H NMR measurement.
Third, the alignments within the peptide structure of the CR-
Câ

2H3 vector and the unique static elementσ33 of the 15N
chemical shift tensor (i.e., the helix axis) are sufficiently
different, and therefore, these two measurements provide
highly complementary information (19). Fourth, the overall
deuterium signal intensity is less affected by motion when
compared to the15N signal of the peptide bond obtained by
cross-polarization techniques. The latter relies on signal
enhancement by magnetization transfer from the abundant
high-γ 1H pool to the dilute 15N nuclei using cross-
polarization (50). When dipolar interactions between these
nuclei are averaged by motions, the15N signal intensity is
reduced or, in the limit of fast isotropic motions, even absent.
In contrast, the total intensity of the deuterium NMR signal
is only affected by the local and global dynamics of the
peptide inasmuch as these have an influence on2H relaxation.
The magnetization decay of sping1 nuclei is largely
dominated by quadrupolar interactions (51, 52). Nevertheless,
the deuterium line shape remains sensitive to exchange
processes between different conformational and/or topologi-
cal states (28, 29, 38).

In the work presented in this paper, several peptides
labeled with2H3Câ-alanine were prepared, reconstituted into
oriented lipid membranes, and investigated by2H solid-state
NMR spectroscopy. The data provide structural as well as
dynamic information on the polypeptides in oriented bilayer
environments. Importantly, it will be shown that the angular
restraints obtained from2H solid-state NMR spectroscopy
are highly complementary to those deduced from proton-
decoupled15N solid-state NMR spectra.

THEORY

The methyl group of alanine exhibits fast rotational
motions around the CR-Câ bond. As a result the2H tensor
is axially symmetric with respect to the CR-Câ bond vector.
In the absence of further motional effects the measured
splitting∆νQ is directly related to the orientation of the CR-
Câ bond:

Here Θ is the angle between the CR-Câ bond and the
magnetic field direction ande2qQ/h is the static quadrupolar
coupling constant (28). Notably, CR is an integral part of
the polypeptide backbone. As a consequence, the orientation
of the CR-Câ bond also reflects the overall alignment of
the peptide.

Due to rotational diffusion of the lipids and peptides in
liquid crystalline membranes, the CR-Câ bond moves on a
cone of semiangleæ relative to the membrane normal. In

∆νQ ) 3
2(e2qQ

h )(3 cos2 Θ - 1
2 ) (1)
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case of alignments of the membrane normal parallel to the
magnetic field direction, the angleæ does not change during
rotational diffusion; thusæ andΘ coincide. However, if other
membrane alignments are studied, rotational diffusion of
membrane constituents results in further averaging. Withâ
being the angle between the membrane normal and the
magnetic field direction, the averaged quadrupolar splitting
is given by

For membranes oriented with the bilayer normal perpen-
dicular to the magnetic field direction (â ) 90°), the
measured deuterium quadrupole splitting is thus half of the
value at â ) 0°. When the peptide is reconstituted into
nonoriented membranes, “powder pattern spectra” are ob-
served, where the deuterium quadrupole spectrum is char-
acterized by two maxima at the frequencies of theâ ) 90°
orientation (28). Thus the angleæ between the C-C2H3

vector and the membrane normal can also be determined
from the observed splitting of nonoriented samples when fast
rotational reorientation occurs. Additional motions of the
peptide relative to the membrane normal, such as for example
wobbling, can be taken into consideration by replacing
(3 cos2 æ - 1)/2 by the corresponding order parameter
(3 cos2æ - 1)/2, where the bar indicates the time average.

MATERIALS AND METHODS

Phospholipids were purchased from Avanti Polar Lipids
(Birmingham, AL). Peptides KL14 (KKLLKKAKKLLKKL),
KL15 (KKLLKALKKLLKKLK), and h Φ19W (KKKAL-
LALLALAWALALLALLAKKK) were synthesized by solid-
phase peptide synthesis on a Millipore 9060 automatic
peptide synthesizer using Fmoc (9-flourenylmethyloxycar-
bonyl) chemistry. At the underlined positions the15N-labeled
analogue of leucine or the 3,3,3-2H3-labeled analogue of
alanine are incorporated. The synthetic products were purified
using reversed-phase high-performance liquid chromatog-
raphy. The identity of the products was confirmed by
MALDI mass spectrometry.

Sample Preparation. Ten milligrams of peptide and 200
mg of lipid were codissolved in trifluoroethanol (TFE).
The mixtures were applied onto 30 ultrathin cover glasses
(9 × 22 mm; Paul Marienfeld GmbH & Co. KG, Lauda-
Königshofen, Germany), first dried in air and thereafter in
high vacuum overnight. After the samples have been
equilibrated at 93% relative humidity, the glass plates were
stacked on top of each other. The stacks were stabilized and
sealed with Teflon tape and plastic wrappings.

NMR Measurements.Solid-state NMR spectra were re-
corded on a Bruker Avance wide-bore NMR spectrometer
operating at 9.4 T. A commercial double-resonance solid-
state NMR probe modified with flattened coils of dimensions
15 × 4 × 9 mm was used. The spectra of samples rotated
by 90° relative to the magnetic field directions were acquired
using a second coil of similar geometry. Proton-decoupled
15N solid-state NMR spectra were acquired using cross-
polarization (50). Typical acquisition parameters were the
following: spin lock time 1.6 ms, recycle delay 3 s,1H B1

field 31 kHz, 256 data points, 20000 acquisitions, and
spectral width 40 kHz. Before Fourier transformation an

exponential apodization function corresponding to a line
broadening of 300 Hz was applied. NH4Cl (41.5 ppm) was
used as a reference corresponding to approximately 0 ppm
for liquid NH3.

Deuterium solid-state NMR spectra were recorded using
a quadrupolar echo pulse sequence (53) with the following
parameters:2H B1 field 36 kHz, interpulse delay 50µs,
spectral width 100 kHz, 4096 data points, 20000 scans, and
repetition time 1.5 s. The spectra were referenced relative
to 2H2O (0 ppm). An exponential apodization function
corresponding to a line broadening of 300 Hz was applied
before Fourier transformation.

Proton-decoupled31P solid-state NMR spectra were re-
corded using a Hahn echo pulse sequence (54) with the
following parameters:1H B1 field 31 kHz, 90° pulse length
2 µs, echo delay 40µs, spectral width 40 kHz, 512 data
points, 128 scans, and repetition time 3 s. The spectra were
referenced relative to 85% phosphoric acid (0 ppm). An
exponential apodization function corresponding to a line
broadening of 50 Hz was applied before Fourier transforma-
tion.

Calculation of Orientational Restraints from Experimental
Spectra.To evaluate the peptide orientations that agree with
the experimental spectra, a Cartesian coordinate system was
defined in the following manner. The long axis of theR-helix
defines thez-axis, and thex-axis resides within the plane
dividing hydrophobic and hydrophilic sections of amphi-
pathic helices such as KL14. IdealR-helix conformations
were assumed for analysis of peptide topology. Within the
resulting reference frame the coordinates of the labeled15N
atom, the corresponding amide proton, and the C atoms were
extracted using the computer program Insight II (BIOSYM;
Molecular Simulations, San Diego, CA).

The coordinates of the alanine CR and the Câ atoms were
needed to simulate the deuterium NMR spectra. Coordinates
of the respective peptide bond were also used to calculate
the 15N chemical shift tensor in the same reference frame
using information on15N chemical shift tensors reported in
the literature (24). The 15N chemical shift main tensor
elements exhibit values of 223, 75, and 61 ppm. By
successively rotating the peptide molecule around thez- and
they-axis (50× 50 steps) the three-dimensional orientational
space was systematically screened (Figure 4C). For each
peptide alignment the15N chemical shift and∆νQ were
calculated assuming a magnetic field direction parallel to
the originalz-axis. Contour plots mark the angular pairs that
agree with the experimental results.

Simulation of the Mosaic Spread.To study the effect of
orientational mosaic spread on the spectral line shape, the
peak splitting is calculated for all anglesΘ describing the
alignment of the CR-Câ bond relative to the magnetic field
direction. In parallel, a Gaussian weighting factor, which is
a function ofΘ and the standard deviationσ, is calculated
according to

Thereafter, the spectra for all anglesΘ are added under
consideration ofø and the scaling function that results from

∆νQ ) 3
2(e2qQ

h )(3 cos2 æ - 1
2 )(3 cos2 â - 1

2 ) (2)

ø ) 1

σx2π
exp(- (Θ - Θ0)

2

2σ2 ) (3)
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integration of polar coordinates. This last step was repeated
in a recursive manner until the distance between the intensity
maxima of the calculated spectrum agrees with that of the
experimental line shape.

RESULTS

R-Helical peptides were synthesized and labeled with [2H3]-
alanine as well as [15N]leucine, reconstituted into oriented
phospholipid bilayers, and investigated by solid-state NMR
spectroscopy. Proton-decoupled15N solid-state NMR spectra
of KL14 labeled with [15N]leucine-10 and [3,3,3-2H3]alanine-
7 exhibit 15N chemical shifts of 86 ppm when investigated
in DOPC bilayers (Figure 1A, Table 1).15N chemical shifts
values <100 ppm are indicative of peptide alignments
parallel to the membrane surface (16). The 2H NMR
spectrum of the same sample is shown in Figure 2A. A single
well-resolved quadrupolar spitting of 17.4 kHz is observed
at room temperature, indicative of fast rotational averaging
around the CR-Câ bond. This motion ensures fast exchange

of the positions of the methyl deuterons and results in a single
quadrupolar splitting for all three labeled sites. Furthermore,
the “oriented” spectral line shape shows that the peptide is
well aligned with respect to the magnetic field direction. In
the central region of the spectrum another signal with narrow
splitting appears, which arises at least in part from water
deuterons (natural abundance 0.015%). Due to the interac-
tions of these water molecules with the membrane surfaces,
this signal also reveals a small degree of ordering (39-41).

When a related peptide, ([2H3]alanine-6,[15N]leucine-7)-
KL15, is reconstituted in DOPC the experimentally observed
quadrupolar spitting is 10.8 kHz (Table 1). The15N chemical
shift of the same sample occurs at 74 ppm (Table 1),
indicative of peptide orientations approximately parallel to
the membrane surface (16). Peptides KL14 and KL15 were
designed using helical wheel analysis, and the position of
the alanine residue was chosen to be different by 80° relative
to the hydrophobic-hydrophilic interface (Figure 3). Dif-
ferences in the experimental quadrupolar splittings thus
reflect the different alignment of the CR-Câ bond vector
relative to the membrane normal (cf. Theory section).

When the samples are rotated by 90° well-resolved peak
pairs are again observed in deuterium and proton-decoupled
15N solid-state NMR spectra (Figures 1B and 2B). A15N
chemical shift value of 137 ppm is observed. In this
configuration the orientation of the helix axis can be parallel
or perpendicular to the magnetic field direction, which results
in 15N chemical shifts close toσ33 (>200 ppm) orσ11/σ22

(<100 ppm), respectively (55). The observed value between
these extremes thus indicates fast motional averaging around
the membrane normal.

The deuterium quadrupole splittings exhibit values of 8.4
and 4.9 kHz for KL14 and KL15, respectively (Table 1).
Within experimental error these measurements correspond
to half the values observed when oriented with the membrane
normal parallel to the magnetic field direction. Therefore,
at room temperature these short peptides exhibit fast
rotational diffusion around the membrane normal concomi-
tant with efficient averaging of the15N chemical shift as well
as the2H NMR time scales.

TheR-helical sequence hΦ19W is composed of alternating
alanine and leucine residues interrupted by tryptophan at
position 13 (56). Three lysines flank each terminus, and
isotopic labels are incorporated at positions 14 ([2H3]alanine)
and 15 ([15N]leucine). The proton-decoupled15N solid-state
NMR spectrum of hΦ19W reconstituted into oriented DOPC
membranes exhibits a sharp peak at 205 ppm indicating a
transmembrane orientation (Figure 1C). The deuterium
spectrum shows a well-defined splitting of 16.3 kHz (Figure
2D). When the sample is rotated by 90°, the15N resonance
moves to 76 ppm (Figure 1D), and at the same time the
deuterium quadrupole splitting reduces to 7.7 kHz (Figure
2E). In addition, this figure reveals a low-intensity contribu-
tion with 2H quadrupolar splittings of about 24 kHz. This
signal intensity is less apparent at alignments of the
membrane normal parallel to the magnetic field direction
due to partial overlap with the main peaks (Figure 2D).

Notably, the quadrupolar splittings observed at ambient
temperature in the2H solid-state NMR spectra of the hydrated
membrane powders (Figure 2C,F) correspond to the peak-
to-peak distances observed at 90° orientations of the oriented
samples (Figure 2B,E). In contrast, at 263 K the2H NMR

FIGURE 1: Proton-decoupled15N solid-state NMR spectra of ([3,3,3-
2H3]alanine-7,[15N]leucine-10)-KL14 (A, B) and of ([3,3,3-2H3]-
alanine-14,[15N]leucine-15)-hΦ19W (C, D) when reconstituted into
oriented DOPC membranes. Spectra A and C are obtained when
the membrane normal is oriented parallel to the magnetic field
direction and spectra B and D when the sample is tilted by 90°.

Table 1: 2H Quadrupolar Splitting and15N Chemical Shift Obtained
from Solid-State NMR Spectra of Amphipathic Peptides
([3,3,3-2H3]alanine-7,[15N]leucine-10)-KL14 and
([3,3,3-2H3]alanine-6,[15N]leucine-7)-KL15 When Inserted into
Oriented Phosphatidylcholine Bilayersa

peptide

KL14 KL15

lipid

2H(|)
(kHz)

2H(⊥)
(kHz)

15N(|)
(ppm)

15N(⊥)
(ppm)

2H(|)
(kHz)

2H(⊥)
(kHz)

15N(|)
(ppm)

15N(⊥)
(ppm)

POPC 15.4 8.1 87.0 136.0 6.0 2.2 74.0 144.0
DMPC 16.1 7.8 74.5 143.4 7.6 3.9 73.3 144.0
PC20:1 16.4 8.2 74.0 145.0 8.3 4.2 73.2 144.0
DOPC 17.4 8.4 85.8 137.0 10.8 4.9 74.0 144.0

a The values are given for sample orientations with the bilayer normal
parallel (||) or perpendicular (⊥) to the magnetic field direction.
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spectrum of hΦ19W reconstituted in hydrated, nonoriented
DMPC paste exhibits a powder pattern line shape exhibiting
2H quadrupolar splittings of 38 kHz (not shown). This latter
result indicates that fast rotation around the CR-Câ bond
continues although efficient molecular diffusion is abolished
(49).

Although neither the deuterium quadrupole splitting nor
the 15N chemical shift defines the alignment of the peptide
helix in an unambiguous manner, they provide restraints to
reduce the number of possible orientations. Figure 4A
represents the spatial alignments of KL14 that agree with
the measured15N chemical shift and2H quadrupolar splitting.
To this effect a helical peptide model has been placed in the
reference coordinate system, where initially thez-axis is
oriented parallel to the helix axis and thex-y plane separates
the hydrophobic from the hydrophilic part of the amphipathic
polypeptide (Figure 4C). The peptide was successively
rotated around two angles perpendicular to each other. For
each alignment the resulting values of15N chemical shift
and2H quadrupolar splitting were calculated. The contours
shown in Figure 4A indicate those orientations that agree
with the experimental chemical shift of the15N resonance

(dashed line) or with the measured2H quadrupolar splitting
(solid line) at sample alignments with the normal parallel to
the magnetic field direction. Potential errors are taken into
account by additional contours, which result when the
experimental values deviate by(5 ppm or (1 kHz,
respectively.

Six peptide alignments agree with both the deuterium and
the 15N NMR measurements (Figure 4). Figure 4B shows
models of perfectR-helical structure, which were located
within an interface at orientations that correspond to the
calculated angular pairs. Some of the calculated orientations
shown are associated with a deep insertion into the membrane
interior of lysine side chains and are, therefore, excluded.
On the other hand, the lysines are well exposed to the water
phase when at the same time the leucines are located within
the membrane interior for the angular pairs that correspond
to intersection VI of the contour plot.

To investigate the effect of the lipid composition on helix
alignment, KL14 and KL15 were reconstituted into phos-
phatidylcholine membranes of different fatty acyl chain
composition. Table 1 provides the15N chemical shift values
and the deuterium quadrupolar splittings,∆νQ, of KL14 and
KL15 when reconstituted into four different phospholipids.
The deuterium quadrupolar splitting of KL14 is 15.4 kHz
when reconstituted into POPC membranes and increases in
the presence of DMPC (16.1 kHz), PC20:1 (16.4 kHz), and
DOPC (17.4 kHz). The same order is observed for KL15,
where∆νQ varies between 6.0 kHz (POPC) and 10.8 kHz
(DOPC). Comparison of∆νQ obtained in different lipid
environments thus reveals significant differences. In contrast,
the 15N chemical shift value measured for [15N]leucine-7 of
KL15 is independent of the bilayer lipid used (Table 1). The
15N chemical shift of [15N]leucine-10 of KL14 is similar

FIGURE 2: Deuterium solid-state NMR spectra of ([3,3,3-2H3]alanine-7,[15N]leucine-10)-KL14 (A-C) and of ([3,3,3-2H3]alanine-14,[15N]-
leucine-15)-hΦ19W (D-F) when reconstituted into DOPC membranes. Spectra A and D are obtained after the peptides were reconstituted
into oriented membranes with the normal aligned parallel to the magnetic field direction, spectra B and E after the samples were tilted by
90°, and spectra C and F from nonoriented bilayers.

FIGURE 3: Edmundson helical wheel diagrams of KL14 and KL15.
The positions of the labeled amino acid carrying the15N and 2H
nuclei are marked in gray and white, respectively.
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when reconstituted in POPC (87 ppm) or DOPC membranes
(86 ppm). However, these values are significantly different
when compared to those obtained in the presence of DMPC
(75 ppm) or PC20:1 (74 ppm). These results are confirmed
when proton-decoupled15N spectra are recorded from KL14
samples tilted by 90°. The measured15N chemical shifts are
143-145 ppm in the presence of DMPC or PC20 and 136-
137 ppm for POPC and DOPC membranes.

The deuterium solid-state NMR spectra of KL14, KL15,
and hΦ19W show well-resolved peaks (Figure 2), suggesting
that the peptides exhibit a homogeneous orientation with
respect to the magnetic field direction. In contrast, other
samples investigated by us exhibit broad deuterium NMR
line shapes, suggesting a heterogeneous distribution of
peptide alignments even when31P NMR spectroscopy
indicates that the lipids are well aligned (manuscript in
preparation). This observation suggests that the2H quadru-
polar splitting is much more sensitive to sample mosaic
spread when compared to the31P chemical shift. Therefore,
we decided to investigate the effect of mosaic spread on the
2H and31P solid-state NMR line shapes in more detail.

At a given average orientation of the CR-Câ bond (i.e.,
10°, 40°, 50°, or 70°) spectra were simulated with Gaussian
mosaic spreads ranging from 1° to 15° (Figure 5). A close
to maximal deuterium quadrupole splitting is obtained at 10°
orientations of the alanine side chain. The peaks broaden
asymmetrically toward smaller splitting values with increas-
ing mosaic spread. On the other hand, at orientations near
the magic angle (40° and 50°) the peaks broaden sym-
metrically into both directions. Already at relatively small
mosaicity of about 10° (at 40° orientation) or 5° (at 50°
orientation) the two2H peaks merge into a broad-frequency

distribution. Yet another behavior is observed at 70° orienta-
tions. Due to the mosaic spread the peaks broaden asym-
metrically, thereby effectively increasing the distance be-
tween the peak maxima. When a mosaic spread of 15° is
reached, the main intensities are separated by 38 kHz, which
corresponds to the peak-to-peak distance, but not the line
shape, observed in powdered samples.

By comparing the experimental spectra with the line
shapes of our simulations, it is evident that the model
peptides KL14, Kl15, and hΦ19W exhibit a very small
mosaic spread (Figures 2 and 5). In contrast, the deuterium
NMR spectra of some naturally occurring amino acid
sequences are characterized by broad spectral distributions
of the 2H NMR line shape (manuscript in preparation).

Figure 6 compares the experimental deuterium NMR
spectrum of KL14 in DOPC with simulated peak intensities.
Two orientations of the CR-Câ bond are in agreement with
the measured distance between peak maxima. These are an
orientation of 45.31° corresponding to a positive value of
∆νQ (+17.4 kHz) or an alignment of 65.46° corresponding
to -17.4 kHz. To account for the spectral line shape, a
mosaic spread was superimposed. Best fits were obtained
when standard deviations of the Gaussian distribution of
alignments of 1° are applied. An ambiguity remains, as we
cannot determine the sign of∆νQ from the2H NMR spectra
alone (Figure 2). However, when tilt and rotational pitch
angles are calculated, the helix orientations associated with
the positive quadrupolar splitting are represented by the
closed contour in Figure 4A (containing intersections II and
V). In contrast, peptide alignments that are associated with
negative ∆νQ values are represented by the open lines.
Therefore, the same arguments that resulted in the selection

FIGURE 4: Possible alignments of ([3,3,3-2H3]alanine-7,[15N]leucine-10)-KL14 reconstituted in oriented DOPC bilayers calculated from the
2H quadrupolar splitting and the15N chemical shift information obtained from alignments of the sample normal parallel to the magnetic
field direction (cf. text for details). In panel A the possible spatial orientations of the peptide are represented by the helical tilt and the
rotational pitch angles. The solid lines trace angular pairs that agree with the experimental2H quadrupolar splitting of 17.4( 1 kHz, and
the dotted lines are in agreement with the15N chemical shift of 85(5 ppm. The cross sections are labeled, and the corresponding peptide
orientations relative to the membrane interface are shown in panel B. Whereas the gray shading in panel B represents the hydrophobic
membrane interior, the white regions correspond to the hydrophilic regions of the interface and water. (C) The successive rotations of the
helix around the helix long axis (z-direction) and an axis perpendicular to that (y-direction) are illustrated (cf. text for details).
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of configuration VI as being the most probable alignment
also indicate that∆νQ must be-17.4 kHz.

This contrasts a mosaic spread of 6° found when the
spectral line shapes of the corresponding31P solid-state NMR
spectra are analyzed (Figure 7). The better orientation at the
level of the peptide when compared to the lipid headgroup
region suggests that the lipid bilayer, although well aligned
on a macroscopic level, exhibits microscopic heterogeneity.

This can be due to conformational changes of the phospho-
lipid headgroup, for example, due to electrostatic interactions
(30), or the molecular disordering effect of the lipid
molecules as a whole (57) or both.

DISCUSSION

Solid-state NMR spectroscopy on oriented bilayer samples
has become an established method to investigate the structure

FIGURE 5: Simulated deuterium NMR spectra of [3,3,3-2H3]alanine oriented with the CR-Câ bond at angles of 10°, 40°, 50°, or 70° relative
to the magnetic field direction in the presence of a Gaussian mosaic spread of 0.5°, 1°, 3°, 5°, 10°, or 15°.
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and the orientation of membrane-associated peptides (9, 16).
Whereas the15N chemical shifts of peptide bonds labeled
with 15N alone already provide a sensitive measure of the
approximate tilt angle ofR-helices (16), more accurate
information is obtained when additional orientational con-
straints are available (9). Whereas the15N chemical shift is
virtually insensitive to the rotation angle around the helix
long axis, the deuterium NMR quadrupole splitting of [2H3]-
alanine-labeled peptides provides a highly complementary
parameter that restricts both the tilt and the axial angles (19).
Here we evaluate in a systematic manner the usefulness of
2H solid-state NMR of alanines carrying a deuterated methyl
group. The technique is tested on several model peptides
labeled simultaneously with [15N]leucine as well as [2H3]-
alanine at specific sites.

The peptides were designed to orient either in a trans-
membrane fashion (hΦ19W) or in an alignment parallel to

the membrane surface (KL14 and KL15). When monomeric,
all three peptides are expected to exhibit fast rotational
diffusion around the membrane normal. Proton-decoupled
15N solid-state NMR spectra of hΦ19W in oriented phos-
phatidylcholine bilayers confirm the transmembrane align-
ment of the peptide. The15N labels exhibit sharp15N
resonances, thereby suggesting a homogeneous alignment of
the peptide relative to the magnetic field direction (Figure
1C,D). Furthermore, the deuterium solid-state NMR spectra
of this peptide are characterized by well-defined pairs of
resonances (Figure 2D,E). Upon closer inspection a second
low-intensity 2H contribution, which is characterized by a
quadrupole splitting of 24 kHz, becomes apparent in the
deuterium solid-state NMR spectra. This contribution is best
visible at alignments of the membrane normal perpendicular
to the magnetic field direction when the2H NMR signals of
the principal contribution have shifted to a different spectral
region (Figure 2E).

Deuterium NMR line shape analysis at sample orientations
parallel as well as perpendicular to the magnetic field
direction indicates that the principal signal contribution arises
from peptides that undergo fast rotational diffusion. The
alanine site of these peptides is well oriented relative to the
magnetic field and characterized by a mosaic spread ofe2°.
The broad low-intensity signals with∆νQ ) 24 kHz are
probably due to peptide aggregates that do not rotate fast
enough to fully average the deuterium quadrupolar interaction
(Figure 2E).

To fully determine the membrane alignment of in-planar
peptides such as KL14 and KL15, orientational restraints
from deuterium solid-state NMR spectra are required to
complement the15N chemical shift information. Both deu-
terium and15N solid-state NMR spectra indicate a homo-
geneous alignment of the KL14- and KL15-labeled sites. The
spectra thus allow the investigation of the peptides’ mem-
brane alignment with high precision. The orientational
constraints represented in Figure 4 are obtained from2H and
15N solid-state NMR spectra of KL14 reconstituted in DOPC
membranes. Peptide alignments that agree with both experi-
mental measurements are found at the intersection of
contours from the two measurements. However, the con-
figurations associated with intersections labeled I-V are
characterized by full or partial insertion of the lysine side
chains into the membrane interior (Figure 4B). Due to the
high energetic penalties of such arrangements these results
are excluded from further consideration. In contrast, the
alignment represented by intersection VI is characterized by
favorable localizations of hydrophobic residues in the
membrane interior when at the same time the lysine side
chains are exposed to the aqueous environment (Figure 4B).
Therefore, intersection VI represents the lowest potential
energy configuration. Thus the combination of experimental
data and thermodynamic considerations allows one to ac-
curately determine the membrane orientation of the peptide.
In DOPC the alignment of KL14 is characterized by a
rotation around the helix long axis (z-axis) of 175°, this value
reflecting the ideal positioning of the hydrophobic and
hydrophilic residues within the membrane interface, and a
tilt angle (i.e., rotation around they-axis) of 95°. Figure 4A
also indicates that errors in determining the chemical shifts
or the quadrupolar splittings translate into deviations of about
5° in tilt and rotational pitch angles.

FIGURE 6: (A) Experimental2H solid-state NMR spectrum of
([3,3,3-2H3]alanine-7,[15N]leucine-10)-KL14 when reconstituted into
oriented DOPC membranes. The membrane normal is aligned
parallel to the magnetic field direction. When the experimental and
simulated spectra are compared to each other, good agreement in
the positioning and line shape is obtained at angles of the CR-Câ
bond relative to the magnetic field vector of 45.31° (B) or 65.46°
(C). In both simulations the Gaussian mosaic spread is 1°.

FIGURE 7: Simulation of the31P NMR experimental line shape of
KL14 in DOPC phospholipid bilayers. The simulated spectrum
(hatched line) was obtained by superimposing the resonance of
oriented phosphatidylcholine (0° tilt angle, mosaic spread 6°) and
a powder pattern line shape representing 20% of the total signal
intensity.
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To determine the alignment of peptides in an absolute
manner, systematic errors also have to be taken into
consideration. For example, in this work we have utilized
published values for the size and the orientation of the15N
tensor. This is justified as the purpose of this paper is to
introduce a deuterium NMR approach that allows one to gain
additional insight into the topology of membrane-associated
helices. Deviations from the ideal15N tensor values in real
systems have to be considered if precise information about
the absolute alignment of the peptides is required. How
uncertainties in the definition of the15N tensor elements are
translated into errors in the angular constraints is difficult
to generalize. Whereas errors inσ33 exhibit their strongest
effects when tilt angles of transmembrane peptides are
determined, the analysis of helix in-plane alignments is most
strongly affected byσ11 andσ22 contributions, Notably, due
to the small difference betweenσ11 and σ22 errors, their
determination can result in a large uncertainty of the
rotational pitch angle. To obtain more accurate information
about the absolute alignment of bonds or molecules, the
averaged tensor values under exactly the same experimental
conditions are required (24). Fortunately, complementary
information obtained from deuterium solid-state NMR
spectra alleviates many of these problems. Additional
systematic errors arise from the assumption that the peptides
adopt perfectR-helical conformations in membrane environ-
ments.

Considerable changes of the deuterium quadrupolar split-
ting of [2H3]alanine-labeled membrane peptides are observed
when the length or the degree of saturation of the fatty acyl
chains or both are modified (Table 1). At the same time the
chemical composition of the phosphatidylcholine headgroup
remains constant. The data presented in Table 1 indicate that
peptides KL14 and KL15 are oriented parallel to the
membrane surface at tilt angles close to 90°. A quantitative
analysis indicates that the change in∆νQ by 4.8 kHz observed
for KL15 when transferred from DOPC into POPC corre-
sponds to a change in angle of only 2°. Clearly, this type of
2H solid-state NMR measurement is very sensitive to small
relative alterations.

Amphipathic peptides when inserted into the lipid bilayer
interface have been shown to profoundly distort the packing
of the membrane interior, thereby resulting in decreased order
of the fatty acyl chain packing and membrane thinning (58-
60). This implies that shortening the length of the fatty acyl
chains decreases the total volume of the lipid hydrophobic
part, which can be used to compensate for peptide-induced
distortions (17). On the other hand, changes in the interior
of the lipid bilayer exert strong effects also at the level of
the membrane interface. Thus the quadrupolar splitting of
deuterated water when associated with pure DOPC bilayers
is 2-fold increased when compared to that of POPC
membranes at the same degree of hydration (41). Further-
more, hydration significantly increases when peptides are
inserted into the membrane (40). These effects can be
explained by changes in lipid packing density concomitant
with alterations in the area per lipid (41). Our data indicate
that the small differences in peptide alignment and/or
dynamics reflect changes in the hydrophobic interior of the
membrane.

The quadrupolar splitting is strongly dependent on the
angle between the CR-Câ bond and the magnetic field. On

one hand, this correlation is advantageous as it allows one
to analyze peptide alignments with high precision. On the
other hand, even a small mosaic spread results in consider-
able line broadening (Figure 5) concomitant with reduced
signal-to-noise ratios. In addition, the asymmetry in line
broadening prevents a simple read-out analysis of the average
∆νQ by measuring the distance between the peak maxima.
In these cases simulations of the spectral line shape are
necessary to characterize the orientational distribution func-
tion in a reliable manner (Figure 5D).

Peptides KL14, KL15, and hΦ19W show well-resolved
peaks in deuterium spectra with little mosaic spread. For
other peptide sequences, especially those of natural composi-
tion, this is not always the case. We suggest that the stable
and homogeneous alignment of model peptides results from
their design using only a few amino acids and a clear-cut
separation of hydrophobic and hydrophilic domains. In
addition, the high charge density prevents aggregation, which
would reduce motional averaging.

In summary, we have shown that well-oriented2H solid-
state NMR spectra can be obtained in oriented lipid bilayers
from [2H3]alanine-labeled peptides exhibiting low mosaic
spread. The measured2H NMR quadrupole splittings are very
sensitive to the orientation of the CR-Câ

2H3 bond with
respect to the membrane normal, thereby providing structural
data highly complementary to the tilt angle information from
15N chemical shift spectra. A detailed line shape analysis
using spectral simulations provides valuable information of
the average peptide alignment as well as the orientational
mosaic spread of the labeled sites.2H solid-state NMR
spectroscopy can thus provide a valuable source for structural
analysis of membrane-associated polypeptides.
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