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Interactions between phospholipids and proteins/peptides govern
the structure of functionally important membrane proteins. Several
spectroscopic and diffraction methods are available for studying
the interaction,1-5 but it is still difficult to elucidate the structure
of the protein-membrane systems. Solid-state NMR is a powerful
method for the structural analysis of proteins interacting with lipid
bilayer membranes. Solid-state NMR for uniaxially oriented proteins
provides angular constraints with respect to the membrane normal.6

Distance information for protein-membrane systems can be
obtained from31P-13C dipolar couplings for selectively isotope-
labeled peptides7 and from1H spin diffusion.8 Paramagnetic probes
also provide the structural information.9

We propose a novel method for probing intermolecular interfaces
by magic-angle spinning solid-state NMR.10,11 This method gives
13C NMR spectra for the distance correlation between1H spins in
a peptide and2H/31P spins in lipids. We have applied this method
to a membrane system consisting of a uniformly13C-, 15N-labeled
peptide mastoparan-X (MP-X) and phospholipids having perdeu-
terated acyl chains. This 14-residue peptide, MP-X, has an
amphiphilic helix and activates G-proteins.12-15 Under our experi-
mental conditions, MP-X tightly binds to the anionic lipid bilayers
used but does not disrupt the bilayer structure.16

The pulse sequence for obtaining13C NMR spectra that provide
the 1H-depolarization-mediated31P-1H and 2H-1H distance cor-
relation is shown in Figure 1. The initial pulses prepare the X (31P
or 2H) and1H magnetization spin-locked parallel and antiparallel
to the effective fields in the rotating frames, respectively. The1H
magnetization is depolarized by1H-X dipolar interactions re-
coupled under a sideband Hartmann-Hahn condition. Proton spin
diffusion during the depolarization is suppressed by the1H effective
field at the magic angle.17 After the spin system reaches a quasi-
equilibrium state, the X magnetization transferred from1H is
effectively inverted with respect to theB1 field for X by alternating
theB1 phase. The inversion makes the system nonequilibrium and
allows further1H depolarization.18,19 This inversion is iterated so
as to maximize the1H depolarization by X-1H dipolar couplings.
The subsequent Lee-Goldburg cross polarization (LGCP) transfers
the 1H magnetization to the attached13C spins. Thus, the1H
depolarization is monitored through high-resolution13C NMR
spectra. This method,13C observation of X-selective1H-depolar-
ization (COXSHD), provides1H-X distance information from the
heteronuclear dipolar couplings.

Spectra for the2H- and31P-selective1H-depolarization of MP-X
are shown in Figure 2. Because they are the differences between
spectra obtained under on and off Hartmann-Hahn conditions for
the depolarization, the signal intensities indicate the magnitudes

of the depolarization of1H spins in MP-X. The spectra for the2H-
selective and31P-selective depolarization, respectively, reveal the
1H spins in the vicinity of2H in the fatty acyl chains and of31P in
the hydrophilic headgroups. The spectral patterns for the depolar-
ization (Figure 2 a,b) are different from the reference spectrum
(Figure 2c). The backbone structure and13C chemical shifts of
membrane-bound MP-X were previously determined by our solid-
state NMR study.12 This enables the assignment of the13CR signals
for the 2H-selective depolarization to the spins in hydrophobic
residues, Ile, Leu, and Ala, as shown in Figure 2. The strong indole
ring signals resonating at about 120 ppm indicate that the ring
contacted the hydrophobic acyl chains. The13CR depolarization
spectrum for31P exhibits large signal intensities for hydrophilic
side chains such as Lys in addition to hydrophobic residues. Indole
ring signals observed in the CO31PSHD spectrum indicate that the
ring interacted with31P atoms in the interface region in addition to
acyl chains in lipids.20

We have determined the position and orientation of MP-X in
the lipid bilayers by simulating the depolarization spectra. This
simulation was based on the1H-depolarization intensity profile as
a function of the membrane depthz shown in Figure 3a. Thisz
dependence was calculated for the distribution of2H and31P atoms
in a DPPC bilayer generated by a molecular dynamics simulation21

(see Supporting Information for details). The depolarization spectra
for the CR spins were calculated for a series of structures as a
function of the depthz and the orientation of the helix. The
minimum RMSD between the experimental and simulated depo-
larization spectra for2H and31P was obtained by the structure shown
in Figure 3a. The calculated spectra are shown in Figure 2a,b by
broken lines. Signal assignments based on this structure are also
given. Correlations of the1HR spins with31P and2H spins in lipids

† Osaka University.
‡ Japan Biological Information Consortium.

Figure 1. Pulse sequence for13C-observation of X-selective1H-depolar-
ization under MAS. The RF phase for the depolarization period was alter-
nated at the intervals ofτa ) 240 and 160µs for 2H and31P, respectively.
The1H depolarization is facilitated by the phase-alternating cross polariza-
tion. The flip angles of all the1H pulses are 54.7°. TheB1 field amplitudes
satisfy the conditionγB1,X ) γB1,1H

eff - ωR at the spinning rateωR/2π of
12.5 kHz and theB1,X amplitude of 31 kHz for2H and 52 kHz for31P. The
frequency ofB1,X was shifted by about 130 kHz under the off Hartmann-
Hahn condition. Contact time for13C-1H LGCP was 80µs.
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are mapped on the helix wheel diagram in Figure 3b. This figure
indicates that MP-X is located in the interface between the water

layer and hydrophobic domain of lipid bilayers with nonpolar
residues facing the phosphorus atoms and alkyl chains of the lipids.

We have shown that13C spectra for the X-selective1H-
depolarization provide the distance correlation from dipolar cou-
plings between1H in peptides and31P and2H in lipids. This method
has advantages: (1) Use of a largeγ nucleus,1H, allows obtaining
the distances from strong dipolar couplings as shown in REDOR
for 1H spins.22 (2) The distance information for the dipolar couplings
are obtained through all the13C spins in the labeled peptide, which
can be observed under the high-resolution condition. (3) Experi-
ments with the sequence in Figure 1 provide sensitivities higher
than 1H-mediated X-13C magnetization transfer because of ac-
cumulated1H-depolarization by the multiple-contact cross-polariza-
tion, as shown in Supporting Information. (4) A single sample,
uniformly 13C-labeled peptide and deuterated lipid can be used for
the interacting sites analysis as well as for the peptide structure
determination.
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Figure 2. (a)13C difference spectrum for the2H-selective1H-depolarization
of membrane-bound MP-X atτdp ) 2.88 ms. (b)13C difference spectrum
for the 31P-selective depolarization atτdp ) 0.96 ms. Best-fit spectra
simulated from the structure model are show by broken lines. (c)13C
spectrum obtained with LGCP. All the experiments were made at the1H
frequency of 499.9 MHz under-50 °C and relative humidity of 32% for
a mixture of MP-X and liposomes consisting of DMPC and DMPG (4:1)
with a lipids/MP-X molar ratio of 20. The number of transients was 16 000
(a), 35 200 (b), and 32 (c).

Figure 3. (a) 2H- and31P-selective1H-depolarization as a function of the
depthz from the level giving the largest31P density in lipid bilayers. The
depths of HR atoms in MP-X shown in the figure give the best fit simulation
spectra in Figure 2a,b. Water density is shown by a broken line. (b) Helix
wheel diagram representation of MP-X (a) viewed from the C-terminus.
The correlation between phospholipids and1HR in amino acid residues is
shown. Strong correlations of1HR with 2H and31P spins are indicated by
color-coded Câ balls: blue for31P and red for2H and 31P. Precisions for
the depthz, the rotation angle about the helix axis, and the helix tilt angle
about the axis in the membrane plane and perpendicular to the helix axis
were (1.2 Å, (12°, and(4°, respectively. The bilayer center is atz )
-19.2 Å.
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