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Figure 1. Temperature dependence of the 3'P NMR spectra of pure DMPA
(left) and the complex DMPA:cardiotoxin at a lipid-to-protein molar ratio of
5:1 (right), (reproduced from reference 14, with permission).

protein cardiotoxin lla extracted from the venom of the
snake Naja mossambica mossambica (14).

In the temperature range between 25 and 65°C, all
the pure DMPA spectra are axially symmetric and
characteristic of lamellar phases. The spectral width
decreases gradually with increasing temperature with a
major change between 40 and 50°C, which corresponds
to the gel to liquid-crystalline phase transition temperature
of DMPA (48 to 50°C). The smaller spectral width obtained
in the liquid-crystalline phase can be explained by an
additional wobbling motion of the polar head group. The
addition of cardiotoxin to DMPA at a lipid-to-protein molar
ratio of 5:1 causes the complete disappearance of the
lamellar phase spectrum and only a broad isotropic peak
is present (14). This suggests that at that lipid-to-protein
molar ratio, all the phospholipids interact with cardiotoxin
to form an isotropic phase in which the motions are
sufficiently fast to completely average the chemical shift
anisotropy.

Another example of the use of 3'P solid-state NMR
spectroscopy is the study of the lateral diffusion of lipids
by two-dimensional NMR (15, 16). This technique uses
the fact that in solid-state NMR, the chemical shielding
tensor shows an orientational dependence in the static
magnetic field. Therefore, it is possible to observe
correlation peaks in a two-dimensional spectrum map
representing an orientational exchange originating from the
diffusion of lipids over the curved membrane surface. Figure
2 shows an example of such two-dimensional 3'P solid-
state NMR spectra, obtained with the NOESY pulse
sequence as a function of the mixing time t_, for
multilamellar dispersions of dipalmitoylphosphatidylcholine
(DPPC) (16). These results indicate increasing off-diagonal
intensity as the mixing time increases. In addition, the

Figure 2. 2D 3'P NMR experimental spectra of pure dipalmitoyl-
phosphatidylcholine (DPPC) multilamellar vesicles at 50°C for different
mixing times tn, (reproduced from reference 16, with permission).

diffusion constant determined from these spectra, namely
a diffusion constant of 8.8 x 108 cm?/s, is in agreement
with the ones determined by other techniques (16).

Deuterium NMR of Lipid Bilayers

Deuterium NMR spectroscopy is a valuable technique to
study the structure and dynamics of lipid membranes in
the liquid-crystalline phase (17-19). As mentioned above,
itis the orientation dependence of the electric quadrupolar
interaction that permits the study of molecular orientational
order, structure and dynamics of lipid membranes by 2H
NMR.

On one hand, the use of chain-perdeuterated lipids,
deuterated either on one or the two acyl chains, allows the
simultaneous investigation of the structure and dynamics
of the plateau and the tail regions of the lipid chains. Figure
3 shows an example of the use of deuterium NMR to
investigate the effect of two anticancer drugs derived from
chloroethylurea (CEU) on the orientational order of lipid
acyl chains (20). More specifically, the original and dePaked
(deconvolved) 2H NMR spectra obtained at 30°C are shown
in Figure 3 for pure DMPC deuterated on the sn-2 acyl
chain (DMPC-d,,) (Figure 3A) and for DMPC-d,, in the
presence of 4-sec-butyl CEU and 4-n-butyl CEU (Figures



3B and 3C, respectively) at a DMPC/CEU molar ratio of
5:1. Both these CEU derivatives contain R substituents
with 4 carbon atoms but that differ by their degree of
ramification. The use of the dePaking technique (21) allows
the possibility to convert the spectrum into one that has
the characteristics of a 90° oriented sample, leading to a
better resolution. The results presented in Figure 3 indicate
that the order for the first deuterons of the acyl chain is
high and decreases rapidly with increasing distance from
the carbonyl group (17, 18). The results also indicate that
both CEU derivatives increase the order of the deuterons
located near the interfacial region of the bilayer (20).

2H NMR of the phosphatidylcholine head group has been
widely used to examine electrostatic interactions between
charged species and a membrane surface (22, 23). In such
cases, counterdirectional changes in the magnitudes of
the a and B deuteron quadrupolar splittings have been
observed in response to changes in membrane surface
charge density. In this respect, phosphatidylcholine is said
to behave like a “molecular voltmeter”.

13C NMR of Membrane Lipids

3C NMR spectroscopy is a well suited technique to study
lipid bilayers since it allows the simultaneous investigation
of different regions of the lipid molecules, i.e. the polar head
group, the glycerol backbone and the acyl chains (24). In
addition, significant resolution improvement in '3C spectra
of lipid bilayers can be achieved by the use of both higher
magnetic fields and the magic angle spinning (MAS)
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Figure 3. Original (left) and dePaked (right) 2H-NMR spectra of DMPC-ds7
in the absence (A) and in the presence of 4-sec-butyl CEU (B) and 4-n-
butyl CEU (C) at 30°C for a DMPC/CEU molar ratio of 5:1 (reproduced
from reference 20, with permission).
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Figure 4. Proton-decoupled 'C NMR spectra of (A) pure DMPC and (B)
DMPC-cholesterol (70-30 mol %) multilamellar dispersions. The spectra
were recorded at a temperature of 30°C and with a spinning speed of 2
kHz. The insets represent the expansion of the spectral region between 52
and 75 ppm. The choline headgroup carbons are indicated by greek letters,
those of the glycerol backbone are underlined and the others belong to the
acyl chains (reproduced from reference 26, with permission).

technique, which yields very highly resolved spectra (25).

Figure 4 presents the '3C MAS NMR spectra of pure
DMPC multilamellar dispersions and DMPC-cholesterol
mixture (70-30 mol %), in excess water, at 30°C, where
the two samples are in the liquid-crystalline lamellar phase
(26). As can be seen from this figure, each sample gives a
well resolved '3C NMR spectrum in which there are four
main spectral regions: the polar head group, the carbonyl
groups, the glycerol backbone and the aliphatic acyl chains
of the DMPC molecule. Some more resonances, belonging
to the cholesterol molecule, can also be observed in the
spectrum presented in Figure 4B.

NMR of Membrane Peptides and Proteins

High Resolution NMR of Peptides and Proteins in
Micelles

The structure of several membrane proteins has been
investigated by multidimensional NMR experiments (7, 8).
These experiments require the solubilization of the proteins
with high concentrations of micelle forming lipids in order
to obtain a very homogeneous population of small micelles
containing a single polypeptide. Proteins in micelles reorient
relatively slowly, although rapidly enough to be suitable
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Figure 5. MAS solid-state 'H spectra at 60°C of A) pure DMPC and B)
DMPC/gramicidin A system initially prepared from trifluoroethanol. The
spinning speed was set to 13.000 0.002 kHz (reproduced from reference
28, with permission).

for most heteronuclear multidimensional solution NMR
experiments in high-field spectrometers (8).

The steps involved in the determination of protein
structures in micelles are the same as those used for
globular proteins in aqueous solutions and include the
resolution and assignment of backbone and side-chain
resonances based on through-bond and through-space
interactions observed in multidimensional NMR spectra.
The structure of several membrane peptides and proteins
has been investigated using this approach, including
magainin, the major coat protein of filamentous
bacteriophages, peptides with sequences that correspond
to the transmembrane domain of glycophorin A and peptide
sequences from bacteriorhodopsin and phospholamban
(for recent reviews, see references 7, 8).

High-Resolution MAS Proton Spectra of Membrane
Peptides

High-resolution 'H nuclear magnetic resonance (NMR)
spectroscopy is a powerful method for protein structure
determination in solution (1). However, this method has
not been extensively applied to membrane protein systems
since the strong homogeneous dipole-dipole broadening
between neighboring hydrogen nuclei, which is averaged
to zero by rapid isotropic reorientation of molecules in
solution, is not completely averaged away in anisotropic
non-spinning membrane systems and leads to spectral
linewidths of 5 to 25 kHz (10 to 50 ppm depending on the

magnetic field strength) (27). However, the use of magic
angle spinning rates of about 3 to 4 kHz are sufficient to
obtain well resolved 'H spectra from multilamellar
dispersions of phospholipids in water, because of the rapid
axial diffusion of the phospholipid about its long axis.
Although it is possible to obtain well-resolved lipid 'H
spectra from multilamellar dispersions, no identifiable
peptide signals can be observed at spinning speeds of
about 3 to 4 kHz for small peptides, such as gramicidin A,
incorporated in phospholipid bilayers. This is due to the
presence of additional intermediate time scale motions
which broaden the peptide resonances. In this case, it is
necessary to spin the sample at a spinning speed faster
than that required for phospholipid multilamellar dispersions
(27).

One- and two-dimensional '"H NMR spectra of
gramicidin Aincorporated in a DMPC membrane have been
obtained with high-speed MAS (27, 28). By rotating the
sample at 13 kHz, it is possible to observe signals in the
"H spectra between 6.0 and 9.0 ppm attributable to the
aromatic protons of the tryptophan residues and the formyl
group proton of gramicidin A, as shown in Figure 5. It has
also been shown that solvent suppression methods derived
from solution NMR, such as presaturation or jump-return,
can be used to reduce the water resonance at relatively
high water content (29). In addition, regioselective
excitation of 'H peptide resonances promotes an efficient
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Figure 6. Proton-decoupled N solid-state NMR spectra of PGLa
incorporated into oriented POPE/POPG 3/1 phospholipid bilayers. The
PGLa concentrations in spectra B-E are 2.3 mol% and in spectrum F, 1.5
mol%. Also shown are simulated '°N solid-state NMR spectra in the
presence of fast motional averaging (A) and of an amide site that is part of
an a-helix oriented parallel to the bilayer surface (G) (reproduced from
reference 31, with permission).
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Figure 7. '3C MAS spectra of dark-adapted bR collected at -80°C with a
sample spinning speed of 2.8 kHz: (a) [14-'3C]retinal, [e-'*C]Lys-bR, (b)
unlabeled bR, and (c ) the difference spectrum obtained upon subtraction
of (b) from (a). The signals at 40, 48 and 53 ppm are due to the [e-'3C]Lys
label and the signals in the 100 to 130 ppm range arise from the [14-
13C]retinal marker resonances. Rotational sidebands are observed 35 ppm
upfield and downfield of the centerbands (reproduced from reference 33,
with permission).

suppression of lipid resonances, even in cases where these
are initially two orders of magnitude more intense (29).

NMR Spectra of Specifically Labeled Membrane
Proteins

Solid-state NMR is a uniquely suited technique to determine
the structure of specifically labeled membrane peptides
and proteins. Two complementary approaches are most
commonly used, the first involving the study of oriented
samples in the magnetic field. In this case, the incomplete
motional averaging allows the measurement of dipolar
couplings, chemical shift anisotropies and electric
quadrupolar splittings, from which structural parameters
such as torsional angles can be obtained. This technique
has been applied to a variety of membrane peptides and
proteins, including gramicidin A, bacteriophage proteins
and magainin (for recent reviews, see references 7, 8, 30).
Figure 6 shows representative solid-state NMR spectra of
oriented bilayers containing specifically >N-labeled PGLa
peptide, which is a member of the magainin family of
antibiotic peptides found in frog skin and its secretions (31).
The spectra of the peptides labeled at the Ala10, Ala14,
Val16 and Ala20 positions are characteristic of structured
peptides and are indicative of an orientation of the individual
N-H bond approximately perpendicular to the magnetic field
direction.

The second approach uses the magic angle spinning
technique to remove these tensor interactions, resulting in
spectra which are only characterized by the isotropic
chemical shifts and the J-couplings. This technique has
been widely used to investigate the structure of the
chromophore and of the protein in bacteriorhodopsin and
rhodopsin (for recent reviews, see references 6, 30, 32).
Figure 7 shows the solid-state '3C NMR MAS spectra of
dark-adapted bacteriorhodopsin (bR) (33). The difference
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spectrum shows signals due only to the [e-'°C]Lys and
[14-"3C]retinal labels. The signals at 110.5 ppm and 122
ppm are assigned to the 14-'3C of retinal of bR, and
bR.4. the two components present in equilibrium in dark
adapted bacteriorhodopsin. The remaining signals at 48
and 55 ppm are assigned to the &-'3C label in Lys216.
These spectra clearly indicate that single labeled sites can
be distinguished in magic angle spinning spectra of
membrane proteins. The magic angle spinning technique,
combined with isotopic labeling, has also been applied to
other membrane proteins, including the photosynthetic
reaction center and several enzymes and channel peptides
(for recent reviews, see references 5, 6, 30).

Several high-resolution solid-state NMR methods have
also been developed in the last ten years to measure weak
homonuclear or heteronuclear dipolar couplings in solid
samples (for recent reviews, see references 5, 6, 30, 34-
36). These methods use the magic angle spinning
technique and include the rotational resonance and the rf-
driven recoupling (RFDR) techniques for the measurement
of homonuclear distances and techniques such as REDOR
and TEDOR for the measurement of heteronuclear
distances. These techniques have been applied to a variety
of systems including the membrane proteins rhodopsin and
bacteriorhodopsin, gramicidin A, glycophorin A and a
bacterial chemotaxis membrane receptor (5, 6, 30, 34-36).
In addition, several methods have been developed recently
for the measurements of torsion angles from magic angle
spinning spectra in solids. These methods directly
investigate molecular geometry by determining the relative
orientation of pairs of nuclear spin interactions (36).

Perspectives

The experiments described above for the measurements
of internuclear distances or torsional angles in membrane
peptides and proteins have all been performed with spin
pairs, either 13C-13C or '5N-'3C. However, the synthesis of
specifically labeled molecules is difficult and expensive in
comparison with biosynthetic methods which yields
uniformly '3C/'5N labeled systems (36). Therefore, the
determination of protein structure from completely labeled
proteins would be an interesting alternative. However, the
major problem associated with a uniformly labeled sample
in solid-state NMR is the multiple strong couplings which
prevent the observation of weaker couplings and which
results in increased linewidths. Recently, a very careful
analysis has been made on the impact of linewidths on
multidimensional solid-state NMR spectra of uniformly
labeled peptides and proteins (37). The main conclusion
of this study is that the length of a peptide for which a
complete, unique assignment of '3C and "N backbone
resonances in solid-state NMR spectra is feasible is
strongly limited by spectral resolution. For peptides of 20
to 30 amino acid residues, resolutions better than 0.5-1.5
ppm or 0.5-1.0 ppm, respectively, are required (37). Several
avenues have recently been suggested to increase both
the spectral resolution and sensitivity (36). These include
the use of higher field spectrometers, the development of
new labeling strategies to improve the resolution and the
use of higher dimensional experiments. These
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developments should increase the number of membrane
proteins for which the structure can be investigated by solid-
state NMR spectroscopy.
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