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The combination of magic angle spinning (MAS) with the high-resolution 1H NOESY NMR experiment is
an established method for measuring through-space 1H. . .1H dipolar couplings in biological membranes.
The segmental motion of the lipid acyl chains along with the overall rotational diffusion of the lipids pro-
vides sufficient motion to average the 1H dipolar interaction to within the range where MAS can be effec-
tive. One drawback of the approach is the relatively long NOESY mixing times needed for relaxation
processes to generate significant crosspeak intensity. In order to drive magnetization transfer more rap-
idly, we use solid-state radiofrequency driven dipolar recoupling (RFDR) pulses during the mixing time.
We compare the 1H MAS NOESY experiment with a 1H MAS RFDR experiment on dimyristoylphosphoch-
oline, a bilayer-forming lipid and show that the 1H MAS RFDR experiment provides considerably faster
magnetization exchange than the standard 1H MAS NOESY experiment. We apply the method to model
compounds containing basic and aromatic amino acids bound to membrane bilayers to illustrate the abil-
ity to locate the position of aromatic groups that have penetrated to below the level of the lipid
headgroups.

� 2008 Elsevier Inc. All rights reserved.
1. Introduction

1H nuclear Overhauser enhancement spectroscopy (NOESY) is a
standard solution NMR approach used to establish through-space
contacts, and has been applied to biological membranes under
solid-state magic angle spinning (MAS) conditions [1] to determine
the location of bound drugs and peptides [2–9]. For solid-state 1H
NMR spectra, the MAS frequency typically has to exceed the width
of the 1H–1H dipolar interaction to narrow the 1H linewidths. The
effectiveness of MAS in reducing 1H linewidths for 1H NOESY
experiments of biological membranes is attributed to the high
degree of mobility exhibited by membrane lipids. Rapid lateral dif-
fusion averages intermolecular 1H dipolar couplings, while rapid
rotational diffusion and conformational flexibility of the acyl
chains average intramolecular 1H dipolar couplings. Typical mem-
brane lipids undergo rapid rotational diffusion with correlation
times on the order of a few nanoseconds or less and exhibit seg-
mental motions with correlation times of 5–100 ps [4,10]. Despite
the ability to observe the 1H nucleus directly, one of the limitations
of the approach for studies of membrane-bound peptides has been
sensitivity. Two ways of improving sensitivity are to use high
molar ratios of peptide-to-lipid and to make measurements using
long NOESY mixing times. The drawbacks of these methods, how-
ll rights reserved.

mith).
ever, are that high peptide concentrations often lead to peptide
aggregation or disruption of the local bilayer structure, while long
mixing times allow for increased spin diffusion and difficulty in
interpreting crosspeak intensities in terms of close 1H...1H contacts.

We have been exploring methods to improve the sensitivity in
the 1H MAS NOESY experiment in order to work at shorter mixing
times where spin diffusion is less of a concern. The approach com-
plements a growing number of NMR-based methods for enhancing
sensitivity and determining the location of membrane-bound pep-
tides (e.g. [11,12]). One mechanism for driving magnetization
exchange under solid-state NMR conditions is to use schemes
involving the longitudinal exchange of magnetization. Radiofre-
quency driven dipolar recoupling (RFDR) is perhaps one of the sim-
plest solid-state methods for recoupling the dipolar interaction in
the presence of MAS in that it only requires implementing a series
of rotor-synchronized p-pulses (Fig. 1). Griffin and coworkers
[13,14] have shown that p-pulses generate longitudinal exchange
of magnetization during the mixing time. Lipid bilayers are charac-
terized by a unique molecular motional regime that makes it pos-
sible to apply both solid-state and solution-state methods
together. That is, despite the rapid rotational and lateral diffusion
of membrane lipids, the 1H dipolar interaction is not averaged to
zero, which allows the application of methods that transfer magne-
tization via the residual dipolar couplings.

In this report, we introduce RFDR pulses during the mixing time
in a 1H MAS NOESY experiment. This method has previously been
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Fig. 1. 1H NOESY and RFDR pulse sequences. The simple NOESY experiment
consists of three 90� pulses. In the 1H MAS RFDR experiment, a series of p-pulses are
introduced during the mixing time synchronized with the rotor frequency. In both
experiments, the first 90� pulse creates transverse magnetization that evolves
under the influence of the isotropic chemical shift during the first delay. The second
90� pulse rotates the magnetization back to the z-axis. Magnetization exchange
takes place during the mixing time.
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applied to observe the conformation of peptides bound to resins
[15]; the motional characteristics of resin-bound peptides are sim-
ilar to the membrane-bound peptides investigated here. We first
compare the 1H MAS NOESY experiment with the 1H MAS
NOESY–RFDR hybrid experiment (referred to as 1H MAS RFDR)
on dimyristoylphosphocholine (DMPC),1 a model bilayer-forming
lipid. The 1H MAS NOESY experiment has been used extensively to
study the lateral organization and molecular disorder of lipid mem-
branes [16]. For example, one of the striking results that has
emerged from the application of 1H MAS NOESY NMR to pure lipid
membranes is the observation of significant contacts between the
methyl groups at the ends of the lipid acyl chains and the methyl
groups associated with the phosphocholine headgroup [17,18]. Here,
we show that the 1H MAS RFDR experiment provides significantly
faster magnetization exchange than the standard 1H MAS NOESY
experiment. The shorter mixing times that are possible with the
1H MAS RFDR experiment confirm that the contacts between the ter-
minal methyl groups and the choline headgroup are not due to spin
diffusion along the lipid chain [18].

We then compare the ability of the 1H MAS NOESY and RFDR
experiments to establish the location of basic-aromatic model
compounds bound to DMPC bilayers. Sequence motifs containing
basic and aromatic amino acids are increasingly found as a com-
mon mechanism that membrane proteins use to disrupt and pen-
etrate membrane bilayers [7,19], recruit lipids and cholesterol
[20] and mediate membrane fusion (e.g. see [21]). We illustrate
the differences between the two pulse sequences using the sim-
plest basic-aromatic model system, phenylalanine methyl ester.
This model amino acid has an aromatic side chain and a single pos-
itively charged amine. We then extend these studies to a nine-res-
idue peptide, Ac-KKKFSFKKK-OMe. The peptide serves as a model
of the effector domain of the MARCKS (myristoylated alanine-rich
1 Abbreviations used: DMPC, 1,2-dimyristoyl-sn-glycero-3-phosphocholine; DMPG,
1,2-dimyristoyl-sn-glycero-3-[phospho-rac-(1-glycerol)]; HEPES, 2-[4-(2-hydroxy-
ethyl)-1-piperazinyl]-ethanesulfonic acid; LUV, large unilamellar vesicle, MARCKS,
myristoylated alanine-rich C kinase substrate; MAS, magic angle spinning; NOESY,
nuclear Overhauser effect spectroscopy; PC, phosphocholine; RFDR, radiofrequency
driven dipolar recoupling; TMS, tetramethylsilane; MALDI, matrix-assisted laser
desorption/ionization.
C kinase substrate) protein [22,23]; the deep penetration of the
MARCKS effector domain into membrane bilayers mediates the
recruitment of phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2)
an important membrane lipid involved in signal transduction
[24,25].

Together the examples show that the 1H MAS NOESY–RFDR hy-
brid experiment is a useful tool for studying the conformation and
location of peptides and small molecules in membrane bilayers.
The results confirm that the crosspeaks observed between the ter-
minal methyl groups on the lipid acyl chains and the choline
methyl groups on the lipid headgroup are not due to spin diffusion,
but result from close contacts reflecting molecular disorder in the
liquid-crystalline phase lipids. The observation of intense cross-
peaks at very short mixing times between the acyl chain protons
and the phenylalanine ring in the MARCKS analog confirms that
phenylalanine rings can penetrate below the level of the head-
groups in membrane bilayers.
2. Materials and methods

2.1. Materials

1,2-Dimyristoyl-sn-glycero-3-phosphocholine (DMPC), 1,2-
dimyristoyl-sn-glycero-3-[phospho-rac-(1-glycerol)] (DMPG) and
1,2-dimyristoyl-D67-sn-glycero-3-phosphocholine (deuterated
DMPC) were obtained from Avanti Polar Lipids (Alabaster, AL) and
used without further purification. D2O (99.9%) was purchased from
Acros Organics (Geel, Belgium). Deuterium depleted H2O was
acquired from Cambridge Isotope Laboratory (Andover, MA) and
phenylalanine methyl ester was obtained from Sigma (St. Louis, MO).

2.2. Peptide synthesis and purification

The peptide Ac-KKKFSFKKK-OMe was synthesized by solid-
phase FMOC chemistry and purified by reverse phase HPLC (Varian
Prostar) on a C4 column with an acetonitrile–water gradient and
lyophilized. The solvents contained 0.1% (w/v) trifluoroacetic acid.
The purity was confirmed with MALDI mass spectrometry and ana-
lytical HPLC.

2.3. Membrane peptide reconstitution

DMPC and DMPG were co-dissolved in cyclohexane and lyoph-
ilized. The lyophilized lipids were hydrated (H2O) with 5 mM phos-
phate or 20 mM Hepes buffer, 50 mM NaCl (pH 7.0) and briefly
bath sonicated. The resulting multilamellar dispersions were vor-
texed and incubated for 30 min, and then extruded through a
100 nm polycarbonate membrane 11 times at 40 �C to form large
unilamellar vesicles (LUVs). After the extrusion, the samples were
centrifuged at 265,000g for 1 h at 4 �C. For the preparation of sam-
ples having phenylalanine methyl ester or Ac-KKKFSFKKK-OMe
bound to DMPC:DMPG membranes, the aromatic model com-
pounds were added to the LUVs prior to centrifugation at a 1:10
or 1:20 molar ratio, respectively. The higher molar ratio of phenyl-
alanine methyl ester to lipid compensated for its weaker binding to
the DMPC:PG vesicles compared to the Ac-KKKFSFKKK-OMe pep-
tide. The hydrated pellets were lyophilized, rehydrated with D2O
(60 wt%) and incubated overnight at 37 �C.

2.4. NMR spectroscopy

The NMR experiments were performed on a Bruker spectrome-
ter operating at a 1H Larmor frequency of 700 MHz using a 2.5 mm
MAS probe. The typical RF field strength is about 80 kHz for pro-
tons. All experiments were carried out at a temperature of



O

O

O

P
O

O
O

O

O

N
55

5

9

10

7

8
6

4

3

1

2

2

+

-
3

310 9 9
8

7
6

5

4

2

1

5 4 3 2 1 ppm
1H Chemical Shift

1

Fig. 2. Molecular structure (a) and 1H MAS spectrum (b) of DMPC. The assignments
of the resonances to specific protons of DMPC are indicated [1,30].
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303.0 K or 310.0 ± 0.5 K and at a MAS spinning rate of 6 kHz or
7 kHz for 1D proton measurements and 1H NOESY experiments.
128 scans were collected for each experiment for 1D 1H measure-
ments. The 1H MAS NOESY and RFDR were acquired in a phase sen-
sitive mode using the TPPI method. A total of 1024 increments,
each with 16 scans were collected for 1H MAS NOESY and RFDR.
A series of 16 dummy scans at the beginning of each experiment
were used to establish steady state. A repetition delay of 2 s was
used in all experiments.

3. Results

Fig. 2 shows the chemical structure of DMPC along with the 1H
NMR spectrum obtained using MAS at a 6 KHz spinning rate. The
phospholipid headgroup is formed by the negatively charged phos-
phate and positively charged choline functional groups. Choline is
comprised of two methylene groups (protons 8 and 6) and three
methyl groups (protons 5) attached to a quaternary nitrogen. The
glycerol backbone of DMPC (protons 7, 9 and 10) is the anchor
point for the phosphocholine headgroup and two 14-carbon acyl
chains (protons 1–4).

Lipid molecules are highly mobile. Correlation times for gauche/
trans isomerization of the lipid acyl chains are on the order of
pppm
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Fig. 3. Comparison of 2D 1H MAS NOESY (left) and RFDR (right) spectra of DMPC bilaye
hydrated with D2O. The MAS frequency was 7 kHz.
50–100 ps, while correlation times for molecular rotation are on
the order of 1–2 ns [4]. Lipid lateral diffusion is on a longer time
scale (170 ns) and was found to be the major contributor to inter-
molecular relaxation [26,28]. It is important to note that the corre-
lation times modulate magnetization exchange. The observation
that lateral diffusion dominates the relaxation mechanism sug-
gests that crosspeaks associated with intermolecular contacts in
the 1H MAS NOESY experiment correspond to contact probabilities
between protons [16].

Fig. 3 presents 2D NOESY and RFDR spectra of DMPC
hydrated with D2O. The mixing time is 50 ms for both spectra.
A prominent difference between these two spectra is the pres-
ence of stronger crosspeaks obtained using the RFDR pulse
sequence. As discussed below, the rotor-synchronized p-pulses
drive magnetization exchange through the dipolar coupling
(�1/r3) faster than relaxation via the nuclear Overhauser effect
(�1/r6), and consequently the crosspeaks buildup at a much fas-
ter rate using the RFDR sequence.

Fig. 4 presents rows from the 2D spectra in Fig. 3 taken through
the lipid diagonal resonances. Three regions in the lipid structure
can be distinguished: the acyl chains (protons 1–4 in Fig. 2), phos-
phocholine headgroup (protons 5, 6 and 8) and glycerol backbone
(protons 7, 9 and 10). In both the NOESY and RFDR spectra, the
crosspeaks between protons within the same region are generally
stronger than crosspeaks between protons in different regions.
Nevertheless, there are several significant differences in the cros-
speak intensities observed in the NOESY and RFDR as discussed
below.

The acyl chain proton resonances (peaks 1–4) exhibit the sim-
plest crosspeak pattern in both the NOESY and RFDR spectra. The
terminal methyl protons (peak 1) show predominately a crosspeak
to the acyl chain methylene protons (peak 2). A small crosspeak is
observed with the choline methyl protons at 3.24 ppm (peak 5).
Huster and Gawrisch [18] have shown that this is a through-space
contact in the NOESY experiment, i.e. the crosspeak intensity is not
due to spin diffusion along the acyl chain. The RFDR experiment
yields roughly the same crosspeak intensity between the terminal
methyl protons and the choline methyl protons consistent with the
idea that the crosspeak arises from a close (although rare) intermo-
lecular contact between lipids rather than from spin diffusion
within a single lipid.
pm
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Fig. 4. Comparison of crosspeak intensities from 2D 1H MAS NOESY (left column) and RFDR (right column) spectra of DMPC. Rows are shown from the 2D spectra in Fig. 3. The
spectra were obtained using a mixing time of 50 ms. The MAS frequency was 7 kHz.
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The acyl chain methylene protons (peak 2) yield the most
intense resonance in the 1H MAS spectra of DMPC. Comparison
of the NOESY and RFDR spectra shows that the crosspeak asso-
ciated with the terminal methyl protons is the strongest and
has the same relative intensity in both spectra. The difference
in resolution in the row through the diagonal resonance at
1.3 ppm (peak 2) results from a significant reduction of the diag-
onal intensity for the RFDR spectrum (see below). This loss of
diagonal intensity is clearly seen in the row through the acyl
chain protons associate with peak 3 at 1.6 ppm. In this case,
the crosspeak with the acyl chain protons at 1.3 ppm (peak 2)
is actually more intense than the 1.6 ppm diagonal resonance.
The RFDR pulse sequence appears to be able to rapidly drive
magnetization down the lipid acyl chain.

For the choline functional group (protons 5, 6 and 8), the major
crosspeaks in the RFDR spectra are with the neighboring protons.
For example, in the row through the diagonal resonance of the cho-
line methyl protons (peak 5), the crosspeaks to the methylene
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proton resonances (peaks 6 and 8) have roughly the same intensity
and are more intense than the crosspeaks to any other resonance.
In contrast, the crosspeak pattern for the choline protons in the
NOESY spectra is not as simple. For example, the most intense cros-
speak in the row through the diagonal resonance for the choline
methyl protons is associated with the acyl chain protons (peak
2). This comparison between the NOESY and RFDR experiments
highlights the conclusion from Huster and Gawrisch [18] that the
intensity in the NOESY experiment comes from intermolecular
cross relaxation. In contrast, much of the magnetization of the cho-
line methyl protons appears to remain in the choline moiety,
which is separated from the rest of the lipid chain protons by the
lipid phosphate group.

For the glycerol protons (7, 9 and 10), the distribution of cros-
speak intensity for both the NOESY and RFDR experiments is rela-
tively complex. There is significant intensity in many resonances
that correspond to protons that are not adjacent in the lipid struc-
ture. For example, in the RFDR spectra the most intense crosspeak
in the rows through the glycerol diagonal resonances is associated
with the acyl chain protons (peak 2) suggesting that a mixing time
of 50 ms is sufficient to drive much of the magnetization away
from the glycerol backbone.

In order to address the intensity differences observed between
the NOESY and RFDR experiments, we present the buildup curves
using both the NOESY and RFDR experiments in Fig. 5. Huster
et al. [27] have reported a similar set of buildup curves for the
NOESY experiment. Overall, two features of the curves are appar-
ent. First, the crosspeak intensities for the RFDR experiment build-
up more quickly and the diagonal intensity decays more quickly
than in the NOESY experiment. Second, there is more variation in
the buildup rates and decays for the RFDR curves than for the
NOESY curves.

Fig. 6 emphasizes these points by presenting rows through the
2D NOESY and RFDR spectra for different mixing times. Fig. 6a pre-
sents the row through the diagonal resonance of peak 10, corre-
sponding to the proton on the C2 carbon of the glycerol
Fig. 5. Buildup of crosspeak intensity of DMPC bilayers in the 1H MAS NOESY (dashed
plotted as a function of the mixing time from 0 ms to 200 ms.
backbone, at mixing times of 5 ms (black), 50 ms (red) and
100 ms (blue). In the NOESY experiment, there is no significant
intensity in crosspeaks associated with this diagonal resonance at
the short mixing time of 5 ms. At 50 ms, the intensity for each cros-
speak has increased significantly and is�70–80% of the intensity at
100 ms. For all of the crosspeaks, the buildup rates are roughly the
same.

In contrast, the rates at which crosspeaks buildup intensity in
the RFDR experiment are very different (Fig. 6b). The fastest rates
are associated with the adjacent protons (peaks 7 and 9) on the
glycerol backbone. In the case of peak 9 (which overlaps with peak
8 at 4.28 ppm), the intensity obtained with a mixing time of 5 ms is
equal to the intensity at 50 ms; the intensity has already decayed
significantly at the 100 ms mixing time. The slowest buildup rates
are observed for the crosspeaks associated with the choline methyl
protons (peak 5) and the terminal methyl protons (peak 1). These
protons are at the two extreme ends of DMPC. However, from
the spectra in Fig. 6b it is clear that already at 50 ms the RFDR
pulse sequence is able to transfer significant magnetization from
the glycerol protons to the acyl chain. (Note that the crosspeaks
associated with the acyl chain protons near the glycerol backbone,
peaks 3 and 4, buildup intensity more rapidly than the acyl chain
protons associated with peak 2 or peak 1.)

Fig. 7a presents the decay curve for the diagonal resonance of
peak 10 in the RDFR experiment along with the buildup curves
for each of its associated crosspeaks between 0 ms and 200 ms.
These curves clearly show that crosspeaks associated with the res-
onances of the nearby protons (e.g. peaks 7 and 9) begin to decay
before the crosspeak intensity associated with the more distant
protons (e.g. peaks 1 and 5) reaches a maximum.

Fig. 6c presents rows through the diagonal resonance of the acyl
chain protons (peak 2) in the NOESY spectrum. As above, the build-
up rates are similar for all crosspeaks and do not depend on the
intramolecular distance. As shown by Huster and Gawrisch [18],
crosspeaks corresponding to intermolecular contacts dominate in
1H MAS NOESY spectra of lipids. For each crosspeak, the intensity
line) and RFDR (solid line) experiments. The intensities are normalized to one and
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obtained with a 50 ms mixing time is roughly half of the intensity
at 100 ms. In contrast, in the RFDR experiment (Fig. 6D) the cross-
peaks with the most rapid build of intensity correspond to other
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Fig. 7. Buildup of crosspeak intensity in the RFDR experiment for the glycerol
proton at 5.28 ppm (a) and the acyl chain protons at 1.3 ppm (b). The buildup
curves are shown for mixing times from 0 ms to 200 ms.
protons in the acyl chain (i.e. peaks 1, 3 and 4). The crosspeak with
the slowest buildup corresponds to the choline methyl protons,
which are the most distant.

Comparison of the absolute crosspeak intensities in the NOESY
experiment shows that the most intense crosspeaks arise with the
acyl chain diagonal resonance (see for example Figs. 3 and 4 in Ref.
[27]). The large intensity is attributed to the intense diagonal res-
onance (i.e. there are 44 protons in the two acyl chains of DMPC
that resonate at this position). For example, in the NOESY experi-
ment there is a large crosspeak between the resonances associated
with the acyl chain protons (peak 2) and choline methyl protons
(peak 5). In the RFDR experiment, a similar overall pattern is
observed. However, there is less of a difference between the acyl
chain crosspeak intensities and other crosspeaks in the 2D spec-
trum. The similarity is best appreciated by comparing the NOESY
and RFDR spectra in Fig. 3.

One motivation for exploring the use of RFDR instead of the 1H
MAS NOESY experiment is to establish the closest intermolecular
contacts between small molecules and lipids. Fig. 8 shows the 2D
1H MAS RFDR spectrum of phenylalanine methyl ester bound to
DMPC:DMPG bilayers. DMPG has a negatively charged lipid head-
group that facilitates binding of the positively charged aromatic
model compound. The RFDR spectrum overall has stronger cros-
speak intensities than the NOESY experiment for the same mixing
time (data not shown). At the top of the 2D spectrum, we present
rows through the aromatic diagonal resonance of the 1H MAS
NOESY (red) and the 1H MAS RFDR (black) spectra. The strong
crosspeaks with the aromatic protons can be assigned to the a-pro-
tons (4.10 ppm), b-protons (3.21/3.08 ppm) and the CH3-protons
(3.53 ppm) of phenylalanine methyl ester on the basis of model
compound chemical shifts and from the loss of the crosspeak at
3.53 ppm when the methyl protons of the methyl ester are substi-
tuted with deuterium (data not shown). The strong CH3 to aro-
matic crosspeak intensity suggests that the methyl group on the
phenylalanine methyl ester bends around and packs on the ring
when the phenylalanine methyl ester binds to membrane bilayers
(see Fig. 8a).
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This comparison illustrates two aspects of the 1H MAS RFDR
experiment. First, there is considerably greater intensity for intramo-
lecular crosspeaks in the RFDR than in the NOESY experiment. Sec-
ond, the intermolecular lipid–protein crosspeaks obtained with a
50 ms mixing time show roughly the same intensity in the two
experiments. For example, the intensity of the crosspeak at
1.3 ppm between the phenylalanine ring proton resonance and lipid
acyl chain resonance (peak 2) is similar in the NOESY and RFDR spec-
tra at 50 ms. The similar intensities indicate that the motion of the
lipids and phenylalanine methyl ester does not enhance the intramo-
lecular correlations at the expense of the intermolecular correlations.

In order to determine if the intensity of the crosspeaks
corresponding to intramolecular contacts in phenylalanine methyl
ester are enhanced in membrane-bound peptides, we extended
these studies to a nine-residue peptide that mimics the effector do-
main of the MARCKS protein. Fig. 9a presents rows of the 2D 1H
MAS NOESY and 1H MAS RFDR spectra of the peptide
Ac-KKKFSFKKK-OMe in fully deuterated DMPC (D67). The pep-
tide-to-lipid molar ratio was 1:20. A comparison of the rows
through the diagonal resonance of the aromatic phenylalanine ring
protons between the 1H MAS NOESY (solid lines) with 1H MAS
RFDR (dashed lines) spectra shows that the intensity of the intra-
molecular crosspeaks between the ring protons and the CaH and
CbH protons of phenylalanine is dramatically enhanced.

In Fig. 9b, we present the row through the diagonal resonance of
the aromatic phenylalanine ring protons at 7.11 ppm of the 1H MAS
RFDR spectrum using the same mixing time of 50 ms. In this case, the
lipids are protonated. There are several striking features of the RFDR
spectrum of Ac-KKKFSFKKK-OMe bound to protonated lipids
compared to the spectrum of phenylalanine methyl ester reconsti-
tuted with lipids in the same fashion. First, crosspeaks arising from
intramolecular transfer do not dominate the spectrum of
Ac-KKKFSFKKK-OMe. We assign the peak at �3.0 ppm to the phen-
ylalanine b-protons and the peak at 4.2 ppm to thea-protons. (These
frequencies match the chemical shifts observed in phenylalanine
methyl ester, although are slightly shifted compared to those
observed in the experiments using deuterated lipids. The origin of
this difference has not been determined.) Second, there is significant
intermolecular exchange between the acyl chain protons (peaks 2
and 3) with the aromatic phenylalanine ring. The observation of
intense crosspeaks to the acyl chain protons indicate that the ring
is inserting into the acyl chain region of the bilayer. The relative
intensities of the a, b and acyl chain crosspeaks compared to those
in phenylalanine methyl ester (see Fig. 8b) suggest that the
Ac-KKKFSFKKK-OMe peptide is more tightly bound and conse-
quently magnetization transfer to the lipids is more efficient.

In Fig. 9c, we present the same row as in Fig. 9b for the 1H MAS
NOESY experiment. The 2D spectrum was obtained with a 300 ms
mixing time. The longer mixing time for the NOESY experiment
provides roughly the same sensitivity as the 50 ms mixing time
for RFDR experiment. In this case, the most intense crosspeak cor-
responds to the lipid acyl chain protons (peak 2 at 1.3 ppm). In con-
trast to the 1H MAS RFDR spectrum, there is observable crosspeak
intensity with all of the other protons in the lipid with approxi-
mately the same intensity. Also, the intramolecular crosspeaks to
the a- and b-carbons of the phenylalanine ring have comparable
intensity to, for example, the choline methyl protons, indicating
that intermolecular magnetization exchange is favored over intra-
molecular exchange.

The difference in the relative intensity of the 1.3 ppm and
1.6 ppm crosspeaks between the 1H MAS NOESY and 1H MAS RFDR
experiments is not due to the difference in mixing time. Fig. 10 pre-
sents the buildup curves for these two resonances in the two exper-
iments. In the RFDR experiment, the 1.6 ppm crosspeak builds up
rapidly in intensity and is greater for all mixing times measured.
The relative intensity is reversed in the 1H MAS NOESY experiment.

In Fig. 10, we present the buildup curves for both the 7.27 ppm
and 7.36 ppm diagonal resonances, which are assigned to the d and
e protons of the phenylalanine ring, respectively, on the basis of
their crosspeak intensities with the b-protons and standard ring
chemical shifts. The more rapid buildup of crosspeak intensity at
1.6 ppm vs. 1.3 ppm for the 7.27 ppm diagonal resonance argues
that the d-protons of the phenylalanine ring are in closer proximity
to the C3 protons than to the C4–C13 protons of the acyl chain.
4. Discussion

The combination of MAS and the NOESY NMR experiment for
measuring 1H...1H through-space correlations provides a high-reso-
lution method for determining the structure and location of small
molecules and peptides in membrane bilayers. We have extended
this technique with the introduction of an RFDR train of pulses
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during the mixing period in order to significantly increase the rate of
magnetization exchange between neighboring protons. The method
enhances the sensitivity at shorter mixing times and increases the
intensity of intramolecular correlations in membrane systems.

The ability to more rapidly drive magnetization exchange
allows one to distinguish the pathways of magnetization transfer
in lipid bilayers. The NOESY experiment favors the intermolecular
magnetization transfer, while the RFDR experiment favors intra-
molecular transfer with neighboring protons. Huster and Gawrisch
have demonstrated that lipid lateral diffusion is the major contrib-
utor to intermolecular relaxation in the 1H MAS NOESY experiment
in membrane bilayers [26,28]. As a result, the crosspeaks corre-
spond to contact probabilities between protons, predominantly
on neighboring lipids. The difference between the 1H MAS NOESY
and RFDR methods is very clearly seen in comparison of the cross-
peaks associated with the diagonal resonance of the choline
methyl protons (peak 5). In the RFDR experiment, the crosspeaks
between the choline methyl and choline methylene resonances
(peaks 6 and 8) are roughly the same intensity and are more
intense than the crosspeaks to any other resonance. The choline
methyl and methylene protons are nearest neighbors. In contrast,
in the NOESY experiment the most intense crosspeak in the row
through the choline methyl diagonal resonance is associated with
the acyl chain protons (peak 2). The observation of the intense
crosspeak between the choline methyl and acyl chain protons
has important implications for bilayer structure and disorder,
which are often not fully appreciated, except through NMR and
MD simulations. In X-ray and deuteron diffraction studies of fluid
membrane bilayers, although the fluid bilayers are disordered,
the terminal methyl group is found to have a relatively narrow
Gaussian distribution about the center of the bilayer [29]. The
apparent discrepancy stems from the ability of the NMR experi-
ments to detect the relatively rare, but close, contacts between
the choline methyl and acyl chain protons.

The observation of the strong intramolecular contacts in phen-
ylalanine methyl ester as seen in Fig. 8 is striking. First, the differ-
ence in the phenylalanine methyl ester crosspeaks indicates that
the NOESY and RFDR experiments provide complementary infor-
mation and together can be used in favorable cases to distinguish
intramolecular and intermolecular contacts. However, more
importantly it indicates that for small molecules bound to mem-
branes, the 1H MAS RFDR experiment provides a method for estab-
lishing small molecule structure. For example, the observation of
the intense crosspeak between the methyl ester protons and the
protons on the aromatic phenylalanine ring corresponds to
through-space magnetization transfer. The intensity argues for a
conformation similar to that shown in Fig. 8a (left) where the
methyl ester is in close proximity to the aromatic ring.

We demonstrate the ability of the 1H MAS RFDR experiment to
characterize the membrane location of sequence motifs comprised
of basic and aromatic amino acids. These motifs occur widely in
transmembrane and membrane-associated proteins. The first strik-
ing comparison is between the 1H MAS NOESY and RFDR spectra of
the Ac-KKKFSFKKK-OMe peptide in deuterated lipids (Fig. 9a). The
1H MAS RFDR experiment results in considerable intensity
between the ring protons and the CaH and CbH protons of phenyl-
alanine compared to the 1H MAS NOESY experiment. The same
enhancement of intramolecular magnetization transfer in the RFDR
experiment was observed for phenylalanine methyl ester (Fig. 8).
The lack of intramolecular magnetization transfer in the 1H MAS
NOESY spectrum reinforces the observation that this experiment
favors intermolecular cross relaxation. Importantly, the strong
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intensity in the intramolecular crosspeaks relative to the intermo-
lecular crosspeaks that was observed for the small phenylalanine
methyl ester model compound in the RFDR experiment is not
observed for the longer Ac-KKKFSFKKK-OMe peptide. This differ-
ence suggests that magnetization transfer is faster from the phen-
ylalanine ring protons to the lipid protons than to the CbH protons
in the Ac-KKKFSFKKK-OMe peptide. In addition, the crosspeak
between the phenylalanine ring protons and the CaH protons is
much less intense than that between the ring protons and the
CbH protons, indicating that magnetization flows toward the lipid
protons rather than remaining within the peptide.

The most intense crosspeak in Fig. 9b corresponds to the meth-
ylene protons on the C3 carbon of the acyl chain. The assignment of
this crosspeak is reinforced by the absence of this peak in the spec-
tra obtained using deuterated lipids (i.e. it must be a aromatic
ring—lipid contact). Intriguingly, the intensity of the crosspeak
associated with the methylene protons on the C2 carbon of the lipid
acyl chain is weak, while the intensity of the crosspeak associated
with the other methylene protons (peak 2) is relatively strong.
These intensities argue for a direct contact between the ring and
the C3H protons, and suggest that there is a lipid conformation that
places the aromatic ring closer to C3H protons than to the C2H pro-
tons. The buildup curves in Fig. 10 indicate that the magnetization
does not rapidly diffuse into the lipid acyl chain protons.
In contrast to the 1H MAS RFDR spectrum, in the 1H MAS NOESY
spectrum the row through the aromatic ring diagonal exhibits
crosspeaks to many of the other resonances in the lipid molecule,
and the most intense crosspeak is with the lipid acyl chain reso-
nance at 1.3 ppm. The spectrum in Fig. 9c was obtained using a
300 ms mixing time. However, the relative crosspeak intensities
do not significantly change as a function of mixing time (Fig. 10).
Long mixing times (>>50 ms) are often used to obtain 1H MAS
NOESY spectra of membrane-bound peptides to increase the inten-
sity of the crosspeaks.

The differences between the NOESY and RFDR experiments pro-
vide insights into how to interpret the crosspeak intensity in terms
of through-space contacts. Crosspeak intensities in the 1H MAS
NOESY experiment are often normalized by the intensity of the
diagonal resonance (i.e. by the number of protons with the same
chemical shift) [27] in order to account for distant (but abundant)
protons contributing to cross relaxation. Normalization of the
NOESY crosspeak intensities in Figs. 10a and c (indicated by dashed
black lines) yields buildup curves for the 1H MAS NOESY experi-
ment that more closely match the trends observed in the 1H MAS
RFDR experiment. For example, the normalized rate of buildup of
the 1.3 ppm crosspeak is now less than the buildup rate for the
1.6 ppm crosspeak in the 1H MAS NOESY experiment. These
comparisons provide support for the idea that distant protons
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can contribute to the NOESY crosspeak intensities. However, the
lack of quantitative agreement for the 7.27 ppm and 7.36 ppm res-
onances suggests the normalization might be different depending
on the depth of the aromatic ring in the bilayer.

The comparisons in Figs. 9 and 10 provide support for the use of
the crosspeak intensities in the RFDR spectrum (without normali-
zation) as a way to measure the closest contacts between protons.
These results suggest that the aromatic rings of phenylalanine in
the Ac-KKKFSFKKK-OMe peptide are inserted at the level of the
C3 carbon of the acyl chain and relatively well localized in the bi-
layer. If this is the case, the increased intensity of the crosspeaks
in the NOESY spectra corresponding to more distant lipid protons
(e.g. peaks 1 and 10 in Figs. 9b and c) suggests that there is a larger
contribution from spin diffusion in the NOESY experiment than in
the RFDR experiment.

Finally, the analysis of the crosspeak intensities indicate that
the aromatic ring of both phenylalanine methyl ester and the
Ac-KKKFSFKKK-OMe peptide are at or below the level of the acyl
chain carbonyls. We are in the process of comparing these results
with those of basic and aromatic peptides containing tryptophan
and tyrosine to address how different aromatic side chains parti-
tion into the lipid bilayer.
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