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Orientation-Dependent 19F Dipolar Couplings within a Trifluoromethyl
Group Are Revealed by Static Multipulse NMR in the Solid State
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The homonuclear dipolar coupling between the three equivalent
19F-spins of a trifluoromethyl group, rotating about its threefold
symmetry axis, was studied by multipulse solid-state NMR. A
modified CPMG sequence was used first to resolve the dipolar
splitting of a powder sample, and then to follow its orientation-
dependence in uniaxially aligned samples. Our aim is to employ
the CF3-group as a highly sensitive reporter to describe the mo-
bility and spacial alignment of 19F-labeled molecules in biomem-
ranes. As an example, the fluorinated anti-inflammatory drug,
ufenamic acid, was embedded as a guest compound in lipid
ilayers. Undistorted 19F dipolar spectra of its CF3-group were

obtained without 1H-decoupling, revealing a sharp triplet line-
shape. When an oriented membrane sample was tilted in the
magnetic field, the change in dipolar splittings confirmed that the
guest molecule is motionally averaged about the membrane nor-
mal, as expected. A different behavior of flufenamic acid, however,
was observed under conditions of low bilayer hydration. From this
set of orientation-dependent lineshapes we conclude that the axis
of motional averaging becomes aligned perpendicular to the sam-
ple normal. It thus appears that flufenamic acid induces a hexag-
onal phase in the membrane at low hydration. Finally, the dipolar
19F NMR experiments were extended to frozen samples, where no
molecular diffusion occurs besides the fast rotation about the
CF3-axis. Also under these conditions, the CPMG experiment with
composite pulses could successfully resolve the dipolar coupling
between the three 19F-nuclei. © 2000 Academic Press

Key Words: three-spin system; oriented membranes; flufenamic
acid; homonuclear dipolar interaction; fluorine CPMG.

INTRODUCTION

Because of its high sensitivity,19F NMR is increasingl
being used to study macromolecules in the solid state1).
Especially in biological systems, where fluorine is not natu
present, background-free selective labeling is possible (2). The
high gyromagnetic ratio of19F gives rise to strong dipol
interactions, which can be exploited to determine specific
structural parameters. For example, REDOR distance mea
ments between an19F label and a neighboring13C or 31P in
frozen enzymes have provided sufficient structural deta

1 To whom correspondence should be addressed. E-mail: ulrich@mo
ni-jena.de.
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allow conclusions about their functional mechanisms (3–6). It
would be highly desirable to make use of the strong19F dipolar
couplings also in uniaxially aligned samples, such as biom
branes or fibers, because the angle-dependence yields
tional information about the orientations of the interac
spins (7–11). To this aim, static NMR experiments need to

pplied, rather than any of the popular dipolar recoup
echniques under magic-angle spinning (MAS) (12, 13). It is
indeed possible to acquire pure dipolar spectra of spin
with the aid of a static Carr–Purcell–Meiboom–Gill (CPM
sequence and related multipulse experiments (14–17). Based
on this approach, we have recently recorded and analyze
orientation-dependence of the dipolar interaction between
19F labels in uniaxially aligned lipid bilayers (18). As a nex
step, we investigate here the homonuclear dipolar coup
within a three-spin system. We illustrate how the pure dip
spectrum of a trifluoromethyl group can be readily obtaine
static multipulse NMR, both in a powder and in orien
samples.

It has been previously demonstrated that the homonucle
polar coupling of a CF3-group does not emerge in a numbe
indirect NMR experiments. Indeed, when19F is used as a depha
ing nucleus in a REDOR experiment, the dipolar interac
within a rotating CF3-group do not have to be taken into acco
(6, 19). This is because the fast rotation of the CF3-group about it
threefold symmetry axis renders the three spins chemically
magnetically equivalent, and their interactions become inho
enous. This situation changes, however, when19F itself is the
observed nucleus. Then, unlike the scalar J-coupling bet
equivalent spins, the homonuclear dipolar interaction is effe
in a rotating CF3-group, and it will produce a triplet in the direc
observed static NMR spectrum.

The dipolar interaction between three spins ofI 5 1
2 has bee

addressed in previous publications in various ways, for e
ple, by observing the refocusing behavior in echo experim
(20–22), as a superimposed oscillation (“slow beat”) of e

mplitudes (23), or by multiple quantum experiments (24–26).
owever, the lineshape of a pure dipolar spectrum has no
een observed experimentally for a three-spin system, t
nowledge.
Here, a CPMG-type experiment is used to obtain pure ho

io.
1090-7807/00 $35.00
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82 GRAGE AND ULRICH
nuclear dipolar spectra, by suppressing the chemical shi
isotropy, the heteronuclear dipolar couplings, and field i
mogenities. The CF3-groups in a nonoriented sample will g
rise to a powder lineshape with three peaks, like that
quadrupolar spin withI 5 3

2. Any molecular motions besid
the rapid CF3-rotation will reduce the width and splitting of t
powder spectrum according to the geometry of averaging
dynamic behavior of a membrane-embedded molecule ca
be described in terms of an order parameter. Furthermor
CF3-group serves as a sensitive probe of segmental orien
in uniaxially aligned samples, such as membranes or fi
Since the dipolar splitting depends on the orientation of
C–CF3 vector with respect to the external magnetic field,

re using the CF3-label to determine the alignment of a gu
molecule in a lipid matrix. Finally, we will show that t
dipolar splitting can be measured even in frozen membran
crystalline samples, without the need for1H-decoupling. Eve
hough fast19F-relaxation and spin diffusion to surround
protons tend to be unfavorable without decoupling, this p
lem is less severe in CF3-groups as long as they retain th
intrinsic mobility.

The nonsteroidal anti-inflammatory drug flufenamic a
(FFA) is used here to illustrate some applications of CF3-labels
in biomembranes. In addition to the trifluoromethyl gro
FFA carries a carboxylic acid group (see Fig. 1). Dependin
its protonation state, the molecule is soluble in either aqu

FIG. 1. (a) The single-pulse19F NMR spectrum (512 scans, 35 k
1H-decoupling) of flufenamic acid (FFA, top left) in DMPC membrane
35°C is dominated by homonuclear dipolar and chemical shift interac
The dipolar splitting ofDFF 5 1.6 kHz is resolved under1H-decoupling. (b
The CPMG sequence (pulse repetition time 60ms, 1024 scans, witho

ecoupling) removes the chemical shift interaction and yields the pure d
pectrum. (c) Replacing the 180° inversion pulses by 90°–180°90°–90° compos-

ite pulses improves the lineshape, and the powder spectrum shows the e
1:2:1 intensity ratio of a three-spin triplet.
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or hydrophobic environments. The behavior of this compo
in lipid bilayers is of pharmacological interest, because
activity of FFA relies on its diffusion across cellular me
branes (e.g., when orally administered) or across the str
corneum (when topically applied). FFA is a potent inhibito
several classes of membrane proteins, e.g., nonselective
channels, certain chloride channels, and the erythrocyte
exchanger band-3 (27–30). FFA has also been shown to p
ent the formation of amyloid fibrils in some neurodegen
ive diseases (31). Furthermore, the anti-inflammatory effect
FA has been attributed to an inhibition of prostaglan
ynthesis by blocking cyclooxygenase (32).

THEORETICAL BACKGROUND

Dipolar Interaction between Three Equivalent Spins

From solution-state NMR, it is well known that the sca
J-coupling within a group of equivalent spins is not prese
the directly acquired spectrum (33, p. 481). Like the J-cou

ling, the dipolar coupling HamiltonianHD among three equiv-
alent spins ofI 5 1

2 commutes with the remaining part of t
Hamiltonian HR (including the chemical shift, heteronucle
couplings, and J-couplings). However, whereas the J-cou
commutes also with the observableI x or I y (or with the initial
spin densityr 0 ; I x or I y), the dipolar interaction does n
commute, even if the spins are equivalent. Hence, for
dipolar interaction among three equivalent spins ofI 5 1

2, the
ependence on the dipolar interactionHD does not vanish i

the observed signal^I x,y& 5 Tr(e2iH R te2iH D tr 0e
iH D teiH R tI x,y).

The pure dipolar spectrum of a rotating CF3-group consist
of a triplet with relative intensities of 1:2:1. This behavio
reminiscent of an axially symmetric, first-order quadrup
spectrum of a nucleus with spinI 5 3

2 (21, 22, 34). The
positions of the outer two lines depend on the angleu between
the C–CF3 axis and the static magnetic field direction acc-
ng to (3 cos2 u 2 1)/2, in the same way as the doublet aris
rom two coupled spins ofI 5 1

2 or from a quadrupolar spin
I 5 1 (18, 35). Since the central line is invariant tou, the
powder spectrum of a CF3-group consists of a Pake doub
with a pronounced center peak. The intrinsic splittingDFF

0

between the central line and either of the 90°-edges o
powder spectrum is given by

D FF
0 5

1

2

3g 2\

r FF
3 . [1]

Here,g is the gyromagnetic ratio of19F, r FF is the internu-
clear 19F–19F distance, and the factor1

2 accounts for the CF3-
group rotation. In the crystal structures of two polymorph
FFA the average internuclear fluorine distances arer FF 5 2.094
Å and r FF 5 2.091 Å, respectively (36, 37). With these dis-
tances, the theoretical dipolar coupling of a CF3-group, which
is rotating about its threefold symmetry axis, isDFF

0 5 8.7 kHz.
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83DIPOLAR COUPLINGS IN CF3-GROUP
Any additional motions of a rotating CF3-group (e.g., lon
axial rotation in a liquid crystal, segmental wobble, or mo
ular diffusion) reduceDFF

0 to a splitting DFF in a powde
spectrum, which is scaled by an order parameterSCF3:

DFF 5 SCF3DFF
0 . [2]

In a liquid crystalline membrane, the lipid molecules
any small guest compounds tend to be motionally aver
around the bilayer normal. In other words, the time-aver
director of such a molecule is usually aligned parallel to
bilayer normal (but see Results and Discussion, below). W
the bilayers are uniformly aligned in an oriented sample
pure dipolar spectrum will consist of three narrow lines.
splitting then depends on the anglea between the macroscop
sample normal and the static magnetic field direction (38):

D FF
oriented~a! 5 DFF z ~3 cos2a 2 1!. [3]

MATERIALS

Lipid Dispersion Sample

A total of 5 mg of flufenamic acid (Sigma) was cosolubiliz
in chloroform or isopropanol with 95 mg of 1,2-dimyristo
sn-glycero-3-phosphocholine (DMPC) from Avanti Polar L
ids (Alabama). After the solvent was evaporated with N2, the
sample was dried under vacuum overnight. The mixture
then hydrated with 100ml Millipore water at a temperatu

bove the lipid phase transition and was homogenized by
reeze–thaw cycles.

riented Sample

A total of 1.2 mg of flufenamic acid was cosolubilized
00 ml isopropanol with 22.8 mg DMPC. Oriented membr
lms were obtained by spreading the solution onto glass c
lips (Marienfeld) with dimensions of 8 mm3 20 mm3 0.07
m. Aliquots of 25ml were distributed over 12 plates, cor

sponding to 2.0 mg of dry material per glass plate. A
evaporation of the solvent, the glass plates were dried u
vacuum overnight. Each plate was then hydrated to satur
by exposing the lipid film to warm steam over boiling wa
(18). The plates were then immediately placed face-down
a base plate to form a stack. The stack was sealed at the
with epoxide glue to prevent the plates from slipping, an
was then wrapped in cling film. After it was placed into ano
plastic bag, the sample was incubated for 24 h at 35°
anneal, and then it was measured immediately.

Samples at Low Hydration

A remarkable change in the NMR-lineshapes and an al
phase behavior were observed in the oriented sample
storage (several months) due to dehydration (see Resul
-
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Discussion). To confirm this interpretation and to reprod
the observed effects, several dispersion samples of
DMPC with well-defined low water contents were prepare
a way similar to that described above. The required amou
water was added to the dry lipid mixture with a 10-ml Hamilton
syringe (39). The resulting samples had total water conten

, 3, 4, 5, or 66 0.5 H2O molecules per DMPC molecule,
the assumption that 1 H2O/DMPC had remained bound to t
lipid even after overnight vacuum. The successive chang
the phase transition temperatures of these samples we
served by31P and19F NMR. From this series of data, it w
concluded that the “low” hydration level of the oriented sam
corresponds to 3.06 0.5 H2O/DMPC. The phase behavior a
NMR data were entirely reproducible under these conditi

METHODS

A Unity Inova widebore 500-MHz NMR spectrometer (V
ian, Palo Alto, CA) was used at a19F-frequency of 470 MHz
supplemented with a19F high-power amplifier (Creative Ele-
tronics, Northridge, CA). The experiments were perform
with a flat-coil (2.5 mm3 9 mm) double-tuned1H/19F probe
(Doty Scientific Inc., Columbia, SC), equipped with a go
ometer to orient the sample at a variable angle. At 3
single-pulse19F spectra were obtained with1H-decoupling a
35 kHz, using band-selective filters (FSY Microwave, Col
bia, SC) as well as band-stop filters (Doty Scientific) for b
1H and 19F. At 260°C we used the quadrupole-echo sequ
with 25-ms delay and 60-kHz1H-decoupling. The 90° puls
length was 2.0–2.5ms, and the acquisition time was 20 m
About 800 transients were acquired with a recycle delay o
A linebroadening of 50 Hz was applied, and spectra w
referenced against CFCl3.

Pure dipolar spectra were acquired with a modified C
Purcell-Meiboom-Gill (CPMG) experiment (15, 18, 40, 41).
Instead of 180° pulses we used composite pulses with
180°90°–90° (42, 43). An xy8 phase cycling scheme was e-

loyed for samples in the liquid crystalline phase at 3
41, 44). To avoid sideband artifacts in the much broa

spectrum at260°C, xy8 phase cycling was omitted there.
mid-to-mid pulse distance in the multipulse train was 30ms if
not stated otherwise. The echo trains had a duration of 50
ms, with a typical duty cycle of about 30%. Between 800
1600 transients were averaged, and no linebroadening
applied to the CPMG spectra.

RESULTS AND DISCUSSION

Dipolar Spectrum of FFA in DMPC

Our aim is to use the19F homonuclear dipolar couplin
within the trifluoromethyl group of flufenamic acid (FFA; s
inset of Fig. 1) to characterize the molecule’s alignment
motional behavior in a lipid bilayer. When the membra
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84 GRAGE AND ULRICH
permeant drug is incorporated at 5 wt% in dimyristoyl-ph
phatidylcholine (DMPC), the fully hydrated sample consist
smooth multilamellar liposomes, as confirmed by freeze
ture electron microscopy (data not shown). Static solid-
19F NMR spectra of nonoriented FFA/DMPC samples w
recorded at 35°C, where the membrane is in the liquid c
talline state. The conventional single-pulse spectrum in Fi
was acquired with1H-decoupling; hence it is dominated by
chemical shift anisotropy (CSA) and homonuclear dipola
teractions. Since the CF3-group is rotating rapidly around
threefold symmetry axis, this makes the three spins equiv
The spectrum can be understood in terms of axially aver
CSA and dipolar tensors that are aligned along the C–CF3 axis.
The lineshape reflects a CSA powder pattern of about 12
width, centered around an isotropic chemical shift at262 ppm
Additionally, each position of the CSA (corresponding t
certain angleu) is subject to an orientation-dependent dip
plitting that is proportional to (3 cos2u 2 1)/2. The prominen

triplet with a peak-to-peak splitting ofDFF ' 1.6 kHz thus
epresents the19F–19F dipolar coupling at the 90°-edges of
owder spectrum. This splitting is less than the static valu
FF
0 5 8.7 kHz for a CF3-group rotating only about its threefo

axis (Eq. [1]). Hence the reduced coupling is attributed to s
further motional averaging of the FFA molecule in DMPC,
the same averaging also applies to the19F CSA. Using the
concept of an order parameter, this means that the di
splitting and the CSA are both reduced by the factorSCF3 '
0.18.

The pure dipolar19F NMR spectrum of FFA in DMPC (a
35°C) without any contribution from the CSA is shown in F
1b. It was acquired using the CPMG sequence, modified
a compensating xy8-phase cycling scheme. The effect o
multipulse train is to refocus the chemical shift and het
nuclear dipolar interactions, as well as the magnetic
inhomogeneities, and there is no need for1H-decoupling. Eve
though the xy8-phase cycling is known to improve the b
CPMG experiment (18, 44), the spectrum in Fig. 1b still suffe
from distortions due to pulse imperfections. The dipolar l
shape could be further improved by applying composite8x–

808y–908x inversion pulses, instead of the simple 1808y pulses
The increased excitation profile of the composite pulses
to reduce offset-effects, which otherwise tend to accumula
multipulse spectra of19F due to the comparatively wide che-
ical shift range.

The dipolar spectrum in Fig. 1c exhibits a sharp axi
symmetric powder pattern, as expected for three equiv
spins ofI 5 1

2. The integrated intensities of the three com
nents possess the correct ratio of 1:2:1, as shown b
integral in Fig. 1c. The dipolar splitting at 35°C isDFF 5 1.5
Hz, in good agreement with the value obtained from
orresponding single-pulse spectrum in Fig. 1a. Note tha
ntense central component is a genuine feature of the lines
ather than an artifact as sometimes observed for static CP
ype spectra at high field. Unlike the outer two componen
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he triplet, which display the characteristic orientation-de
ence of a Pake pattern, the central component is invaria

he angleu.

Scaling Behavior

The widths of the dipolar spectra in Fig. 1 have been sc
to compensate for the finite pulse widths of the multip
sequence. These data and all following dipolar spectra
shown to reflect the true dipolar frequencies. The scaling f
for the CPMG experiment with composite pulses was d
mined experimentally by acquiring a series of spectra
varying duty cycle D (pulse repetition times between 30
140ms) (40). The dipolar coupling of FFA stays constant o
a broad temperature range in the gel phase of DMPC b
23°C. Therefore, spectra were recorded at 15°C to ensur
any potential differences in sample heating at different
cycles did not affect the dipolar splitting. Figure 2 shows
measured dipolar splittingsDFF

obs(D) as a function of the du
cycle D. The scaling factorl 5 DFF

obs(D)/DFF
obs(0) follows a

linear dependence onD, even up to fairly large values ofD '
0%, with a slope of 1.10. This slope is used for scaling

he other CPMG spectra under different conditions. Extr
ation of DFF

obs(D) to D 5 0 yields the corrected value for t
dipolar spitting at 15°C ofDFF 5 1.53 kHz.

FFA in Oriented Membranes

Information about the alignment of a labeled segment
membrane can be derived from its dipolar splitting in
oriented sample.

Figure 3 shows conventional19F NMR spectra (on the lef
and multipulse spectra (on the right) of FFA in oriented DM
membranes (5% w/w), acquired at various tilt anglesa be-
tween the sample normal and the magnetic field. In the
series of spectra the chemical shift and the dipolar splittin
the triplet change with the factor (3 cos2a 2 1) (Eq. [3]). This
behavior is in accordance with the expected alignment o
molecule’s director axis parallel to the sample normal.
dipolar spectra on the right-hand side show the same an

FIG. 2. The directly observed, unscaled dipolar splittingDFF
obs(D) depend

linearly on the duty cycleD of the multipulse train, with a slope of 1.10z
DFF

obs(0). Extrapolation toD 5 0 yields the true dipolar coupling ofDFF 5 1.53
Hz.
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85DIPOLAR COUPLINGS IN CF3-GROUP
dependence, albeit at a much better resolution and wi
being affected by the CSA. While the conventional1H-de-
coupled19F-wideline spectra suffer from magnetic field in-
mogeneity, giving linewidths between 400 and 1000 Hz, the
narrowed by the CPMG sequence to around 50 to 150 Hz
without 1H-decoupling. This considerable resolution enhance
is readily visualized by referring to Fig. 3g, where a misalignm
of the sample by about 1° off the magic angle gives rise to a
splitting of 100 Hz that is easily resolved by CPMG.

Having confirmed the expected alignment of the molecu
long axis in the bilayer, additional information is access
from the size of the dipolar coupling. We note that the split
in the oriented system is about 20% larger than in the c
sponding nonoriented sample, probably due to a lack of bi
undulations in the former, as has been previously observ
oriented samples between glass plates (18). Nonetheless, th
plittings of the single-pulse spectra agree well with the CP
ata. At an alignment ofa 5 90° the splitting isDFF 5 1.9 kHz,
nd ata 5 0° it is twice this value (3.8 kHz).

Hexagonal Lipid Phase Induced by FFA at Low Hydratio

Besides illustrating nicely the orientation-dependence o
dipolar interaction, the use of oriented samples provide
with intrinsically new information about samples of FFA
low hydration. Specifically, it was observed that the dire
axis alignment deviates from the “trivial” orientation along
sample normal. The dipolar spectra of an oriented sample
a water/lipid molar ratio of 3/1 are shown in Figs. 4a–4d.
sample alignment ofa 5 0°, the lineshape consists of a trip
(Fig. 4a), which is consistent with a unique angle between
time-averaged director axis of FFA and the macroscopic
ple normal. However, upon tilting the sample away froma 5
0° the lineshapes become broad and more complex (

FIG. 3. Uniaxially oriented membranes (5% FFA in DMPC, fully h
drated) were measured at different sample orientationsa, using single-puls
19F NMR (a–d) and CPMG experiments (e–h). In both series of spectr
ipolar splittingDFF varies according to (3 cos2a 2 1)/2, as expected for a

alignment of the FFA director parallel to the sample normal. The resol
enhancement by CPMG is about one order of magnitude.
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4b–4d). These data indicate that the director orientation
FFA are distributed over a distinct range of angles with res
to the magnetic field, meaning that they are no longer ali
parallel to the macroscopic sample normal.

To determine the angle between the time-averaged
director and the macroscopic sample normal, the experim
spectra (Figs. 4a–4d) can be analyzed by simulation.
best-fit lineshapes are shown in Figs. 4e–4h. They corres
to the situation where the time-averaged director axes
uniformly distributed within the plane of the sample, i
radially and at a right angle around the macroscopic sa
normal. The lineshapesP(n) for a planar distribution of direc
tors in a sample, tilted at an anglea, are calculated accordin
to (7–11, 38)

P~n! 5 Q@~n/DFF 1 1!~2n/DFF 1 ~3 sin2a 2 1!!#P1~n!

1 Q@~2n/DFF 1 1!~n/DFF 1 ~3 sin2a 2 1!!# 3 P2~n!

1
1

2
d~n! [4]

with

P6~n! 5
1

2pn0

1

Î~6n/DFF 1 1!~7n/DFF 1 ~3 sin2a 2 1!!

[5]

andQ[ x] 5 1 or 0 for positive or negativex, respectively. A
residual dipolar coupling ofDFF 5 320 Hz and a Lorenzia
linebroadening of 100 Hz were used to simulate the dip
spectra in Figs. 4e–4h.

The unusual dipolar lineshapes in Fig. 4 can be explaine

he

n

FIG. 4. The angle-dependent dipolar spectra of the oriented sample
hydration are different from those at full hydration (cf. Figs. 3e–3h).
observed lineshapes (a–d) are well reproduced by simulation (e–h, split
320 Hz, linebroadening by 100 Hz), assuming a radial distribution of dir
axes. Hence, FFA is motional averaged by rotation around an axis that
a right angle to the macroscopic sample normal.
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86 GRAGE AND ULRICH
a hexagonal morphology of the lipid system, induced by
at low levels of hydration, as illustrated in Fig. 5. Part of
lipids seem to assemble with the FFA molecules in tube
cylindrical structures, which are packed in a hexagonal la
Motional averaging of the molecules by rapid diffusion aro
the cylinders causes the FFA director to point along the
inder axis. In the oriented sample, the cylinders are orie
within the plane of the glass plates with a local hexag
packing but lacking any long-range translational order.
picture is fully supported by a series of31P NMR spectra of th
phospholipids and by electron microscopy images of no
ented samples containing FFA (45).

An inverted hexagonal phase, HII , is common for a range
phospholipids, depending on the water content and tempe
of the sample. Nevertheless, since an HII phase is usual
associated with a small lipid headgroup, it would not have
expected to occur in DMPC, even at low hydration. Hence
presence of 5% FFA induces a significant change in the
chain packing, which favors the formation of hexagonal st
tures at low hydration. Whether this effect has any pharm
logical relevance for the activity of FFA in a cell membra
remains open to speculation.

At low water content, the CF3-group on FFA shows
significantly smaller splitting than in the fully hydrated sa
ples, even when the additional spectral narrowing by a fact
1
2 due to the cylindrical averaging is taken into account.
smaller value is therefore attributed to a higher degre
wobbling or, more likely, to a change in the orientation

FIG. 5. A different behavior of FFA in DMPC is observed at differ
levels of hydration. (a) At full hydration the guest molecule rotates abo
axis parallel to the membrane normal, as expected for a liquid cryst
bilayer. (b) At low water content, on the other hand, FFA induces a hexa
morphology in DMPC, where it is averaged around an axis parallel t
planar solid support.
A
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localization of FFA with respect to the lipid chains and he
groups.

We note that the standard single-pulse spectra of FF
DMPC at low hydration did not reveal any orientation-dep
dence, as they consisted of a broad (3 ppm) featureless
all sample orientations (data not shown). Only after the
matic simplification and resolution enhancement by the CP
multipulse sequence did the residual dipolar interaction
come apparent. Without the combined use of oriented sam
and CPMG, it would not have been possible to observe
interpret the morphological transition induced by FFA
DMPC.

FFA in Frozen Membranes

The previous spectra were acquired at 35°C, where
DMPC bilayer is in the liquid crystalline phase and allow
high mobility of the FFA guest molecules. It is usually m
difficult to acquire CPMG spectra of fluorinated compound
less mobile sites because the relaxation times and ran
frequencies are less favorable when no motional avera
occurs. However, the intrinsic CF3-rotation facilitates studie
even under conditions where the molecule itself is imm
lized, such as in frozen or crystalline samples. Figure 6 s
19F NMR spectra of FFA in DMPC membranes at260°C.

ssentially the same splitting is also observed in crysta
FA (data not shown). These wideline spectra have a wid
ver 100 ppm, since the dipolar coupling and chemical
ispersion are no longer subject to motional averaging be

he CF3-rotation. For the conventional spectra (Figs. 6a and
high-power1H-decoupling was essential to resolve the dip
splittings ofDFF ' 8 kHz. The CPMG experiment with com-
posite pulses (Fig. 6c), on the other hand, is able to sup
the chemical shift interaction and the heteronuclear19F–1H

n
e
al
e

FIG. 6. The molecular diffusion of FFA in DMPC is frozen out at260°C,
but the CF3-group is still engaged in fast rotation. The conventional19F NMR
pectrum (a) is extensively broadened by the CSA and strong dipola
lings; hence (b)1H-decoupling (60 kHz) is needed to resolve the dip

splitting ofDFF 5 8.0 kHz. The pure dipolar spectrum (c) is resolved by CP
multipulse narrowing without1H-decoupling.



htl
e
the

ng
em
e
mo
con
te.
ut
ob
ho

ully
h

ha
at
ed

a
fl thi
p
D th
m

ol
t d
t de
l th
l ed
s acr
s qu
c th
a ple
b llus
t mo
t
i

sio
wa
ua

1

1

1

1

87DIPOLAR COUPLINGS IN CF3-GROUP
coupling per se. The dipolar powder spectrum is still slig
broadened, but the splittings and the expected lineshap
clearly visible. The dipolar coupling of 8 kHz is close to
limiting value expected from the crystal structure of FFA (DFF

0

5 8.7 kHz).

CONCLUSIONS

The CF3-group is a highly sensitive NMR label for studyi
the structure and dynamics of guest molecules in biom
branes. Fast rotation around the CF3-axis renders the thre
spins chemically and magnetically equivalent. The ho
nuclear dipolar coupling and the CSA both contribute to
ventional 1H-decoupled19F NMR spectra in the solid sta
Powder samples produce relatively complex lineshapes, b
uniaxially aligned membranes a simple 1:2:1 triplet is
served, whose position varies according to the CSA and w
dipole splitting, too, changes with the sample orientation.

Using a CPMG-type experiment, the CSA can be f
suppressed and the pure dipolar spectrum extracted. We
improved the basic multipulse sequence with an xy8 p
cycle and composite 908x–1808y–908x inversion pulses, so th
there was no need for1H-decoupling. We have measur

ccurately the19F–19F dipolar splitting within the CF3-group on
ufenamic acid (FFA) under various conditions. When
harmacologically active compound is embedded at 5%
MPC, the dipolar splitting of the powder spectrum reveals
otional averaging of FFA in the lipid membrane.
In combination with oriented samples, a remarkable res

ion enhancement by an order of magnitude was achieve
he multipulse narrowing. Furthermore, the angle-depen
ineshapes of FFA revealed two distinct morphologies in
ipid under different levels of hydration. In the fully hydrat
ample the molecule is motionally averaged about the m
copic sample normal, as expected for uniaxially aligned li
rystalline bilayers. At low hydration, on the other hand,
xis of averaging is flipped into the plane of the sam
eing indicative of a hexagonal phase. Finally, we have i

rated that even in immobilized molecules the favorable
ional properties of the CF3-group facilitate multipulse narrow-
ng.
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