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The homonuclear dipolar coupling between the three equivalent
YF-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 CF;-group as a highly sensitive reporter to describe the mo-
bility and spacial alignment of “F-labeled molecules in biomem-
branes. As an example, the fluorinated anti-inflammatory drug,
flufenamic acid, was embedded as a guest compound in lipid
bilayers. Undistorted F dipolar spectra of its CF,-group were
obtained without *H-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
F NMR experiments were extended to frozen samples, where no
molecular diffusion occurs besides the fast rotation about the
CF;-axis. Also under these conditions, the CPMG experiment with
composite pulses could successfully resolve the dipolar coupling
between the three F-nuclei. © 2000 Academic Press

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

INTRODUCTION

Because of its high sensitivity;’F NMR is increasingly

allow conclusions about their functional mechanis®s6). It
would be highly desirable to make use of the strétigdipolar
couplings also in uniaxially aligned samples, such as biomen
branes or fibers, because the angle-dependence yields ac
tional information about the orientations of the interacting
spins {—11). To this aim, static NMR experiments need to be
applied, rather than any of the popular dipolar recouplin
techniques under magic-angle spinning (MA%2,(13. It is
indeed possible to acquire pure dipolar spectra of spin pail
with the aid of a static Carr—Purcell-Meiboom-Gill (CPMG)
sequence and related multipulse experimebts—(17. Based
on this approach, we have recently recorded and analyzed t
orientation-dependence of the dipolar interaction between tw
F labels in uniaxially aligned lipid bilayerslg). As a next
step, we investigate here the homonuclear dipolar coupling
within a three-spin system. We illustrate how the pure dipola
spectrum of a trifluoromethyl group can be readily obtained b
static multipulse NMR, both in a powder and in oriented
samples.

It has been previously demonstrated that the homonuclear c
polar coupling of a CEkgroup does not emerge in a number of
indirect NMR experiments. Indeed, wh&f is used as a dephas-
ing nucleus in a REDOR experiment, the dipolar interaction:
within a rotating Ck-group do not have to be taken into account
(6, 19. This is because the fast rotation of the,&ffoup about its
threefold symmetry axis renders the three spins chemically ar
magnetically equivalent, and their interactions become inhomog
enous. This situation changes, however, whighitself is the
observed nucleus. Then, unlike the scalar J-coupling betwe:
equivalent spins, the homonuclear dipolar interaction is effectiv

being used to study macromolecules in the solid staje (inarotating CE-group, and it will produce a triplet in the directly

Especially in biological systems, where fluorine is not natural
present, background-free selective labeling is possit)leThe
high gyromagnetic ratio of°F gives rise to strong dipolar
interactions, which can be exploited to determine specific lodd
structural parameters. For example, REDOR distance meas

ments between afF label and a neighboring’C or *P in

@pserved static NMR spectrum.

The dipolar interaction between three sping ef 5 has been
addressed in previous publications in various ways, for exan
g, by observing the refocusing behavior in echo experiment

)—22, as a superimposed oscillation (“slow beat”) of echo
amplitudes 23), or by multiple quantum experiment24—269.

frozen enzymes have provided sufficient structural details #PWever, the lineshape of a pure dipolar spectrum has not y

been observed experimentally for a three-spin system, to ol

1 To whom correspondence should be addressed. E-mail: ulich@moletfi®iowledge.

uni-jena.de.

Here, a CPMG-type experiment is used to obtain pure homc
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T or hydrophobic environments. The behavior of this compoun
in lipid bilayers is of pharmacological interest, because the
activity of FFA relies on its diffusion across cellular mem-
branes (e.g., when orally administered) or across the stratu
corneum (when topically applied). FFA is a potent inhibitor of
several classes of membrane proteins, e.g., nonselective cat
channels, certain chloride channels, and the erythrocyte ani
exchanger band-327-30Q. FFA has also been shown to pre-
vent the formation of amyloid fibrils in some neurodegenera
tive diseases3(). Furthermore, the anti-inflammatory effect of
Am: FFA has been attributed to an inhibition of prostaglandir
synthesis by blocking cyclooxygenas#®).
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THEORETICAL BACKGROUND

Dipolar Interaction between Three Equivalent Spins

From solution-state NMR, it is well known that the scalar
-40 -50 -60 -70 ppm 4 2 0 -2 kHz J-coupling within a group of equivalent spins is not present ir
) 0 the directly acquired spectrun83, p. 481). Like the J-cou-
FIG. 1. (a) The single-pulsé’ NMR spectrum (512 scans, 35 kHz ling, the dipolar coupling Hamiltoniald ; among three equiv
"H-decoupling) of flufenamic acid (FFA, top left) in DMPC membranes &'N9. - p ] pling - D : g a
35°C is dominated by homonuclear dipolar and chemical shift interactiorlent spins o = 3 commutes with the remaining part of the
The dipolar splitting ofA. = 1.6 kHz is resolved undeH-decoupling. (b)) HamiltonianH (including the chemical shift, heteronuclear
The CPMG sequence (pulse repetition time @6, 1024 scans, without couplings, and J-couplings). However, whereas the J-couplir
decoupling) removes the chemical shift interaction and yields the pure dipo@dmmutes also with the observalleor I, (or with the initial
spectrum. (c) Replacing the 180° inversion pulses by 90%;480° compos in densit ~ 1, 0orly), the dipolar yinteraction does not
ite pulses improves the lineshape, and the powder spectrum shows the expe%@Q YPo X v/ p )
1:2:1 intensity ratio of a three-spin triplet. commute, even if the spins are equivalent. Hence, for th
dipolar interaction among three equivalent sping ef 3, the
nuclear dipolar spectra, by suppressing the chemical shift dependence on the dipolar interactidi does not vanish in
b P » DY Supp 9 ihe observed signdl,,) = Tr(e "®e "rtpeMote™ 1, ).

isotropy, the heteronuclear dipolar couplings, and field inho- . . .

- . . L The pure dipolar spectrum of a rotating £droup consists
mogenities. The CFgroups in a nonoriented sample will give . . N i . . o
. . . . of a triplet with relative intensities of 1:2:1. This behavior is
rise to a powder lineshape with three peaks, like that of a

quadrupolar spin with = . Any molecular motions besidesrem|n|scent of an axially symmetric, first-order quadrupolar

i ih — 3
the rapid Ck-rotation will reduce the width and splitting of thespe_c_trum of a nucleus W'th spih 2 (21,22,35. The
. . gsitions of the outer two lines depend on the artigheetween
powder spectrum according to the geometry of averaging. The . : o RN
. . he C—CF axis and the static magnetic field direction aceord
dynamic behavior of a membrane-embedded molecule can thus . .
. . to (3 cod 6 — 1)/2, in the same way as the doublet arising
be described in terms of an order parameter. Furthermore, : T .
- . rom two coupled spins df = 3 or from a quadrupolar spin of
CF;-group serves as a sensitive probe of segmental orientatjon . R !
. . . : = 1 (18, 35. Since the central line is invariant # the
in uniaxially aligned samples, such as membranes or fibers. :
. . o . : owder spectrum of a GFgroup consists of a Pake doublet
Since the dipolar splitting depends on the orientation of the N o
with a pronounced center peak. The intrinsic splitting

C—CF3.vector with respect to th? externall magnetic field, w etween the central line and either of the 90°-edges of th
are using the CFlabel to determine the alignment of a gues

molecule in a lipid matrix. Finally, we will show that theIOOWder spectrum is given by

dipolar splitting can be measured even in frozen membranes or 5

crystalline samples, without the need fét-decoupling. Even AQ — } M 1]

though fast'*F-relaxation and spin diffusion to surrounding 2 ok

protons tend to be unfavorable without decoupling, this prob-

lem is less severe in GHroups as long as they retain their Here,y is the gyromagnetic ratio ofF, r - is the internu

intrinsic mobility. clear F-°F distance, and the factéraccounts for the CF
The nonsteroidal anti-inflammatory drug flufenamic acigroup rotation. In the crystal structures of two polymorphs of

(FFA) is used here to illustrate some applications of-GZbels FFA the average internuclear fluorine distances are- 2.094

in biomembranes. In addition to the trifluoromethyl groupd andr. = 2.091 A, respectively36, 37. With these dis

FFA carries a carboxylic acid group (see Fig. 1). Depending ¢ences, the theoretical dipolar coupling of a;&ffoup, which

its protonation state, the molecule is soluble in either aquedasotating about its threefold symmetry axisAig = 8.7 kHz.
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Any additional motions of a rotating Gkgroup (e.g., long Discussion). To confirm this interpretation and to reproduct
axial rotation in a liquid crystal, segmental wobble, or moledhe observed effects, several dispersion samples of FF/
ular diffusion) reduceA?- to a splitting A= in a powder DMPC with well-defined low water contents were prepared ir

spectrum, which is scaled by an order paramé&tex. a way similar to that described above. The required amount ¢
water was added to the dry lipid mixture with a lDHamilton
Arr = SerA 2 2] syringe B9). The resulting samples had total water contents o

2, 3, 4,5, or 6+ 0.5 H,0 molecules per DMPC molecule, on
In a liquid crystalline membrane, the lipid molecules and'® @ssumption that 1/DMPC had remained bound to the

any small guest compounds tend to be motionally averaglé‘ad even after o_yernight vacuum. The successive changes
around the bilayer normal. In other words, the time-averagldf Phase transition temperatures of these samples were ¢
director of such a molecule is usually aligned parallel to tH£TVed by*P and*F NMR. From this series of data, it was

bilayer normal (but see Results and Discussion, below). whEgncluded that the “low” hydration level of the oriented sample
the bilayers are uniformly aligned in an oriented sample, tf@"reésponds to 3.& 0.5 H,O/DMPC. The phase behavior and

pure dipolar spectrum will consist of three narrow lines. THYVR data were entirely reproducible under these conditions

splitting then depends on the angléetween the macroscopic
sample normal and the static magnetic field directi®®):( METHODS

A% o) = Are- (3 cofa — 1). 3 A Unity Inova widebore 500-MHz NMR spectrometer (Var-
ian, Palo Alto, CA) was used at'aF-frequency of 470 MHz,
supplemented with &F high-power amplifier (Creative Elec
tronics, Northridge, CA). The experiments were performec
with a flat-coil (2.5 mmx 9 mm) double-tunedH/*F probe
(Doty Scientific Inc., Columbia, SC), equipped with a goni-
Atotal of 5 mg of flufenamic acid (Sigma) was cosolubilizedmeter to orient the sample at a variable angle. At 35°C
in chloroform or isopropanol with 95 mg of 1,2-dimyristoyl-single-pulse'°F spectra were obtained withi-decoupling at
sn-glycero-3-phosphocholine (DMPC) from Avanti Polar Lip-35 kHz, using band-selective filters (FSY Microwave, Colum-
ids (Alabama). After the solvent was evaporated with tde bia, SC) as well as band-stop filters (Doty Scientific) for botr
sample was dried under vacuum overnight. The mixture wég and*F. At —60°C we used the quadrupole-echo sequenc
then hydrated with 10Qul Millipore water at a temperature with 25-us delay and 60-kHZH-decoupling. The 90° pulse
above the lipid phase transition and was homogenized by fiktigth was 2.0-2.5us, and the acquisition time was 20 ms.

MATERIALS

Lipid Dispersion Sample

freeze—thaw cycles. About 800 transients were acquired with a recycle delay of 3 ¢
_ A linebroadening of 50 Hz was applied, and spectra wer
Oriented Sample referenced against CFCI

A total of 1.2 mg of flufenamic acid was cosolubilized in_ Puré dipolar spectra were acquired with a modified Carr

300 wl isopropanol with 22.8 mg DMPC. Oriented membrang Urcell-Meiboom-Gill (CPMG) experiment1b, 18, 40, 41
films were obtained by spreading the solution onto glass coJggtead of 180° pulses we used composite pulses with 90°
slips (Marienfeld) with dimensions of 8 mix 20 mmx 0.07 180—90° @2,43. An xy8 phase cycling scheme was em
mm. Aliquots of 25ul were distributed over 12 plates, correPloyed for samples in the liquid crystaliine phase at 35°C
sponding to 2.0 mg of dry material per glass plate. Aftdfl, 44. To avoid sideband art|fe_1cts in the_much broadel
evaporation of the solvent, the glass plates were dried unG8ECtrum at-60°C, xy8 phase cycling was omitted there. The
vacuum overnight. Each plate was then hydrated to saturatf@{fl-to-mid pulse distance in the multipulse train wasy30if

by exposing the lipid film to warm steam over boiling watefot sta_lted oth(_arW|se. The echo trains had a duration of 50—1(
(18). The plates were then immediately placed face-down orfigs: With a typical duty cycle of about 30%. Between 800 ant
a base plate to form a stack. The stack was sealed at the edi transients were averaged, and no linebroadening w
with epoxide glue to prevent the plates from slipping, and {PPlied to the CPMG spectra.

was then wrapped in cling film. After it was placed into another

plastic bag, the sample was incubated for 24 h at 35°C to RESULTS AND DISCUSSION

anneal, and then it was measured immediately.
Dipolar Spectrum of FFA in DMPC

Samples at Low Hydration Our aim is to use thé’F homonuclear dipolar coupling

A remarkable change in the NMR-lineshapes and an alterthin the trifluoromethyl group of flufenamic acid (FFA; see
phase behavior were observed in the oriented sample afteset of Fig. 1) to characterize the molecule’s alignment an
storage (several months) due to dehydration (see Results emational behavior in a lipid bilayer. When the membrane-
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permeant drug is incorporated at 5 wt% in dimyristoyl-phos- 1.6
phatidylcholine (DMPC), the fully hydrated sample consists of

smooth multilamellar liposomes, as confirmed by freeze frac-

ture electron microscopy (data not shown). Static solid-state I
“F NMR spectra of nonoriented FFA/DMPC samples were ;
recorded at 35°C, where the membrane is in the liquid crys- °<;¢
talline state. The conventional single-pulse spectrum in Fig. 1a

was acquired withH-decoupling; hence it is dominated by the 1.0 : : : :
chemical shift anisotropy (CSA) and homonuclear dipolar in- 0.00 0.10 5 0.20

teractions. Since the GHroup is rotating rapidly around its

threefold symmetry axis, this makes the three spins equivalenf;!G- 2. The directly observed, unscaled dipolar splittitg (D) depends
The spectrum can be understood in terms of axially averagisg2 on the Id”.ty cycld of .thle mﬁ'“p”'se .”a:”' with Ia slope of 1.0
CSA and dipolar tensors that are aligned along the G-a@B. |y}, 0)- Extrapolation 1 = 0 yields the true dipolar coupling df- = 1.53
The lineshape reflects a CSA powder pattern of about 12 ppm

width, centered around an isotropic chemical shift&2 ppm.

Additionally, each position of the CSA (corresponding 10 ge triplet, which display the characteristic orientation-depen

certain anglef) is subject to an orientation-dependent dipolgfience of a Pake pattern, the central component is invariant
splitting that is proportional to (3 c68 — 1)/2. The prominent the angles.

triplet with a peak-to-peak splitting oA ~ 1.6 kHz thus
represents th&€F—"°F dipolar coupling at the 90°-edges of thescaling Behavior

powder spectrum. This splitting is less than the static value of ) ) o
0. = 8.7 kHz for a CR-group rotating only about its threefold The widths of the dipolar spectra in Fig. 1 have been scale

axis (Eq. [1]). Hence the reduced coupling is attributed to sorffz cOmpensate for the finite pulse widths of the multipulse
further motional averaging of the FFA molecule in DMPC, angéduénce. These data and all following dipolar spectra ai
the same averaging also applies to fie CSA. Using the shown to reflect the true dipolar frequencies. The scaling factc
concept of an order parameter, this means that the dipol@f the CPMG experiment with composite pulses was detel

splitting and the CSA are both reduced by the fadgs, ~ mined experimentally by acquiring a series of spectra witt
0.18. varying duty cycle D (pulse repetition times between 30 anc

The pure dipolar®F NMR spectrum of FFA in DMPC (at 140 us) (40). The dipolar coupling of FFA stays constant over

35°C) without any contribution from the CSA is shown in Fig® Proad temperature range in the gel phase of DMPC belo

1b. It was acquired using the CPMG sequence, modified wits C. Therefore, spectra were recorded at 15°C to ensure tf

a compensating xy8-phase cycling scheme. The effect of @/ Potential differences in sample heating at different dut
multipulse train is to refocus the chemical shift and heterGY¢les did not affect the dipolar splitting. Figure 2 shows the

H e obs; H
nuclear dipolar interactions, as well as the magnetic fiefggasured dipolar splittingse=(D) as a function of the duty

inhomogeneities, and there is no need“ardecoupling. Even ccle D. The scaling facton = AR(D)/Az{(0) follows a
though the xy8-phase cycling is known to improve the basifi€ar dependence dn, even up to fairly large values @ ~
CPMG experimenti8, 44, the spectrum in Fig. 1b stil suffers 30%, with a slope of 1.10. This slgpe is used f_o_r scaling alsc
from distortions due to pulse imperfections. The dipolar lindh€ other OCbSPMG spectra under different conditions. Extrapc
shape could be further improved by applying composit‘éQO'@t'on of A.FF_(D) to D°= 0 yields the corrected value for the
18G9, inversion pulses, instead of the simple {g@ises. diPolar spitting at 15°C of\r: = 1.53 kHz.
The increased excitation pr.oﬁle of thg composite pulses hell;__JEA in Oriented Membranes
to reduce offset-effects, which otherwise tend to accumulate’in
multipulse spectra of’F due to the comparatively wide chem  Information about the alignment of a labeled segment in .
ical shift range. membrane can be derived from its dipolar splitting in an
The dipolar spectrum in Fig. 1c exhibits a sharp axiallgriented sample.
symmetric powder pattern, as expected for three equivalenfFigure 3 shows conventiondF NMR spectra (on the left)
spins ofl = 3. The integrated intensities of the three compaand multipulse spectra (on the right) of FFA in oriented DMPC
nents possess the correct ratio of 1:2:1, as shown by tiembranes (5% w/w), acquired at various tilt angle®e-
integral in Fig. 1c. The dipolar splitting at 35°C 4+ = 1.5 tween the sample normal and the magnetic field. In the lef
kHz, in good agreement with the value obtained from theeries of spectra the chemical shift and the dipolar splitting ©
corresponding single-pulse spectrum in Fig. 1a. Note that ttke triplet change with the factor (3 des— 1) (Eq. [3]). This
intense central component is a genuine feature of the lineshapehavior is in accordance with the expected alignment of th
rather than an artifact as sometimes observed for static CPM@elecule’s director axis parallel to the sample normal. The
type spectra at high field. Unlike the outer two components dipolar spectra on the right-hand side show the same angul
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T 4b—4d). These data indicate that the director orientations
FFA are distributed over a distinct range of angles with respec
A to the magnetic field, meaning that they are no longer aligne
a % parallel to the macroscopic sample normal.
435 To determine the angle between the time-averaged FF
b \\< director and the macroscopic sample normal, the experiment
spectra (Figs. 4a—4d) can be analyzed by simulation. Tt
4547 best-fit lineshapes are shown in Figs. 4e—4h. They correspol

to the situation where the time-averaged director axes al
s uniformly distributed within the plane of the sample, i.e.,

d m&o radially and at a right angle around the macroscopic samp
bkl sl Lkt L Bkl e ks AR [T normal. The lineshapd®(v) for a planar distribution of direc-
-40 -50 -60 -70 ppm 4 2 0 -2 kHz  {orsinasample, tilted at an angle are calculated according
FIG. 3. Uniaxially oriented membranes (5% FFA in DMPC, fully hy-to (7—11, 3§

drated) were measured at different sample orientatignssing single-pulse

0 ; ;

dipolar spIting e varcs aceordng (0 (3 38 — 112, as expected or an P (Y) = @A + D(=v/Are + (3 sirfa — 1)IP. ()

alignment of the FFA director parallel to the sample normal. The resolution + @[(—v/Ag+ 1)(v/Age + (3 sinfa — 1)] X P_(v)

enhancement by CPMG is about one order of magnitude.

28 [

dependence, albeit at a much better resolution and without

being affected by the CSA. While the conventioribd-de-  with

coupled*F-wideline spectra suffer from magnetic field inho

mogeneity, giving linewidths between 400 and 1000 Hz, they arerP ) 1 1

narrowed by the CPMG sequence to around 50 to 150 Hz everT =\V) = I+ — T2
without "H-decoupling. This considerable resolution enhancement 2o Ve + D(FvlAee + (3 sima = 1)

is readily visualized by referring to Fig. 3g, where a misalignment (5]
of the sample by about 1° off the magic angle gives rise to a small
splitting of 100 Hz that is easily resolved by CPMG. and®[ x] = 1 or 0O for positive or negative, respectively. A

Having confirmed the expected alignment of the moleculergsidual dipolar coupling oA = 320 Hz and a Lorenzian
long axis in the bilayer, additional information is accessiblénebroadening of 100 Hz were used to simulate the dipola
from the size of the dipolar coupling. We note that the splittingpectra in Figs. 4e—4h.
in the oriented system is about 20% larger than in the corre-The unusual dipolar lineshapes in Fig. 4 can be explained &
sponding nonoriented sample, probably due to a lack of bilayer
undulations in the former, as has been previously observed in
oriented samples between glass plate).(Nonetheless, the
splittings of the single-pulse spectra agree well with the CPMG
data. At an alignment af = 90° the splitting isA= = 1.9 kHz,
and ata = 0° it is twice this value (3.8 kHz). a

Hexagonal Lipid Phase Induced by FFA at Low Hydration b

Besides illustrating nicely the orientation-dependence of the
dipolar interaction, the use of oriented samples provided us
with intrinsically new information about samples of FFA at
low hydration. Specifically, it was observed that the directord
axis alignment deviates from the “trivial” orientation along the
sample normal. The dipolar spectra of an oriented sample withr—r 177777 O AL L AL
a water/lipid molar ratio of 3/1 are shown in Figs. 4a—4d. At a 0 -500 Hz 5000 -500 Hz
sample alignment of = 0°, the lineshape consists of a triplet FIG. 4. The angle-dependent dipolar spectra of the oriented sample at lo
(Fig. 4a), which is consistent with a unique angle between tH&dration are different from those at full hydration (cf. Figs. 3e-3h). The

. . . . observed lineshapes (a—d) are well reproduced by simulation (e—h, splitting «
time-averaged director axis of FFA and the macroscopic Sagdy Hz, linebroadening by 100 Hz), assuming a radial distribution of directo

ple normal. However, upon tilting the sample away fram=  axes. Hence, FFA is motional averaged by rotation around an axis that lies
0° the lineshapes become broad and more complex (Figsight angle to the macroscopic sample normal.

N
“ 90°
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a localization of FFA with respect to the lipid chains and head-
groups.
We note that the standard single-pulse spectra of FFA i

HQ QQ QQQQQ DMPC at low hydration did not reveal any orientation-depen-

dence, as they consisted of a broad (3 ppm) featureless line

ﬁﬁ ﬂﬁ ﬁﬁﬁ all sample orientations (data not shown). Only after the dra

matic simplification and resolution enhancement by the CPM(

multipulse sequence did the residual dipolar interaction be

b come apparent. Without the combined use of oriented sampl

and CPMG, it would not have been possible to observe an

interpret the morphological transition induced by FFA in
DMPC.

FFA in Frozen Membranes

The previous spectra were acquired at 35°C, where th
DMPC bilayer is in the liquid crystalline phase and allows a
high mobility of the FFA guest molecules. It is usually more

FIG. 5. A different behavior of FFA in DMPC is observed at differentdlmcu't to_acqolre CPMG spectra of ﬂuqrmat.ed compounds "
levels of hydration. (a) At full hydration the guest molecule rotates about éﬁSS mobile sites because the relaxation times and range
axis parallel to the membrane normal, as expected for a liquid crystalife@quencies are less favorable when no motional averagir
bilayer. (b) At low water content, on the other hand, FFA induces a hexagom@tcurs. However, the intrinsic Gfotation facilitates studies
morphology in DMPC, where it is averaged around an axis parallel to th&,en under conditions where the molecule itself is immobi
planar solid support. lized, such as in frozen or crystalline samples. Figure 6 show

“F NMR spectra of FFA in DMPC membranes a60°C.

o ) Essentially the same splitting is also observed in crystallin
a hexagonal morphology of the lipid system, induced by FFAE A (qata not shown). These wideline spectra have a width c
ot .Iow levels of hydration, as illustrated in Fig. 5. Eart of thgyer 100 ppm, since the dipolar coupling and chemical shif
lipids seem to assemble with the FFA molecules in tubes gigpersion are no longer subject to motional averaging besid
cylindrical structures, which are packed in a hexagonal latticge CF-rotation. For the conventional spectra (Figs. 6a and 6k
Motional averaging of the molecules by rapid diffusion arou”High-powerlH-decoupling was essential to resolve the dipola
the cylinders causes the FFA director to point along the C)Qplittings of Aie ~ 8 kHz. The CPMG experiment with com
inder axis. In the oriented sample, the cylinders are orientggsite pulses (Fig. 6¢), on the other hand, is able to suppre

within the plane of the glass plates with a local hexagongde chemical shift interaction and the heteronucl&&"H
packing but lacking any long-range translational order. This

picture is fully supported by a series 5P NMR spectra of the
phospholipids and by electron microscopy images of nonori- ~
ented samples containing FFAS).

An inverted hexagonal phase, Hs common for a range of
phospholipids, depending on the water content and temperature
of the sample. Nevertheless, since ap phase is usually
associated with a small lipid headgroup, it would not have been
expected to occur in DMPC, even at low hydration. Hence, the
presence of 5% FFA induces a significant change in the lipid A

—

AFF
o |

chain packing, which favors the formation of hexagonal struc- A

tures at low hydration. Whether this effect has any pharmaco-

logical relevance for the activity of FFA in a cell membrane b ¢

remains open to Speculation. L B L A B [ RAAAS RARSS BARAS AR ARAS RARSS RAAASRERRS|
0 -50 -100 ppm 10 0 -10 kHz

At low water content, the Cfgroup on FFA shows a
significantly smaller splitting than in the fully hydrated sam- FIG.6. The molecular diffusion of FFA in DMPC is frozen outa60°C,
pIes, even when the additional spectral narrowing by a factor'¥t the Ck-group is still engaged in fast rotation. The conventio&aINMR

1 . - : . . ectrum (@) is extensively broadened by the CSA and strong dipolar co
2 due to the cylindrical averaging is taken into account. Thg%ngs; hence (b)H-decoupling (60 kHz) is needed to resolve the dipolar

Sma”e.r value is th?refore attributed t_o a higher dogree &iitting of A = 8.0 kHz. The pure dipolar spectrum (c) is resolved by CPMG
wobbling or, more likely, to a change in the orientation anglultipulse narrowing withoutH-decoupling.
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coupling per se. The dipolar powder spectrum is still slightly2.

87

J. T. Gerig, Fluorine NMR, in “Biophysics Textbook On-Line” (V.

broadened, but the splittings and the expected lineshape areBloomfield, Ed.), NMR section, Chap. 24, biosci.umn.edu/biophys/

clearly visible. The dipolar coupling of 8 kHz is close to the
limiting value expected from the crystal structure of FF¥E(
= 8.7 kHz).

4.
CONCLUSIONS

The CR-group is a highly sensitive NMR label for studying
the structure and dynamics of guest molecules in biomen?:
branes. Fast rotation around the &His renders the three
spins chemically and magnetically equivalent. The homo-
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