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Local macromolecular structure can be determined by solid-state
MR measurements of weak dipolar couplings between selectively

abeled groups. The nonperturbing use of 2H, 13C, or 15N in biological
ystems, however, faces drawbacks in terms of a low sensitivity and a
omparatively short distance range relative to 1H. To extend these
imitations, we illustrate the use of 19F as an alternative NMR probe.
he Carr–Purcell–Meiboom–Gill (CPMG) multipulse sequence was
dapted here to measure homonuclear dipolar couplings between two
uorine labels in static samples at 470 MHz. Two lipids (4,4-DMPC-
2 , and a difluorinated sterol), which are arranged in liquid crystal-

ine bilayers, serve as models to assess the scope of the technique. In
hese 19F-background-free biological samples, weak couplings down
o 100 Hz could be resolved directly from the splitting of the pure
ipolar powder lineshape, and 1H-decoupling was not required. Or-
er parameters were determined for the anisotropic motion of the

ipids, consistent with their expected behavior in the membrane.
esides measuring the distance-dependent term of the dipolar cou-
ling in powder samples, we have also used oriented membranes to
xtract additional angular information from the dipolar anisotropy.
he strategy presented here thus has the potential to obtain not only

he internuclear distance between two labels, but also their angular
rientation in the sample, provided the molecules are aligned as a
embrane or a fiber. © 1999 Academic Press

Key Words: solid state 19F-NMR; homonuclear dipolar coupling;
PMG multipulse; uniaxially oriented sample; membrane lipid.

INTRODUCTION

Solid-state NMR is a powerful tool for the structural analy
f complex systems that do not crystallize, such as biolo
embranes or fibrous samples (1–4). Unlike solution-stat
MR, this approach is not intrinsically limited by the size
ggregation state of the molecules, but low resolution and
ensitivity represent major problems in current biological
lications. While solution-state NMR is able to resolve
ssign all protons and other nuclei in uniformly labeled

eins of &30 kDa, equivalent techniques have not yet b
stablished for large molecular complexes (5). Significant
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ni-jena.de.
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rogress has been made in obtaining well-resolved solid
MR spectra of uniformly labeled and oriented membr
roteins (6), but most applications still rely on specifica

abeled samples and yield only a single local structural pa
ter at a time. For example, it is possible to measure

nternuclear distance between two labels, the torsion a
etween two such groups, or the orientation of a molec
egment with respect to the membrane normal (see Fig. 1
ollect a comprehensive three-dimensional data set that
any labeled samples have to be prepared and analyzed.

he sensitivity of conventional isotope labels, such as13C, 15N,
nd 2H, is much lower than that of protons, the availability
iological material and instrument time may represent an
itional problem. Here, we suggest an NMR strategy th
apable of extending both limitations. Sensitivity is enhan
y using19F as a probe, and the information content of a si
ample can in principle be doubled by measuring both
istance between and the internuclear orientation of two la

n an oriented sample.
In terms of sensitivity, the19F nucleus (spin1

2) offers a
nique potential for biological solid-state NMR. Its gyrom
etic ratiog is higher than that of conventional labels, yield
3% of the sensitivity of protons, whereas13C, 2H, or 15N only
each 1.6, 1.0, or 0.1%, respectively (7). Equally important, th
ipolar interactions of19F reach out much farther into t
istance. For example, assuming a resolution of 30 H
hould be possible to measure19F–19F distances up to 16 Å, a
pposed to 6 Å between two13C labels (2). Furthermore, th
road chemical shift range of19F (up to 400 ppm) provide
xcellent resolution, and no natural abundance backgroun

o be considered in biological systems. Of course, the lab
ite in a biological molecule has to be carefully selecte
void structural or functional perturbations. Studies on flu
ated lipids, like the ones used here, have revealed only m
ide effects when a chain segment is labeled (8). Their order
arameters are similar to those of deuterated analogues
hanges in the phase transition temperature are not seve9).
he van der Waals radius of fluorine (1.4 Å) is not too differ

rom that of hydrogen (1.2 Å), although electronegativity
io.
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99SOLID STATE 19F NMR: CPMG STUDIES OF ORIENTED MEMBRANES
ects have to be considered. Many fluorinated proteins
een investigated in terms of their structure and function,

n most cases the perturbation of the system was negli
10–13). The main reason that solid-state19F-NMR has not ye
ound a more widespread application appears to be tech
he need for high-power1H-decoupling at a frequency close

hat of 19F (within 6%), together with a wide chemical sh
ange at high magnetic field strength, place stringent dem
n filtering, probe design, and spectrometer hardware14).
evertheless,1H-decoupled19F high-resolution solid-state e
eriments have been successfully performed (15, 16). Here, we
how the feasibility of suppressing the19F chemical shift in
tatic experiments even on a high-field spectrometer, an
esolving19F–19F dipolar interactions even without1H-decou-
ling.
Among previous biological19F-NMR applications, there a

everal examples where fluorine homo- or heteronuclear
ar interactions have been used to analyze local macrom
lar structure. For example, Schaeferet al. have measure

nternuclear19F–13C distances in frozen enzymes (17, 18), and
eteronuclear couplings from19F to 31P, 13C, or 15N have bee
sed for structural studies on various polymers and biolo
ystems (19–22). Many years back, Postet al. determined
egmental order parameters from the homonuclear dipola
ling between geminal19F-labels on acyl chains in liqu
rystals and membranes (8, 23–26). In each case it was nece
ary to isolate the desired dipolar interaction from all o
nteractions, such that the coupling strength could be i
reted in terms of internuclear distance or orientation. To
im, a variety of solid-state NMR experiments have b
eveloped over recent years, which can be distingui
ainly in terms of the mode of line-narrowing and the ne

ary sample geometry.

1. Intramolecular distances (see Fig. 1) can be determ
rom the dipolar couplingD, which depends on the distancr
sD ; 1/r 3. Prominent homo- and heteronuclear techniq
uch as rotational resonance (RR) and REDOR have been
o measureweak dipolar couplingswith high accurac
2, 4, 27–29). These methods employ magic angle spinnin
nitially average all anisotropic interactions, and the des

FIG. 1. For solid-state NMR analysis, a pair of labels is introduced in
embrane-bound molecule. Their internuclear distancer and the orientationu
f the internuclear vector with respect to the membrane normal (N) can be
etermined from the dipolar coupling.
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ipolar interaction is then reintroduced by specific recoup
chemes.
2. Strong dipolar interactionshave been resolved fro

tatic powder samples by coherent averaging in spin s
ather than in real space. Nutation spectroscopy, for exam
mploys cw high-power RF irradiation to extract the ho
uclear dipolar spectrum of a labeled spin pair in the sha
Pake pattern (30, 31). Similarly, multipulse sequences su

s the Carr–Purcell–Meiboom–Gill (CPMG) experiment
e used to selectively average chemical shift and heteronu

nteractions, while leaving the homonuclear dipolar coup
naffected (32–36, 50). Heteronuclear dipolar couplings can
evealed in analogous double resonance experiments su
EDOR (29, 37, 38).
3. In a different kind of structural approach, theanisotropy o

he dipolar interactioncan be used to determine the orienta
ngle,u, of two nuclei with respect to the static magnetic fi
irection (see Fig. 1). For this, a uniaxially oriented sample h
e prepared by spreading a membrane film onto glass plates
tretching a fiber (39, 40). Instead of selectively averagi
nwanted interactions, a narrow contribution from the
nisotropy range is selected by aligning the molecules. This
f resolution enhancement, like the suppression of unde

nteractions above, enables the determination of the dipolar
ing D. Provided the internuclear distancer is known,u can then
e readily obtained fromD ; 1

2 (3 cos2u 2 1). In membrane
ound peptides, complete orientations of the backbone and
hains have been determined that way (3, 41).

Given the dependence of the dipolar coupling on both
istance and the internuclear angle between a pair of nuc
hould in principle be possible to obtain both parameters
his, it is necessary to combine astatic method(category 2
ith an oriented system(category 3), provided thatweak
ouplingsare still accessible (which is possible so far only w
he methods in category 1). Such an approach appears h
n the case of19F, because it possesses strong couplings an
atural-abundance background. Especially the natural-a
ance background of biological isotopes often prohibits
esolution of weak couplings.

THEORETICAL BACKGROUND

ombination of Distance and Orientation Measurements

The various experiments discussed above address eith
istance or the angular dependence of the dipolar coup
ere we propose a strategy to determine the values of
and u from the homonuclear dipolar couplingD of a spin

air (Fig. 1), provided the coupling is not narrowed by mo
lar motion on the time scale of the NMR experiment. F

he internuclear distancer is measured from the splitting
he dipolar powder spectrum of a nonoriented sample, w
5 90°. Then, knowingr , the dipolar splitting of an oriente

ample reveals the angleu. Alternatively,r andu can also b
etermined from a single oriented sample by varying its a
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100 GRAGE AND ULRICH
ent in the external magnetic field (42). The technique used
his study to measure the dipolar coupling is based on
PMG sequence (32, 33), which has already been successf
pplied to determine internuclear distances and to eva
otionally averaged order parameters (23, 24, 26, 34, 35). Ori-
nted samples of fluorinated lipid bilayers have also been
reviously for solid-state NMR investigations (25). However

o our knowledge measurements of homonuclear dipolar
lings have not yet been combined with oriented system

omonuclear Dipolar Interaction

Several interactions contribute to the HamiltonianH of a
ilute spin pairI 1 and I 2 in the rotating frame:

H 5 HCS 1 HIS 1 HII . [1]

he dominant ones are the chemical shiftHCS, the hetero
uclear dipolar couplingHIS, and the homonuclear dipol
ouplingHII :

HCS 5 v1I z1 1 v2I z2 [2]

HIS 5 O
k

~a1kI z1Szk 1 a2kI z2Szk! [3]

HII 5 b12~3I z1I z2 2 I 1I 2!, [4]

herev 1, v 2, ajk, andbjk are constants. Structural informati
an be obtained from the homonuclear dipolar coupling, w
epends on both the distancer and the internuclear orientati
with respect to the external magnetic field. It leads

plitting D in a pure dipolar spectrum:

D 5
3b12

2p
5

3g 2\

2pr 3 S3 cos2u 2 1

2 D . [5]

ere, a Carr–Purcell–Meiboom–Gill (CPMG) sequence is
o reveal the pure homonuclear dipolar spectrum and to a
he structural information that way.

he CPMG Sequence

Figure 2 shows the CPMG experiment, with anxy8 phase
ycling scheme imposed on the multipulse train. (Details o
hase cycling modifications will be discussed below.) In
PMG experiment, as originally invented by Carr and Pu

32) and improved by Meiboom and Gill (33), a p/2 prepara
ion pulse and a delayt is followed by a series of refocusingp
ulses, which are separated by 2t and shifted 90° in phase wi
espect to the first pulse. The individual data points are
led from the top of the echoes in every other 2t window.
hen observed at these points in time, the spin system ap

o evolve under an average HamiltonianH# , where only the
e

te

ed

u-

h

a

d
ss

e
e
ll

-

ars

omonuclear dipolar interactionHII contributes, whileHIS 1

CS are coherently averaged to zero.
Upon transferring the system into a suitable toggling fr

43, 44), the p pulses can be replaced by rotations of
amiltonianH with R 5 exp(ipI y). This allows a stepwis
efinition of the Hamiltonian asH, R21HR, R21R21HRR, etc.,

n the respective first, second, etc., pulse window. Given
R 5 1, the system evolves alternately underH andR21HR.

t follows from the dependence of the Hamiltonian on the
ariables that in the toggling frame, the effect of ap pulse is
o invert the sign ofHCS andHIS, but not ofHII :

R21HCSR 5 2HCS, [6]

R21HISR 5 2HIS, [7]

R21HIIR 5 HII . [8]

hen the Hamiltonian is averaged over one cycle of lengtc

4t, the homonuclear dipolar interaction remains unchan
sHII , but HCS andHIS cancel:

H# 5
1

4t
~2tH 1 2tR21HR! 5 HII . [9]

hen observed stroboscopically once per cycle, the spin
em then evolves under the influence of the average Ham
ian H# 5 HII (43, 44).
Alternatively, the CPMG sequence can be visualized in

otating frame, where eachp pulse has the effect of refocusi
he chemical shift anisotropyHCS and the heteronuclear dipo
oupling HIS, as well as field inhomogeneities. A train
choes is generated in the windows at timesk2t, k 5 1, 2,
, . . . . SinceHII is unaffected by thep pulses, the spin syste
ill still evolve under the homonuclear dipolar interacti
hus, the echo amplitudesA(k2t) are modulated byHII , and
Fourier transform of the oscillating echo intensities yields
ure dipolar spectrum.
For Hamiltonians that do not commute at all times, per

ation terms of higher order int c add to the average Ham
onian. They remain small, however, as long asiHit c ! 1. If
he two coupled nuclei possess different chemical shifts,

FIG. 2. The CPMG multipulse sequence (depicted here with anxy8 phase
ycle) is used to extract the dipolar interaction in a static experiment
hemical shift, heteronuclear dipolar couplings, and field inhomogeneitie
efocused, while the homonuclear dipolar interaction evolves during the
rain. A Fourier transform of the oscillating echo amplitudes yields the
ipolar spectrum.
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101SOLID STATE 19F NMR: CPMG STUDIES OF ORIENTED MEMBRANES
HCS, HII ] Þ 0, andH no longer commutes at different time
his imposes a limitation on the use of the CPMG sequenc
uclei with large differences in chemical shift. In those ca

t is crucial to suppress the evolution of higher order pertu
ions by choosing a sufficiently shortt window time.

ompensation of Pulse Imperfections

In the original CPMG sequence, incomplete refocusing
o pulse imperfections rapidly leads to an accumulatio
rrors. These errors result in a loss of echo amplitude, but
an be partially compensated by recent phase cycling sch
35, 45). We usexy8 andxy16 with cycle lengths oft c 5 16t
nd t c 5 32t, respectively. (See Fig. 2 for thexy8 phase
ycle.) To increase the spectral width, we sample the
oints in every window between successivep pulses, rathe

han only once per cycle. As a consequence, however,
hough errors in the echo amplitude do not accumulate,
re repeated after every cycle. This leads to a beat in the
hich shows up in the spectrum in the form of “sidebands

requencies61/t c, 62/t c, etc. To exclude such sideban
rom the region of interest in the spectrum, a careful selec
f t and an appropriate choice of phase cycle version
ecommended.

caling of the Dipolar Splitting by the Duty Cycle

RF irradiation by the pulses themselves can be consider
contribution to the Hamiltonian. It has been shown

ulses with a finite length,tw, reduce the actual dipolar inte
ction by a scaling factor of (12 D), where the duty factor

5 tw/ 2t (34). Throughout this work, we have defined
volution period 2t as the time from the middle of ap pulse to

he middle of the nextp pulse. With this definition, the scalin
y (1 2 D) is mathematically equivalent to considering o

he free window (2t 2 tw) as the dwell time during whic
ipolar evolution can take place. In all Fourier transformat
e have taken the necessary scaling into account, accord

he duty cycle used in the individual experiments. Hence
actor of (1 2 D) arising from finite pulse width is compe
ated, and all spectra are plotted to show the true di
requencies.

MATERIALS

The phospholipid 1-myristoyl-2-(4,4-[19F2]difluoromyristoyl)-
n-glycero-3-phosphocholine (DMPC-F2), which carries two
eminal fluorine labels in one chain, was a gift from Chien
arnegie Mellon University of Pittsburgh (8, 25, 26). The dou-
ly fluorinated sterol diflucortolon-21-valerate (DFC) wa
ift from Schering AG, Berlin.
To prepare multilamellar liposomes of DMPC-F2, 10 mg

f the dry lipid was hydrated with 20ml ultrapure H2O
bove its phase transition temperature, and the vesicles
omogenized by mechanical stirring and repeated fre
or
s,
-

e
f

ey
es

ta

en
ey
D,
t

n
re

as
t

s
to
e

ar

,

ere
e–

hawing. A sample of 5% DFC in DMPC (w/w) was o
ained the same way, after cosolubilizing 100 mg of t
ipid in CHCl3, drying under N2, overnight under vacuum
nd hydrating with 200ml H 2O.
To prepare oriented samples, three glass plates with di

ions of 4 mm3 20 mm3 0.07 mm were thoroughly clean
ith CHCl3, MeOH, and H2O. A total of 3 mg of DMPC-F2
as dissolved in 60ml CHCl3 and spread in 20-ml aliquots
venly over the central portions of the glass plates. They
ried overnight, and each plate was then hydrated to satu
y exposing the lipid film to H2O steam over boiling wate
he plates were rapidly placed face-down onto a base pla

orm a stack, with full humidity maintained. The stack w
rapped in cling film and inserted into a 5-mm NMR tu
efore the glass tube was sealed with epoxide resin, two
f cotton, soaked with H2O, were inserted next to the gla
lates.

EXPERIMENTAL

The solid-state NMR measurements were carried out at19F
esonance frequency of 470 MHz on a Varian widebore s
rometer (Unity Inova), equipped with a high-power19F-am-
lifier (Creative Electronics, Northridge, CA). A 5 mm XC
uad-tuned (HFCX) variable angle spinning probe (Doty
ntific Instruments, Columbia, SC) was used without spinn
he p/2 pulse length was 2.4 to 6.8ms, depending on th
rientation of the sample coil in the magnetic field, wh
ould be freely adjusted with a goniometer. Band-selectiv1H
nd19F filters (FSY Microwave, Inc., Columbia, MD) togeth
ith additional bandstop filters (Doty Scientific) were use
cquire1H-decoupled19F-spectra.
All measurements on DMPC-F2 and DFC/DMPC mixture
ere carried out at 35°C, where the lipid bilayers are in

iquid crystalline phase. The wideline spectra were acqu
ith 128–512 transients of the Hahn-echo experiment (p/2–

–p–t) with a pulse spacing oft 5 20 ms and a recycle dela
f 1 s. About 30 kHz proton decoupling was applied.
The dipolar spectra were obtained using the CPMG

uence with pulse spacings from 2t 5 30 to 200 ms, and
arying lengths of the pulse train between 13 and 320 ms
choes were acquired in the windows between thep pulses a
sampling rate of 1 point/ms. Up to 4 raw data points at t

cho top were averaged, and an FID analogue was then
osed from these average echo amplitudes. About 1000
ients were accumulated for powder samples, and about 1
n the case of the oriented sample. The phase alternation

agnetization in the successive windows was taken into
ount by software manipulation. The FID analogue was
onverted into the dipolar spectrum via Fourier transform

RESULTS AND DISCUSSION

The feasibility of the proposed19F-NMR CPMG strategy i
valuated here using two kinds of doubly labeled lipids
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102 GRAGE AND ULRICH
hich the dipolar couplings and other structural parameter
nown. The two lipids, DMPC-F2 and DFC, possess differe
roperties in terms of dipolar coupling strength and chem
hift dispersion. Hence, the capabilities of the CPMG appr
an be examined under different conditions. DMPC-F2 (aver-
ged by long-axial rotation) has two magnetically equiva

19F nuclei coupled by a reasonably strong dipolar interac
n contrast, the chemical shifts of the two19F substituents o
ny one DFC molecule (also motionally averaged) are
eparated by a chemical shift difference much larger tha
esidual dipolar coupling.

evealing the Dipolar Powder Spectrum of DMPC-F2

The standard19F NMR Hahn-echo powder spectrum
MPC-F2 (Fig. 3a) is dominated by the chemical shift ani

ropy, and further broadened by homo- and heteronu
ipolar interactions. At 470 MHz, moderate1H-decoupling o
5 kHz is sufficient to resolve the strong homonuclear dip
oupling between the two geminal fluorine labels, as see
he lower spectrum (Fig. 3b). The splitting ofDFF 5 3.1 kHz
t the high-field edge compares well (within 7%) with
ipolar coupling reported by Hoet al. on the same compoun
nd at the same temperature (8). In these earlier studies, whi
ere performed at 282 MHz without1H-decoupling, the

19F–19F coupling had to be extracted from the unreso
pectrum by lineshape deconvolution (25).
A CF2-group that is rigid on the NMR time scale would g

ise to a splitting ofD0 5 15.4 kHz in the powder spectru
8, 25). The reduced value of 3.1 kHz measured here is d
he long-axial rotation and further chain fluctuations of
ipid molecule, which are described by an order param

FIG. 3. The 19F-NMR Hahn-echo spectrum of DMPC-F2 multilamellar
esicles is dominated by the chemical shift anisotropy and broaden
H-interactions (a, 128 transients). Proton decoupling resolves the d
oupling of the two geminal fluorines ofDFF 5 3.1 kHz (b, 512 transients
he CPMG experiment reveals the pure dipolar spectrum (c, d, train o
ulses with 2t 5 50 ms, ;1000 transients). The spectrum obtained with
riginal CPMG sequence (c), however, is significantly distorted. Applica
f thexy8 phase cycle improves the powder lineshape (d), despite the a
nce of sideband-like artifacts (marked with *).
re

al
h

t
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ll
he

-
ar

r
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d

to

er

FF 5 DFF/D 0. In good agreement with previous reports
MPC-F2 (SFF 5 0.19), weevaluateSFF as 0.20, which i
lso reasonably similar to the order parameter of the deute
MPC analogue (SCD 5 0.22) (8, 26). Knowing the orde
arameter, it follows from the total width of the spectrum (F
a, 3b) that the underlying anisotropy of the axially symme
hemical shift tensor of a straight all-transCF2 chain segmen
which only undergoes fast rotation about the long lipid a
s 1696 1 ppm, and its isotropic position is at 1016 1 ppm
elative to CFCl3.

The pure dipolar19F spectrum of DMPC-F2, measured wit
he CPMG sequence, is shown in Fig. 3c. While the Hahn-
pectrum is dominated by the chemical shift interaction
eteronuclear dipolar broadening (Fig. 3a), these interac
re successfully suppressed here. We emphasize that n1H-
ecoupling was necessary to resolve the dipolar splitting in
ultipulse experiment. Nevertheless, the lineshape obt
ere at 470 MHz with the conventional CPMG pulse trai
ignificantly distorted, especially by a strong artifact in
enter (Fig. 3c). In a previous CPMG study on DMPC-F2 at a
ower field strength of 40 MHz, where the chemical shift ra
s much narrower, such lineshape distortions were insignifi
26).

Using a compensated CPMG version, CPMG-xy8, the di-
olar spectrum of DMPC-F2 could be significantly improved
s seen in Fig. 3d. Thexy8 phase cycling scheme prevents
ccumulation of errors due to imperfectp pulses during th
ulse train, which becomes especially important for measu
eak dipolar interactions in the presence of large offset
ersion (35, 45). The duration of the dipolar oscillation in tim

s significantly improved, and a much higher spectral res
ion is gained. Hence, on a high-field spectrometer the c
ensated CPMG-xy8 scheme helps to obtain undistorted li
hapes and accurate values for the dipolar coupling. O
ther hand, the improvements are accompanied by side

ike spikes, which are introduced by the repeat rate of the p
ycle. Usingxy16 instead ofxy8 did not lead to any furthe

mprovement, but instead yielded more sidebands.
The dipolar CPMG-xy8 spectrum in Fig. 3d has a peak-

eak splitting ofDFF 5 3.0 kHz, which is the same as in t
ahn-echo spectrum (Fig. 3b) within experimental erro
eries of multipulse experiments was carried out with diffe
uty cyclesD between 2.5 and 33% to evaluate the validity
ur scaling procedure. The splittingDFF was found to depen

inearly on the duty cycleD, and extrapolation toD 5 0
onfirmed a dipolar splitting ofDFF 5 3.1 kHz (data no
hown). The scaling procedure, as described in the th
ection, thus appears to be sufficient here. The dipolar sp
n Fig. 3 were acquired with a mid-to-mid pulse spacing ot

50 ms. Reasonable dipolar spectra are also obtained
onger pulse spacings, but the intensity decreases with inc
ng t (data not shown). While shortt is a desirable option her
t will become crucial in the study of DFC to be discus
elow.
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riented DMPC-F2 Bilayers

In a disordered sample all molecular orientations contri
o the powder spectrum. Since the splittingDFF represent
hose interactions that are aligned perpendicular to the ex
agnetic field, the corresponding angle isu 5 90°. Equation

5] can thus be used to calculate the internuclear distancer in
static molecule, or the order parameterSFF, which is analo

ous tor in a motionally averaged lipid. Up to this point, on
single structural parameter is available. In the case of a
olecule, however, it would also be structurally relevan
etermine the angleu of the 19F–19F internuclear vector wit
espect to the membrane normal. Likewise, in a motion
veraged molecule or molecular segment, it may be w
hile to know the tilt angle of the axis of averaging. Hence

ndependent structural parameter can be obtained from
dditional CPMG experiment of the same labeled compo
repared as a uniaxially oriented sample and measured w
xis when parallel to the external magnetic field. The feas

ty of this approach is evaluated here using DMPC-F2, for
hich the angle between the membrane normal and the ro
xis is known to be zero. The oriented sample is also us
emonstrate the sensitivity and the reduction in linewidth
an be achieved by CPMG.

19F-NMR Hahn-echo spectra of oriented DMPC-F2 bilayers
re shown in Fig. 4a–4d, acquired at different tilt anglea

FIG. 4. 19F-NMR of oriented DMPC-F2 membranes (,3 mg lipid),
ligned at various tilt anglesa between the membrane normal and the s

rometer field. Both the1H-decoupled Hahn-echo spectra (a–d, 2048 t
ients) and the CPMG-xy8 spectra (f–i, train of 512 pulses with 2t 5 40 ms,
10,000 transients) reveal the orientation-dependent dipolar splittings
se of CPMG leads to a narrowing of the effective linewidth, as see
xample by comparison of the oriented spectra ata 5 90°, from 1.2 kHz (a

o ,50 Hz (f). The dipolar splittings and the CSA range of the orie
ineshapes are about 10% larger than expected from the powder spectra
ecause of bilayer undulations. The outermost spikes in the CPMG-xy8 spec-

ra are sideband artifacts due to the phase cycling.
te

al

tic
o

y
h-
n
an
d,
its
l-

on
to
t

f the sample normal with respect to the external mag
eld. The powder spectrum is depicted in Fig. 4e for com
son. Moderate1H-decoupling was applied to resolve the sp
ings. In each oriented spectrum the pair of narrow lines a
rom well-aligned membranes, and there is only a minor
ribution of ,10% from disordered material. Both the sp
ings DFF(a) and their chemical shift positions vary w
(3 cos2a 2 1). This axially symmetric behavior shows th

5 u, thus confirming the rotational averaging of the li
olecules around an axis parallel to the membrane norm
Remarkably, the spectral range covered by the oriented s

Fig. 4a–d) is found to be about 10% larger than the full widt
he powder spectrum (Fig. 4e). Similarly, the dipolar splittin
.4 kHz for the oriented sample ata 5 90°, while the correspond

ng value is 3.1 kHz for the powder sample (Fig. 4a).
espective order parameters areSFF 5 0.22 andSFF 5 0.20. Thes
ifferences suggest that the two samples differ slightly in term

he motional averaging experienced by the lipids. However
ote that the small powder contribution in the oriented sa
Fig. 4b–d) occupies the same spectral position as in the d
ated powder spectrum (Fig. 4e), and therefore possesses
ame order parameter. This observation suggests that both
les have the same saturating hydration level, and that they d
iffer in terms of composition, local heating effects, or li
ydrolysis. Instead, we attribute the different order paramete

he motional contribution of bilayer undulations, which are kno
o be reduced for membranes oriented between glass plate46).

The pure19F dipolar spectra of the oriented DMPC-F2 sam-
le are shown in Fig. 4f–4i. The chemical shift interact
eteronuclear couplings, and field inhomogeneities are
ressed by the CPMG multipulse sequence withxy8 phase
ycling. The orientation-dependent dipolar splittings in
eries of spectra are in good agreement with the value
ained from the Hahn-echo spectra (Fig. 4a–4d): 6.8, 3.4
nd 3.2 kHz foru 5 0°, 35.3°, 54.7°, and 90°, respective
gain, the splittings of the oriented membrane sample
f–4i) are 10% larger than of the powder sample (Fig. 4k
f the residual powder contribution from disordered lipids

he oriented bilayers (Fig. 4g). More significantly at this po
e note the dramatic reduction in linewidth in the orien
PMG spectrum of DMPC-F2. The linewidth of 1.2 kHz in th
ahn-echo spectrum ata 5 90° (Fig. 4a) is reduced to belo

he resolution limit of 50 Hz in the corresponding CPM
pectrum (Fig. 4f). To provide a comparison of sensitiv
oughly four times as many transients were acquired f
PMG than for a Hahn-echo of the same sample, to rea
imilarS/N. Therefore, the one-dimensional CPMG analys
ighly efficient compared to other time-incremented
roaches for measuring weak dipolar couplings.

wo-Dimensional Dipolar Spectroscopy

In some applications to biopolymers it might be favorabl
ntroduce several19F pairs into a molecule to increase
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nformation content accessible from one sample. In other c
ultiple spin pairs might be inevitable, for example, w

uorine labels are incorporated biosynthetically into prote
herefore, an extension of the CPMG approach into two
ensions may help to separate any pairwise couplings be
istinct fluorine nuclei. The most straightforward approac

ncluding a second wideline dimension is illustrated in Fig
his 2D spectrum of DMPC-F2 was obtained by acquiring
omplete FID after each incrementedxy8 dipolar evolution
eriod, instead of monitoring the single echo in each win
f an xy8 pulse train. The resulting spectrum contains
hemical shift in one dimension and the dipolar coupling in
ther. It can be considered as the homonuclear equivalen
ip-shift or separated local field experiment (47, 48). The spec

ral intensity is somewhat underrepresented at the low-
dge of the direct dimension (Fig. 5), but the dipolar coup

s in good agreement with the 1D data shown above.

eak Dipolar Coupling in DFC

To investigate a second, more challenging compound
MPC-F2, the doubly fluorinated sterol DFC (see Fig. 6) w
mbedded at 5% in a DMPC membrane matrix. In this case

ntramolecular dipolar coupling is not so readily resolved
ause the two fluorines in DFC possess distinctly diffe
hemical shift ranges. Moreover, the comparatively weak
olar coupling of the more distant19F nuclei is further reduce
y motional averaging of the molecule in the liquid crystal
ilayer.
As shown in Fig. 6a, the Hahn-echo is not able to resolv
eak dipolar coupling in DFC, even with1H-decoupling. Note

hat the two signals in the spectrum represent the two ch
ally distinct 19F nuclei, rather than their dipolar splittin
sing the CPMG experiment withxy16, their dipolar couplin
f 100 Hz is well resolved without1H-decoupling (Fig. 6b–6f
rom molecular dynamics simulation of the rigid sterol,

FIG. 5. 19F-NMR CPMG-xy8 spectra of DMPC-F2 are extended into
econd wideline dimension. For this, a complete FID was acquired wi
Hz proton decoupling, following an incremented CPMG pulse train
ncrements, acquired after every other 50ms window, 160 transients).
es,

.
i-
en
o
.

w
e
e
f a

ld
g

an

he
-
t
i-

e

i-

stimate an internuclear19F–19F distance of 4.4 Å in DFC
hich corresponds to a static coupling constant of 1.9
ssuming a fast uniaxial rotation of the DFC molecule ab

he membrane normal, the averaged dipolar coupling of 10
ould correspond to a tilt angle of;53° for the internuclea

19F–19F vector with respect to the rotation axis. Likewi
2H-NMR studies of deuterated cholesterol in model m
ranes yielded a similar orientation, close to the magic a

or the comparable bond vector C6–
2H (49). However, we not

dramatic reduction in the Hahn-echo linewidth (Fig. 6a
oth 19F substituents, when compared to the spectral wid

he crystalline substance (data not shown). Therefore,
ikely that DFC experiences a high degree of motional free
n the bilayer and is able to tumble with a comparatively
rder parameter, approaching an isotropic average. Diffu
ver curved surfaces can be excluded as the predom
arrowing mechanism, as the DFC-containing vesicles
stimated to be at least several micrometers in size by ele
icroscopy.
A series of dipolar spectra was acquired with pulse spac

t between 200 and 30ms (Fig. 6b–6f). For long window
elays, only a weak unresolved lineshape is obtained. A
indow of 2t , 50 ms is crucial to separate the two peaks

he powder spectrum. In the case of DFC, the chemical
nteraction no longer commutes with the homonuclear dip
nteraction, and higher order terms arise in the average H

0
2

FIG. 6. Diflucortolon-21-valerate (DFC), dissolved at 5% in DMPC
ayers, was studied as a model compound with weak dipolar coupling
terol contains two chemically distinct19F labels (see insert). They give rise
wo distinct signals in the Hahn-echo spectrum (a), and their weak d
oupling is not resolved. Coherent averaging by CPMG-xy16, however
eveals their dipolar coupling ofDFF 5 100 Hz (f). The variation of th
id-to-mid pulse spacing, 2t 5 200, 100, 50, 40, 30ms (b–f), demonstrates th

mportance of short windows to resolve weak couplings in the presen
arge chemical shift differences. The CPMG pulse trains consisted of 64
t 5 200 ms, b) to 5120 (for 2t 5 30 ms, f) pulses, and 256 transients w
veraged in the Hahn-echo and;1000 in the CPMG spectra.
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105SOLID STATE 19F NMR: CPMG STUDIES OF ORIENTED MEMBRANES
ltonian. Spin dephasing and the resulting spectral distor
an only be suppressed by choosing sufficiently short wind
n the CPMG multipulse train. The limiting value of 2t is
etermined by the chemical shift difference of 10 kHz betw
ny pair of coupled19F nuclei. That is, in order to be succe

ully refocused and suppressed, the chemical shift and
ndesired interactions must not be allowed to evolve sub

ially within 2t. The broad chemical shift range of19F indeed
epresents one of the major challenges to be faced with
eld spectrometers such as the one used here (470 MH

19F). It also ought to be emphasized that the lack of a19F
atural abundance background has made it possible to
ine the weak dipolar coupling directly from the spec

ineshape, without having to resort to difference spectr
imulation procedures.

CONCLUSIONS

Current solid-state NMR investigations of biomolecules
ften hampered by weak signal intensities and by the s
umber of structural parameters accessible from lim
mounts of labeled material. We have illustrated here an N
trategy to improve both situations.
First of all, 19F labeling is superior to conventional label

chemes in terms of sensitivity, distance range, and na
bundance background. Based on earlier reports, we
onfirmed the feasibility of static19F CPMG experiments t
etermine weak dipolar couplings, even on a high-field s

rometer. Pure dipolar spectra can thus be rapidly obtaine
D experiment, using standard hardware with a single19F
hannel and without1H-decoupling, provided a Teflon-fre
robe is available. The comparatively high demands on
ardware in terms of pulse widths and power-handling c
ilities are met by commercial probes and amplifiers. Diffi

ies due to the wide chemical shift range of19F are within scop
or labeled biological samples. Furthermore, using a comb
ion of oriented samples and multipulse techniques, we
llustrated a strategy to reveal both the distance and the o
ation dependence of the dipolar interaction at once.

We have evaluated the19F-NMR approach using fluorinate
ipids in liquid crystalline bilayers as model membranes, wh
an be readily prepared as oriented samples. The long
otation of the molecules in these examples has the adva
f partially averaging the chemical shifts and heteronuc
ouplings, which enhances the efficiency of the multip
arrowing. The homonuclear19F dipolar coupling is reduced
ell, which has made the strong coupling of DMPC-F2 more
onveniently accessible, but on the other hand has led to a
mall residual splitting in the case of DFC. The spectral
ortions and the line broadening encountered here cou
voided by applying a phase-compensated version of CP
nd by choosing very short pulse spacings. Using orie
MPC-F2 samples, we have shown that CPMG has the ab

o reduce an effective 1.2 kHz linewidth to below 50 Hz
s
s
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FC, a 100 Hz splitting could be resolved in the presence
0 kHz chemical shift difference.
These examples have demonstrated the success of

ipolar 19F experiments in comparatively mobile molecu
.e., lipids in liquid crystalline bilayers. Because of their lo
xial rotation, one of the two accessible structural paramet

rivial in these examples, as it defines the long axis of ave
ng. In a static molecule, however, it becomes structu
elevant to determine both the distance and the orientati
he 19F–19F internuclear vector. Therefore, to apply the s
ested strategy to its full extent, it will be desirable to ext

he approach to systems without motional averaging, su
embrane proteins or even crystalline solids. As with o

olid-state NMR techniques, the time scale of spin diffu
nd T2 relaxation will determine the limitations of this sta

19F approach (17). We are currently evaluating the ability
PMG to resolve19F dipolar splittings in crystalline mod
ompounds, which appears to be feasible under certain c
ions.
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