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ABSTRACT: Dimyristoylphosphatidylcholine (DMPC) labeled with a C'°F, group in the 4-, 8-, or 12-position
of the 2-acyl chain has been investigated in sonicated unilamellar vesicles (SUV) by fluorine-19 nuclear
magnetic resonance (NMR) at 282.4 MHz from 26 to 42 °C. The '°F NMR spectra exhibit two overlapping
resonances with different line widths. Spin-lattice relaxation time measurements have been performed in
both the laboratory frame (77) and the rotating frame (7',) in order to investigate the packing and dynamics
of phospholipids in lipid bilayers. Quantitative line-shape and relaxation analyses are possible by using the
experimental chemical shift anisotropy (Avcg,) and the internuclear F-F vector order parameter (Sgg) values
obtained from the °F powder spectra of multilamellar liposomes. The following conclusions can be made:
(i) The '°F chemical shift difference between the inside and outside leaflets of SUV can be used to monitor
the lateral packing of the phospholipid in the two SUV monolayers. The hydrocarbon chains in the outer
layer are found to be more tightly packed than those of the inner one, and the differences between them
become smaller near the chain terminals. (ii) The effective correlation time [(1-4) X 1077 s] obtained from
either the motional narrowing of the line widths or off-resonance T, measurements is shorter than that
estimated from the Stokes—Einstein diffusion model (1076 s), on the basis of a hydrodynamic radius of 110
A for SUV. (iii) T),, but not T, is found to be different for the inside and outside resonances of the SUV,
indicating that slower motions (1077 s) are responsible for the different line widths of the two resonances.
(iv) The Arrhenius activation energies determined from T values for the 4- and 8-!°F-labeled positions (5
kJ/mol) are lower than those obtained for the 12-position (10 kJ/mol). 'H T, measurements on both the
19F-labeled and unlabeled sonicated DMPC vesicles indicate that there is no perturbation of the fatty acyl
chain packing by the CF, group. (v) The curvature in the SUV perturbs the fatty acyl chain packing mainly
in the outside leaflet of the bilayer.

Fluorine-19 has recently received attention as an attractive
nuclear magnetic resonance (NMR)! probe for membrane
studies [for a recent review, see Ho et al. (1985)]. To in-
vestigate lipid fatty acyl chain order and dynamics in both
model and biological membranes, myristoyl([*°F,]difluoro-
myristoyl)phosphatidylcholine (['°F,]DMPC) has been used
as a sensitive probe. By applying various NMR techniques
such as the Carr-Purcell-Meiboom~Gill multiple-pulse se-
quence (Post et al., 1984) and line-shape analysis (Engelsberg
et al., 1982; Dowd et al., 1984) to both oriented multilayers
and random multilamellar liposomes of ['°F,]DMPCs, this
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laboratory has determined the order parameter, Sgg, for the
F-F internuclear vector from the Pake doublet splitting. In
addition, it has become clear that, at high magnetic fields (7

! Abbreviations: NMR, nuclear magnetic resonance; DMPC, di-
myristoylphosphatidylcholine; ["*F,]DMPC, myristoyl(['°F,]difluoro-
myristoyl)phosphatidylcholine; 2-[4,4-'°F,]DMPC, 1-myristoyl-2-(4,4-
['F,]difluoromyristoyl)-sn-glycero-3-phosphocholine; 2-[8,8-!°F,]-
DMPC, 1-myristoyl-2-(8,8-['°F;]difluoromyristoyl)-sn-glycero-3-
phosphocholine; 2-[12,12-'*F,]DMPC, 1-myristoyl-2-(12,12-[!°F,]di-
fluoromyristoyl)-sn-glycero-3-phosphocholine; EDTA, ethylenediamine-
tetraacetic acid; Tris, tris(hydroxymethyl)aminomethane; TFA, tri-
fluoroacetic acid; Sg, the internuclear fluorine-fluorine vector order
parameter; CSA, chemical shift anisotropy; SUV, sonicated unilamellar
vesicle(s); T, spin-lattice relaxation time in the laboratory frame; T,
spin—lattice relaxation time in the rotating frame; T, spin—spin relaxation
time; T,*, apparent spin-spin relaxation time; M, steady-state value of
the magnetization component aligned with the main magnetic field; M.y,
steady-state value of the magnetization component aligned with the ef-
fective magnetic field in the presence of the off-resonance field.

© 1985 American Chemical Society
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T), the chemical shift anisotropy (CSA) dominates the °F
NMR line shape. From our interpretation of the °F NMR
spectrum obtained for multilamellar liposomes, we have been
able to extend our investigation to an analysis of sonicated
unilamellar vesicles (SUV),

The difficulty in resolving the overlapping resonances arising
from fatty acyl methylene groups in both 'H and 2H NMR
studies of SUV has given rise to a controversy over the NMR
line-shape analysis and the presence of motional differences
in the acyl chains between SUV and multilayers (Stockton et
al., 1976; Bloom et al., 1978; Parmar et al., 1984). Both the
F NMR (Longmuir & Dahlquist, 1976) and the 500-MHz
'H NMR spectra (Schuh et al.,, 1982) of vesicles show
chemical shift nonequivalence and resonance line-width dif-
ferences between the acyl chains located in the inside and
outside leaflets. Despite the overlapping resonances from
various fatty acyl methylene protons in the 'H NMR, the line
width of the inside resonance can be seen to be approximately
one-third of the outside resonance. These observations would
indicate that ZH NMR spectra of various selectively deuterated
lipids should not be analyzed as a single resonance (Stockton
et al., 1976; Parmar et al., 1984). Our present '°F NMR study
of SUV allows us to address the problems of phospholipid
packing and dynamics more directly.

In addition to an analysis of the motional narrowing of the
IF NMR line width, the result of an alternative technique
for measuring intermediate slow motion, i.e., spin—lattice re-
laxation in the rotating frame (7,), is detailed here. Since
the anisotropic chemical shift is expected to dominate the '°F
relaxation mechanism (see Theory), the present work will also
emphasize an analysis of lipid bilayer dynamics using the
chemical shift anisotropy (CSA). By combining information
obtained from the chemical shift and the relaxation studies,
%F NMR investigations offer a unique method for studying
the molecular order and motions of phospholipids in model
membranes.

EXPERIMENTAL PROCEDURES

Materials. 1-Myristoyl-2-(4,4-['°F,]difluoromyristoyl)-
sn-glycero-3-phosphocholine (2-[4,4-'°F,]DMPC) and the
corresponding 8,8-{'°F,]difluoro (2-{8,8-"°F,]DMPC) and
12,12-["*F,]difluoro (2-[12,12-°F,]DMPC) derivatives were
synthesized by methods equivalent to those described previ-
ously for the preparation of 2-[8,8-'°F,]DMPC (Engelsberg
et al.,, 1982). '"H NMR spectra of the phospholipids taken in
deuteriochloroform solutions were consistent with the expected
structures. Deuterium oxide was purchased from Bio-Rad.
Sepharose CL-4B was obtained from Sigma. Reagent-grade
solvents were used unless otherwise stated.

Preparation of SUV. Small, single-walled vesicles, homo-
geneous in size, were prepared by a modification of Huang’s
(1969) procedure. '°F-Labeled lipid dispersions in a standard
buffer solution (50 mM Tris, 100 mM NaCl, | mM EDTA,
pH 7.4) were sonicated with a Branson probe-type sonicator.
Sonication of the dispersions was carried out above the phase
transition temperature, 2-[8,8-'°F,]DMPC and 2-[12,12-
YF,]JDMPC at 22 °C and 2-[4,4-"°F,]DMPC at 35 °C.
High-speed centrifugation at 50000 rpm (Barenholz et al.,
1977) of the sonicate gave homogeneous dispersions as a clear
band at the top. The vesicles used for the spin-lattice relax-
ation time (7,;) measurements were additionally dialyzed
against D,O solution to decrease the 'H signal of H,O.

NMR Measurements. NMR spectra were obtained on a
Bruker WH-300 wide-bore spectrometer equipped with an
Aspect 2000A computer, operating in the Fourier-transform
mode, using standard as well as home-made devices and ex-
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perimental set-ups. In all cases, the temperature was stabilized
to £0.5 °C.

'H NMR spectra of the sonicated unilamellar vesicles
(SUV) were obtained at 300 MHz, in 10% D,O (for field lock)
buffer solution, with the following parameters: a 16-bit di-
gitizer, spectral widths from 1500 to 4000 Hz, 8K points,
averaging typically 128 transients, and 75° pulses of 5 us,
repeated every 3—4.5 s. The main water signal was diminished
by gated irradiation with the decoupler. 'H T, measurements
were done by .inversion—recovery in 99% D,O buffer solution,
with no water suppression employed.

I9F NMR spectra of the vesicles were obtained at 282.4
MHz with a Bruker high-resolution 5-mm '°F probe. For the
measurement of the temperature dependence of the chemical
shifts, the spectra are referenced to an internal 2-mm capillary
containing 10 mM trifluoroacetic acid (TFA) in H,O. Neg-
ative chemical shifts are upfield from the reference signal. No
proton decoupling was used. In general, 200 scans were av-
eraged at each temperature for 2-[12,12-°F,]DMPC and
2-[8,8-1F,]DMPC, while 800 scans were needed for the 2-
[4,4-1°F,]DMPC vesicles. A spectral width of 12200 Hz, an
acquisition time of 0.34 s (size 8K), a relaxation delay of |
s, and 75° pulse of 5 us were used. The analysis of the line
shapes was performed on a VAX 11/780 computer by fitting
to a pair of Lorentzian lines, so as to determine individual line
widths and positions of the inner and outer leaflet resonances.

F T, measurements were carried out by inversion-recovery
with a standard S-mm probe head with no proton irradiation.
Generally, 256 scans were averaged for each of the 11 delays
spanning 4 T, or more. The recovery curves were exponential
and were processed with the Bruker DISNMR software using
a T, nonlinear fitting routine.

Off-resonance T, measurements were carried out in a
manner similar to that of James et al. (1977), using a
home-built S-mm multiarray solenoidal coil (Cook & Lowe,
1982; Engelsberg et al., 1982). The Bruker spectrometer was
rewired and supplemented with a homemade transmitter, able
to deliver radio-frequency pulses having different amplitudes
and arbitrary lengths, within the same pulse sequence. M
was measured with the pulse sequence [(D,-PW,-D,)-
PW,-AQ], with D, of 3.0 s, PW, (~6T)) of 2.4 s, D, (~
37,*) of 23 ms, and PW, (90°) of 5.8 us. M| was determined
from the sequence (D;-PW,~AQ),. The amplitude of the
off-resonance radio-frequency field pulse PW, was 1 G (4
kHz), while the 90° measuring pulse PW, (in resonance) was
10.7 G (42.9 kHz). The measuring pulse was preceded by a
23-ms (~37,*) delay, D,, in order to allow all the transverse
magnetization created during the locking pulse to decay. The
short T, (compared to 7,) made a homospoil pulse unneces-
sary.

THEORY

F NMR Line-Shape Analysis of Multilamellar Lipo-
somes. The "F NMR powder pattern line shapes observed
for the C!°F,-labeled phospholipid dispersions can be under-
stood on the basis of dipolar interactions (homonuclear, Avgg;
heteronuclear, Avpy) and an anisotropic '°F chemical shift
(Avcsa) [for example, see Ho et al. (1985)]. A mathematical
procedure to de-Pake the NMR powder spectrum has been
used to extract the spectral information (i.e., Avgg, Avgy, and
Avcsa) needed for our line-shape and relaxation analyses
(Bloom et al., 1981). Details of the procedure can be found
in Dowd et al. (1984). Table I lists one set of data for three
different '°F-labeled lipid dispersions at 27 °C. At a magnetic
field strength of 7 T, it can be seen that the magnitude of
Avcga is much larger than that of the dipole—dipole interac-
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Table I: '°F Chemical Shift Anisotropy (Avcsa), Homonuclear
Dipolar Interaction (Avgg), and Heteronuclear Dipolar Interaction
(Avgy) for Three Different *F-Labeled Lipids in Multilamellar
Dispersions at 27 °C and at a Magnetic Field Strength of 7 T

Avcsa Avgp Avgy

probe (kHz) (kHz) (kHz)
2-[4,4-]9F2]DMPC 19.7 3.2 1.5
2-[8.8-°F,]DMPC 16.3 2.8 1.3
2-[12,12-F,]DMPC 9.9 1.8 0.8

tions, Avpr and Avpy. Also of interest is the fact that the CSA
correlates linearly with the order parameter, Sgr (Dowd et al.,
1984).

Motional Narrowing of **F NMR Spectra of Sonicated
Vesicles. 'F NMR spectra of SUV differ dramatically from
those of lamellae. Instead of axially symmetric powder spectra,
two overlapping Lorentzian resonances with different line
widths are observed (Longmuir & Dahlquist, 1976). It has
been suggested by 'H and ?H NMR studies that the narrow
lines result from averaging of the powder spectra by either
isotropic reorientation of the spherical vesicles (Stockton et
al., 1976, Bloom et al., 1978) or additional motion of the
phospholipid molecules caused by the highly curved surface
of the vesicles (Bocian & Chan, 1978; Parmar et al., 1984).
To relate the ’F NMR spectra of SUV and of multilamellar
dispersions, we define a correlation time, 7,, describing the
tumbling of the entire vesicle in the solution and diffusion of
the lipids around the surface of the vesicle with correlation
times, 7, and 74 (Bloom et al., 1975):

LR St AR (1)

From the hydrodynamic radius (R = 110 A) of SUV (Huang
& Mason, 1978) and the lateral diffusion coefficient for
phospholipids (D = 107 cm?/s) (Wu & Huang, 1981), the
effective correlation time can be found to be about 107 s at
27 °C, on the basis of the Stokes—Einstein diffusion model
(Stockton et al., 1976). Although this motion is slow in terms
of the ’F NMR frequency (282.4 MHz), it can be considered
as fast compared to the residual width of 'F spectra of
multilamellar liposomes, i.e., 27 Avcga7, << 1 (Table I). 1t is,
thus, possible to use the two-step application of classical re-
laxation theory to the rapid local motion of fatty acyl chains
and the slower overall motion of the vesicle [for details, see
Stockton et al. (1976)].

Since, as in previous 'H relaxation measurement studies
(Kroon et al., 1976), the contribution of Avgy was observed
to be relatively small, it will be considered as negligible. The
theoretical aspects of the dipole—dipole interaction through like
spins, such as geminal protons in the methylene group, have
been treated quite extensively by other studies (Bloom et al.,
1978; Pace & Chan, 1982). To avoid redundancy, we will
present our analysis on the basis of the CSA relaxation
mechanism. The dipolar contribution of the geminal fluorines
will be shown to be much smaller than the CSA contribution.

Quantitatively, the CSA contribution to the total relaxation
rate may be estimated according to [cf. p 316 of Abragam
(1961) and the Appendix]

T, = (2/15)we?0%J (wo) (2)
T, = (1/90)wy28%[3J(wy) + 4J(0)] 3)

Ty, = (2/45)w8*([(sin? 6)J(we) + (3/2) X
[sin* (8/2)]J(wo — we) + (3/2)[cos* (8/2)]/(wo + w)]
)

where the spectral density J(w) is given as
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J(w) =27, /(1 + &?72) (®)]

Equations 2—4 are strictly valid only for an isotropic motion
characterized by a single correlation time, ., with an axially
symmetric chemical shift anisotropy, 6 (ppm) = 2w Avcga/wy.
For the °F nuclei frequency used (i.e., 282.4 MHz), w, = 1.77
X 10° rad/s, it is clear that wyr, > 1 and only J(0) is sig-
nificant in determining 7, (eq 3). Thus, the contributions to
the experimental line width, A, 5, for vesicles from the con-
sidered motions are given by

anp(CSA) = 1/(xT) = [4/(45m)]w??r, =
(167 /45)(Avcsa)?ry (6)

The other contribution to the line width arises from the
spin—lattice relaxation (77), but since 7,7 > T,7! in our case,
this can be ignored. The study of the motional narrowing of
the line width can thus give information about the additional
motions of SUV. For example, the correlation time, 7,, can
be calculated from the line widths of the SUV, Ay, /2> and the
residual CSA of multilamellar dispersions, Avcsa, by use of
eq 6. This result can be compared to the correlation time
estimated from the known particle size based on the Stokes—
Einstein diffusion model (see Discussion).

For completeness, the dipolar contribution to the experi-
mental line width (Petersen & Chan, 1977) can be estimated
by the relationship:

Avo(D-D) = 1/(xTy) = (47 /5)(&vge)’r,  (7)

From eq 6 and 7, one can see that

Avy2(D-D) Av 2
/ A i RS (8)
AV]/z(CSA) 4 AVCSA

since Avcga = SAvpr (Table I). On the basis of the same
argument, the dipolar contribution to other relaxation mech-
anisms such as 7 and T, will also be approximately 10% of
the CSA contribution..

Off-Resonance T, by CSA Mechanism. In all motional
studies, it is desirable to extend the frequency range of motions
to be investigated. Conventional NMR relaxation studies are
limited to motions that can result in an observable minimum
for T (see eq 2). The minimum will occur at 7, = 0.7/wy =
4 X 1071%s in our case. To determine the correlation time of
relatively slow motions (10°-1077 s) such as the tumbling of
vesicles, spectroscopic frequencies several orders of magnitude
lower would have to be used. An attractive technique to study
motions of low frequency, which retains the sensitivity of a
high magnetic field, is the measurement of T, the spin-lattice
relaxation in the rotating frame. [For a general review of both
theoretical and experimental aspects of T, see Ailion (1983)].

T, caused by the anisotropy of the chemical shiift has been
studied under exact resonance condition by Blicharski (1972).
Unfortunately, the achievement of the 7, minimum under
exact resonance condition by applying a large enough locking
field, H, is rather difficult for correlation times in the range
of 107%-107" s. Nevertheless, it has been shown by Jacquinot
& Goldman (1973) that Zeeman relaxation with a small ra-
dio-frequency field applied far from resonance could yield the
same kind of information as would the relaxation with a large
radio-frequency field applied at resonance.

Since no explicit solution for off-resonance T, using the
chemical shift anisotropy (CSA) has been reported, a detailed
formulation for the T, due to an axially symmetric CSA
tensor is given in Appendix. Explicitly, by using eq 4 for T,
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FIGURE 1: NMR spectra of *F-labeled phospholipids in sonicated unilamellar vesicles at 29 °C: (A) 300-MHz 'H NMR; (B) 282.4-MHz
YF NMR; (C) formulas for ["*F]DMPCs used in (A) and (B). The assignments for the various 'H resonances are indicated by letters. The
19F NMR spectra (dotted line) are fitted by a pair of Lorentzian lines to determine individual line widths and chemical shift positions.

and assuming wg > w, > w; and wyr, >> 1 in our case, a much
simplified solution is obtained as

T\, = (2/45)we?0%(sin? )27, /(1 + wl2r D]  (9)

where 6 is defined in eq A5 and w, = (w;? + Awy?) /2
Therefore, once T, is measured in the presence of an off-
resonance frequency field, the correlation time, 7., can readily
be calculated. Following James et al. (1977), instead of di-
rectly measuring off-resonance T,, we measure the intensity
ratio between My, the steady-state value of the magnetization
component aligned with the effective field (H,) in the presence
of the off-resonance field, and M, the value of the magne-
tization component aligned with the stationary magnetic field

(Hyp). As suggested by Jacquinot & Goldman (1973), for a
spin system with known single-exponential T, relaxation:

Mye/My = (1 + T,/ Tyy)™ (10)

where T is the contribution to off-resonance T, resulting
from the off-resonance effective field. Since T is approxi-
mated by T, in our case [see eq 12 in James et al. (1977)],
eq 9 can be combined with eq 10 to give a relationship between
the measurable quantity, M s/ M|, and the correlation time,
7.. Theoretically, one can calculate M /M| as a function of
off-resonance frequencies, Awy, at a given correlation time,
7.. The comparison between the experimental M,/ M and
the theoretical curve will then allow us to determine 7.
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FIGURE 2: Temgerature variation of the '°F chemical shift for the
three different 1°F-labeled phospholipids, as sonicated vesicles. The
open symbols represent '°F chemical shift positions of the inside leaflet
of SUV, and solid symbols represent those of the outside leaflet: (O,
) 2-[4.4-°F,]DMPC: (A, &) 2-[8,8-'5F,]DMPC; (O, @) 2-[12,12-
19F,]DMPC.

RESULTS

Figure 1 shows both the 300-MHz 'H and 282.4-MHz °F
NMR spectra of SUV in 10% D,0 in the presence of 50 mM
Tris, 100 mM NaCl, and 1 mM EDTA at pH 7.4. Proton
resonances have been assigned (Figure 1A); note that the
choline methyls (a, a’) show evidence of the bilayer structure
of SUV. This is also clearly visible in the °F NMR spectra
(Figure 1B), where the solid line is a simulated spectrum of
two overlapping Lorentzian peaks. The assignement of the
two 'F NMR resonances to the inside and outside components
of the SUV bilayer was confirmed by adding MnCl, to
broaden the peak that is accessible to the paramagnetic Mn?*
ion. Our '°F results (data not shown) are essentially the same
as those previously reported by Longmuir & Dahlquist (1976).
It should be noted that the I°F resonance from the fatty acyl
chain of the inside leaflet always occurs downfield relative to
that of the outside leaflet, while for 'H NMR, the assignment
of the resonances is reversed (Schuh et al., 1982). It is also
interesting to observe that the line widths from the ’F NMR
spectra are almost 1 order of magnitude larger than those of
the '"H NMR spectra (e.g., peak h in Figure 1A). Since the
dipolar interaction between the fluorine pair is expected to be
similar to that between the proton pair, the line width of the
19F NMR spectra must be dominated by the chemical shift
anisotropy at 282.4 MHz as observed by Gent et al. (1978).
A similar conclusion has also been reached under Theory.

The apparent single peak of the ’F NMR spectrum of
2-[12,12-°F,]DMPC is actually composed of two superim-
posed resonances. The presence of two peaks becomes clearer
at lower temperatures (results not shown). For the SUV
labeled at positions 4 or 8, the two resonances corresponding
to the inner and outer layers are resolved at all observed
temperatures (26—42 °C). The chemical shifts with respect
to TFA as a function of temperature are shown in Figure 2.
Apparently, the chemical shift differences between the inside
and outside resonances become greater at lower temperatures.
The increase of these differences, however, originates almost
exclusively from the shift of the outside leaflet resonance.

Figure 3 shows the spin—lattice relaxation time, 75, and the
transverse spin—spin relaxation time, 7,* [=1/(wAv;5)], as
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FIGURE 3: Spin-lattice relaxation times (7)) and apparent spin—spin
relaxation times [T,* = 1/(7wAvr;;5)] as a function of reciprocal
temperature. The open symbols represent '°F relaxation data of the
inside leaflet, and the solid symbols represent those of the outside
leaflet: (OO, m) 2-[4,4-'°F,]DMPC; (4, A) 2-[8,8-1°F,]DMPC; (O,
@) 2-[12,12-°F,]DMPC. The semisolid symbols for the 7, values
indicate the same T detected for the resonances from the inside and
outside leaflet of SUV.

Table II: Arrhenius Activation Energy (kJ/mol) from 7, and T,*
for Three Different !°F-Labeled Lipids in Sonicated Unilamellar
Vesicles As Studied by °F NMR at 282.4 MHz: A Comparison
with Values Obtained from *H and 'H NMR Studies

parameters 4-position  8-position  12-position
T, (**f NMR) 5.0 5.5 10.0
T,* ('"H NMR)~“ 6.0 6.0 11.0
T,* (*H NMR)? 14.6 14.6 14.6
T,* (inside leaflet) 16.5 20.0 24.0
T,* (outside leaflet) 40.8 32.7 22.8
SeF¢ 6.3 11.0 14.9

9See Results for the details of estimation. ®Brown et al. (1979).
¢Post et al. (1984) determined these for multilamellar liposomes.

a function of inverse temperature for the various °F-labeled
fatty acyl positions. Despite the fact that both the line widths
and chemical shifts of the two resonances from the two leaflets
of SUV are different, their T values are the same. This result
has always been assumed in previous 'H, ?H, and '*C NMR
studies (Brown et al., 1983). As in other spin—lattice relaxation
measurements, °F T, values are larger near the end of the
chain and approximately the same at the 4- and 8-positions.

The temperature dependence of the T, measurements shows
that 7, is larger at higher temperature, with an apparent
Arrhenius activation energy of 5.0, 5.5, and 10.0 kJ/mol for
the 4-, 8-, and 12-°F-labeled lipids, respectively (Table II).
The values for the 4- and 8-positions are lower than that for
the 12-position. Since previous 2H relaxation measurements
(Brown et al., 1979) have not detected any dependence of the
activation energy on the position in the fatty acyl chain, 'H
relaxation measurements on both °F-labeled and unlabeled
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FIGURE 4: The 300-MHz 'H T, measurements of DMPC and 2-
[8,8-'°F,]DMPC in sonicated vesicles as a function of reciprocal
temperature. The open symbols represent 'H relaxation data of
DMPC, and the solid and cross symbols represent those of 2-{8,8-
OF,]DMPC. (A) Head-group region; (B) fatty acyl chain region.

DMPC vesicles were performed. 'H T values are observed
to be identical for these two systems (Figure 4), indicating that
no perturbation of the fatty acyl packing by the CF, group
occurs as judged from 'H T, relaxation studies.

The apparent activation energy shown by 7| measurements
for the protons next to the C'°F, group (peak f in Figure 1)
in 2-[8,8-9F,JDMPC vesicles has been found to be 6.0 kJ /mol.
The super-Lorentzian methylene peak h (Figure 1) obtained
by 'H NMR shows T, values with an apparent activation
energy of 11.0 kJ/mol. This value is similar to that obtained
previously by Kroon et al. (1976). It should be noted that the
sharp component of peak h arises mainly from the *H NMR
signals of the terminal methylene groups (Bloom et al., 1978).
Careful examination of the broad component under peak h
(from the methylene groups close to the polar head group)
shows a smaller activation energy (6.3 kJ/mol) of the 'H T,
values than that of the sharp component (from the terminal
methylene groups). These results suggest that there is indeed
a dependence of the activation energy on the position in the
fatty acyl chain.

The T,* values obtained by '°F NMR of the SUV are, in
general, 1-2 orders of magnitude shorter than those of 7,. The
apparent Arrhenius activation energies derived for T,* are,
however, much larger than those from T, (Table II). For
resonances from the inside leaflet of SUV, apparent activation
energies of 16.5, 20, and 24 kJ/mol are obtained for the 4-,
8-, and 12-positions. Correspondingly, values of 40.8, 32.7,
and 22.8 kJ/mol are detected for the outside leaflet of SUV.
The activation energy is seen to be higher near the end of the
chain for the inside leaflet, but this trend is reversed for the
outside leaflet.

The results of off-resonance T, measurements for both
2-[8,8-1F,]DMPC and 2-[12,12-°F,]DMPC in SUV are
shown in Figure 5. They are compared with the theoretical
curves at the indicated effective correlation time. As shown
by the theoretical curves, these measurements are sensitive to
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FIGURE §: Determination of the effective correlation times by off-
resonance T, measurements at 26 °C: (A) 2-[8,8-°F,]DMPC; (B)
2-[12,12-9F,]DMPC. The theoretical curves (open and solid lines)
are calculated from eq 9 and 10 by using the following parameters
for various values of Avyy at the indicated correlation times, 107, 1077,
and 107%s: (A) Avega = 16.9 kHz, T, = 0.34 5, and w, = 4 kHz;
(B) Avcgs = 10.4 kHz, 7| = 0.46 s, and w; = 4 kHz. From a
comparison of the experimental and theoretical M /M| values as
a function of off-resonance frequency, Ay, the effective correlation
times can be determined as 2 X 107" and 1 X 1077 s for the outside
and inside leaflet, respectively: (4) inside leaflet of 2-[8,8-'°F,]DMPC;
() outside leaflet of 2-[8,8-'°F,]DMPC; (®) 2-[12,12-°F,]DMPC,
where no attempt has been made to resolve the two overlapping
resonances from the inside and outside leaflets of SUV.

the correlation time range of 107%-10"% s, We should em-
phasize that the curves calculated for different !°F-labeled
lipids are different because of their different CSA values in
the multilamellar dispersions (compare panels A and B of
Figure 5) although their line shapes appear similar. From a
simulation of the experimental data, one can conclude that
the effective correlation of 2-[8,8-'°F,]DMPC in the SUV is
2 X 107 and 1 X 1077 s for the outside and inside leaflets of
the bilayer at 26 °C, respectively. In the case of 2-[12,12-
9F,]DMPC, it was impossible to resolve the inside and outside
resonances at the observed temperature; still, the correlation
time is similar to those obtained for 2-[8,8-'°F,]DMPC. In-
terestingly, these correlation times (1077 s) are almost 1 order
of magnitude smaller than that expected from the reorientation
of the entire vesicle on the basis of Stokes—Einstein diffusion
model (107 s).

DiscussiON

Chemical Shift and Lateral Packing. An attempt to un-
derstand the phospholipid packing in SUV can be approached
by first comparing the results of the present '°F NMR study
at a magnetic field of 7 T and the 'H NMR study of SUV
at a magnetic field of 11.7 T (Schuh et al,, 1982). In both
systems, only the broad component from the outside leaflet
of SUV appears to shift, while the narrow component remains
unchanged over the range of temperatures examined (Figure
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2). However, the relative change and location of the two
resonances from the inside and outside leaflets of SUV are
reversed for the '°F and '"H NMR spectra. The broader
resonance of the outside leaflet appears upfield relative to that
of the inside leaflet in the °F NMR study, while in the 'H
NMR study, it is downfield. In addition, the broader peak
in the °F NMR spectra is shifted upfield, while that in the
'"H NMR spectra is shifted downfield when the temperature
is lowered.

These results can be readily understood on the basis of the
well-documented mechanism of the chemical shift from 'H
and '°F NMR studies (Emsley et al., 1966; Raynes & Raza,
1971). The present proposed mechanism for the shift observed
in the 'F NMR spectra is similar to that proposed by Schuh
et al. (1982) for 'H NMR and is different from that proposed
by Longmuir & Dahlquist (1976) for °F NMR. In agreement
with Schuh et al. (1982), we believe that the major forces of
interactions between two lipid chains are mainly attractive and
of the van der Waals type. This interaction causes expansion
of the electronic cloud around the protons or fluorines in the
fatty acyl region. It is well-known for 'H NMR that the local
paramagnetic contribution to the chemical shift is small, but
it is believed to be dominant in the shielding of other nuclei
such as IF. Since the nuclear shielding effects are expected
to be opposite for diamagnetic and paramagnetic contributions,
the same type of attractive London dispersion forces would
lead to the opposite chemical shift change observed for the 'H
and F NMR spectra. Hence, the study of either 'H or °F
NMR chemical shift should give us the same type of infor-
mation on the lipid packing of SUV with the exception that
the '’F NMR offers a wider chemical shift range and is more
sensitive to environment.

The chemical shift differences between the resonances of
the inside and outside leaflets of SUV can, thus, be used as
an index of the lateral packing of the phospholipids in SUV.
Since the F chemical shift of the outside leaflet is shifted
upfield relative to the inside leaflet, the outer hydrocarbon
chains are necessarily on the average more tightly packed than
the inner chain. The same conclusion has been reached by
the "H NMR study (Schuh et al., 1982) and by geometrical
considerations (Huang & Mason, 1978) of the phospholipid
packing in SUV. The thermal expansion coefficient of the
outer monolayer must also be larger as judged from the steeper
slope of its chemical shift change as a function of temperature
(Figure 2). The packing differences are smaller at the 12-
position than those for positions 4 and 8, as judged by the
relative chemical shift difference between the inside and outside
I9F resonances.

T, and Fast Local Motion. Studies of both the temperature
and frequency dependence of 7| measurements by 'H, 2H, and
13C NMR in lipid bilayers (Feigenson & Chan, 1974; Brown
et al., 1983) have concluded that two or more characteristic
correlation times must exist for the fatty acyl chain motion.
In attempting to understand the details of lipid dynamics, it
is generally assumed that the observed T,7! is the sum of two
independent contributions as

T =Ty + T, (11)

where T\, indicates the contribution from relatively fast
motion and T,,! is the contribution from slower motion
(Brown, 1982). Although it is not clear what kind of motion
will be responsible for the slower motion, it is generaly agreed
that the fast motion correspond primarily to trans—gauche
isomerization of the lipid acyl chain. Assuming the applica-
bility of an isotropic model for the chain isomerization, in the
short correlation time range (i.e., wyr, << 1), we obtain
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Tii! = (4/15)wy?be’r, (12)

when & is the rigid lattice value for CSA. Since there is no
detectable difference in T for the two resonances from the
inside and outside leaflets of SUV, it seems unlikely that the
slow motion has a large contribution to the observed T; values.
This interpretation of T} is based on the assumption of a single
correlation time for the fast local motion and is a good ap-
proximation, especially at high frequencies such as 282.4 MHz
used in our ’F NMR measurements. Assuming that the
dominant relaxation mechanism is due to local fast motion,
the correlation time of this motion can be estimated from eq
12 by using a CSA value of 166 ppm (Dowd et al., 1984) and
the corresponding T, values. The 7. values are found to be
1.3 X 10719, 1.2 X 107'°, and 0.74 X 10™'%s for the 4-, 8-, and
12-positions at 41 °C, respectively. As expected, the observed
correlation time profiles in ["F]DMPC show roughly a plateau
for the 4- and 8-positions and a steep decrease for the 12-
position. Similar results have previously been obtained by *H
relaxation studies (Brown et al., 1979).

Ty,, T,*, and Slow Motion. As noted under Theory, studies
of T, and of the motional narrowing of the line width should
give the same kind of information about the slow motions of
SUV. Using the line width (A», ;) obtained from 'F NMR
measurements and eq 6, one should be able to calculate a
correlation time. For example, the experimental line widths
of 2-[8,8-9F,]DMPC in SUV at 26 °C are found to be 127
and 61 Hz for the outside and inside resonances, respectively.
By use of the CSA value obtained for 2-[8,8-'°F,]DMPC in
multilamellar liposomes (Table I), the effective correlation
times can be calculated as 3.9 X 107 and 1.9 X 1077 s for the
outside and inside leaflet of SUV. These values are about 2
times larger than those obtained from off-resonance T,
measurements (Figure 5). Considering our simplified ap-
proach, the agreement between T, and T,* data is, indeed,
remarkable.

The observed corrlelation time, (1-4) X 1077 s, is much
smaller than that for the tumbling motion of SUV (107¢s).
We should emphasize here that the size distributions of our
19F-labeled vesicle are very similar to those of other synthetic
SUV as judged by two criteria. First, within experimental
errors, the apparent line width of the 'H NMR spectra for
the "F-labeled lipid is the same as that obtained for DMPC
vesicles. Second, the elution profile of the '°F-labeled SUV
from a Sepharose CL-4B column is similar. to that of egg
phosphatidylcholine vesicles (results not shown).

Two possible explanations can be proposed to explain the
experimentally observed correlation times. The first one would
be the breakdown of the Stokes—Einstein diffusion model in
the case of SUV. The second one would be that we are indeed
observing the slow motion proposed by Peterson & Chan
(1977). Since careful hydrodynamic measurements of SUV
[see Mason & Huang (1978)] have clearly demonstrated the
validity of the Stokes—Einstein diffusion equation, we have to
conclude that there are additional slow motions of phospholipid
molecules caused by the highly curved surface of the vesicles
(Bocian & Chan, 1978).

It is interesting to see that the correlation times for the two
monolayers of SUV are different. Both the independent
tumbling of the two uncoupled layers and the diffusion of
phospholipid along surfaces of different curvature could explain
the observed difference. These two motions are expected to
be slow (1077 s) and are consistent with the value observed in
the off-resonance T, measurements.

From the activation energies determined from T,* mea-
surements (Table II), information about the packing differ-
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ences between the two monolayers can be obtained. According
to the motional narrowing of the line width (eq 6) and as-
suming that the contribution of 7 is the same for the three
different '°F-labeled positions, the temperature variation of
the line width should correspond well to the temperature
variation of the CSA in multilamellar dispersions. Since the
CSA is known to correlate linearly with the order parameter
(Skp) (Dowd et al., 1984), one would expect that the activation
energy of T,* for SUV should also be proportional to the
activation energy of Sgr for multilamellar dispersions. Previous
work from this laboratory (Post et al., 1984) obtained an
activation energy for Sgr of 6.3, 11.0, and 14.9 kJ/mol for the
4-, 8-, and 12-position !°F-labeled lipids. Within the exper-
imental error, these values are about half the activation energy
of T,* for the inside leaflet of SUV (16.5, 20, and 24 kJ/mol)
and, therefore, indicate a similar order parameter profile in
both systems. The profile of the activation energy of 7,* from
the outside leaflet of SUV (40.8, 32.7, and 22.8 kJ/mol) is
difficult to understand, as their trend is opposite to that of the
inside leaflet. Since the chemical shift data also show sig-
nificant changes in the packing of the outside leaflet, the
curvature effect of SUV seems to impose perturbations mainly
on the outside leaflet of the vesicles.

In conclusion, °F NMR spectroscopy with appropriate
19F-labeled lipids and/or proteins offers an excellent oppor-
tunity to investigate the molecular basis of protein-lipid in-
teractions in membrane systems. It is expected that mem-
brane-interacting proteins or peptides will have differential
effects on both the °F chemical shifts and dynamic properties
of ’F-labeled phospholipids in the two leaflets of membrane
vesicles.
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APPENDIX

Off-Resonance T, Relaxation: Chemical Shift Anisotropy
Mechanisms. In the case of axial symmetry, the anisotropic
part of the chemical shielding tensor in a molecular frame can
be written as

2 -(1/2)s 0O 0
025 0 -(1/2)s 0 (Al)
0 0 5

where 6 = (¢, ~ ). The CSA Hamiltonian of a nuclear spin
I in the presence of an external magnetic field H is

# = (yh)H-al = (2/3)(vhd)[H.I, - (1/4) X

(H'I - HT")] = (2/3)[3/ ™) (vhé) Ama(Q) (A2)

where Q is the Euler angle of the molecule in laboratory frame
and Ay, (P(Q) is the zeroth component of a second-order
spherical tensor operator constructed with Hand I. Since an
irreducible tensor operator transforms under rotations as
Apa Q) = 3,0, P AL "™, where D, P are the Wigner
rotation coefficients, it is possible to transform the Hamiltonian
into the laboratory frame, obtaining

2f vho 6!/2
# ==\ — )| HJ.LF® + —(H,I'FY + HJ'FY)
3\ 4r 4
(A3)
where we have chosen H, = Hy,, H* = H™ = 0 in the laboratory
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frame, and F"(Q) = (4x/5)1/%Y,,(Q) are the spherical
harmonic functions.

In order to transform the Hamiltonian further into an
off-resonance doubly rotating frame, we first perform an un-
itary transformation U = exp(—iwel,?). Then, the coordinate
system is tilted along the effective field H; and transformed
again with U = exp(iw’;). The resulting Hamiltonian in the
doubly rotating frame can be written as

2f vho { sin 8 _.
H == 0) ’ _ g+ —iwel
3( an ) FOH I, cos 6 -1 2|/ze +

sin 6 61/2 iné
_ #ew,t] + F(I)THO[ I sin et + ['* cos?

z 91/2
(g)ei(wo—w‘)t + 1/— sin2 ( g)ei(w(ﬁ-wc)l ] +

12 .
F('1>6TH0|:—I’ > ae"""O’ + I’* sin? (%)e‘f(‘”f”"%)’ +

Ta1/2
i g\ _.
I'" cos? 2 g flwowdt | 3 (Ad)

(A3)

/

where 6 is defined as

= tan™!

¢ = tan™
wg ~ W Awofr

The relaxation rate is then calculated by using Abragam’s
master equation formalism [p 276 of Abragam (1961)]. We
finally obtain

27, 3 (a)
——— + -sin*{ = ) ¥
+ wlr? 2 2

27, 3 4(0) 27,
———+ - cos*| - }——m—
1+ (wO - we)zTcz 2 2 1+ (wO + we)zTcz

(A6)

Registry No. 2-[4,4-19F,]DMPC, 92937-51-4; 2-[8,8-1F,])DMPC,
83603-94-5; 2-{12,12-'9F,] DMPC, 92937-52-5; DMPC, 18194-24-6.

2 .
Txp—l = Z’S‘(YHo)zﬁz[ (sin? 0)1
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ABSTRACT: The aggregation behavior of bile salt and lecithin in aqueous solutions at 20 °C was studied
from bile salt, lecithin, and aggregate self-diffusion coefficients obtained by means of a Fourier-transform
NMR pulsed-gradient spin-echo technique. The results strongly support the coexistence of simple bile salt
micelles and mixed bile salt-lecithin micelles under physiologic conditions.

In recent years, extensive investigations of the physical
chemistry of model and native biliary lipid systems have been
performed. In particular, the formation, size, and structure
of bile salt (BS)!-lecithin (L) mixed micelles have been studied
systematically by using various techniques such as quasi-elastic
light scattering (QLS) (Mazer et al., 1980, 1984; Schurten-
berger et al., 1984a,b), small-angle X-ray scattering (Miiller,
1981), calorimetry (Claffey & Holzbach, 1981; Spink et al,,
1982), or NMR (Stark & Roberts, 1984; Lindblom et al.,
1984). Whereas the model for the structure of mixed micelles
at high lecithin to bile salt molar ratios (L/BS) proposed by
Mazer et al. (1980) has been widely accepted, a present
controversy exists as to the precise nature of the aggregates
formed at physiologic L/BS ratios (0.2-0.4) and high total
lipid concentrations (C,,;). The model proposed by Mazer et
al. (1980) suggests that simple bile salt micelles and small bile

*Supported by the Swiss National Science Foundation (Grant
3.614.80).

* Correspondence should be addressed to this author at the Depart-
ment of Physics, Massachusetts Institute of Technology, Cambridge, MA
02139.

salt-lecithin mixed micelles of fixed composition coexist under
these conditions. This coexistence of simple and mixed micelles
was already proposed by Carey & Small (1978) and is con-
sistent with recent cholesterol dissolution studies (Higuchi et
al., 1981) and equilibrium dialysis data (Duane, 1977; Higuchi
et al., 1984). However, on the basis of small-angle X-ray
experiments, Miiller (1981) proposed that only mixed micelles
exist at physiologic L/BS ratios and that these aggregates have
a structure different from those formed at higher L/BS ratios.
This model was further supported by Claffey & Holzbach
(1981) and Spink et al. (1982) on the basis of their calorimetry

! Abbreviations: BS, bile salt; L, lecithin; QLS, quasi-elastic light
scattering; L/BS, lecithin to bile salt molar ratio; Cy,, total lipid con-
centration; Cgg, bile salt concentration; Cy, lecithin concentration; FT-
PGSE, Fourier-transform pulsed-gradient spin-echo; D;, self-diffusion
coefficient; D, collective diffusion coefficient; D,BS, self-diffusion coef-
ficient of bile salt; DL, self-diffusion coefficient of lecithin; DMesSi,
self-diffusion coefficient of Me,Si; Me,Si, tetramethylsilane; HMS,
hexamethyldisiloxane; TC, taurocholate; TDC, taurodeoxycholate; C%,
total lipid concentration of micellar stock solution; cme, critical micelle
concentration.
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