
6138 Biochemistry 1984, 23, 6138-6141 

Fluorine- 1 9 Nuclear Magnetic Resonance Investigation of 
Fluorine- 19-Labeled Phospholipids. 1. A Multiple-Pulse Study? 

Jan F. M. Post, Bruce W. Cook, Susan R. Dowd, I. J .  Lowe, and Chien Ho* 

ABSTRACT: A multiple-pulse nuclear magnetic resonance 
technique has been used to measure the order parameter, S F F ,  
at 40 MHz for dimyristoylphosphatidylcholine labeled with 
a difluoromethylene group at the 4-, 8-, or 12-position of the 
sn-2-acyl chain dispersed in water in the liquid-crystalline 
phase. The Carr-Purcell-Meiboom-Gill multiple-pulse se- 
quence can resolve the homonuclear dipolar coupling between 
the two fluorine nuclei, thus making a direct determination 
of the order parameter, SFF, for the F-F internuclear vector 
possible. Other interactions, such as the 19F chemical shift 
anisotropy, heteronuclear dipolar couplings, and field inho- 
mogeneity, which normally obscure the dipolar splitting, are 
effectively canceled. The order parameters obtained in this 

F o r  more than two decades, phospholipids have been the 
subject of intense investigation. These molecules can, when 
dispersed in water, form bilayers and other structures that are 
relevant to the structure and functioning of biological mem- 
branes. Nuclear magnetic resonance (NMR) techniques have 
been shown to be fruitful to investigate the dynamic and 
structural features of phospholipids [for reviews, see Seelig 
(1977), Griffin (1981), Jacobs & Oldfield (1981), and Ho et 
al. (1984)]. 

Recently, 19F has received attention as an attractive NMR 
probe for membrane studies (Longmuir & Dahlquist, 1976; 
Gent et al., 1978, 1981; Gent & Ho, 1978; Oldfield et al., 
1980 Engelsberg et al., 1982; Macdonald et al., 1983; Dowd 
et al., 1984). 19F NMR has certain distinct advantages for 
such studies. It has almost the same sensitivity as that of 'H 
NMR. Furthermore, in a CF2 group, several magnetic in- 
teractions play a role, such as the homonuclear dipolar coupling 
between the two fluorine nuclei, heteronuclear dipolar coupling 
between 19F and nearby protons, and the I9F chemical shift 
anisotropy (CSA) of the C-F bond. It has been shown that 
these interactions can be measured separately by using pulse 
NMR techniques (Post et al., 1982a,b). When the results are 
combined, a complete description of the average orientation 
of the labeled lipid segment can be given. 

The Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence 
has been found to be an especially useful technique for in- 
vestigating CF,-labeled lipid systems. It cancels all the in- 
teractions except homonuclear dipolar couplings, making it 
possible to measure the average orientation of the F-F bond, 
described by the order parameter SFF. The CPMG experiment 
has been used previously to measure the order parameters, SFF, 
and to study the phase transitions in lyotropic liquid crystals 
formed by 19F-labeled potassium myristate (Post et al., 1982b). 
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work compare well with those obtained by 19F nuclear mag- 
netic resonance line-shape analysis of the 19F-labeled phos- 
pholipids reported in the following paper [Dowd, S .  R., Sim- 
placeanu, V., & Ho, C. (1984) Biochemistry (following paper 
in this issue)] as well as comparable ScD order parameters, 
determined for the deuterium-carbon internuclear vector of 
deuterium-labeled phospholipids [Oldfield, E., Meadows, M., 
Rice, D., & Jacobs, R. (1978) Biochemistry 17,2727-27401. 
The present results clearly show the usefulness of using nuclear 
magnetic resonance spectroscopy to investigate lipid-lipid and 
protein-lipid interactions, especially for those systems con- 
taining a difluoromethylene group in the acyl chain of a 
phospholipid molecule. 

The effects of cholesterol and a membrane protein on I9F- 
labeled dimyristoylphosphatidylcholine (DMPC) were also 
studied by using the CPMG sequence (Post et al., 1981). 

In this paper, we describe a series of measurements of the 
order parameter, SFF,  in the 19F-labeled DMPC-water system 
as a function of temperature, water content, cholesterol, and 
position of the CF, group along the acyl chain. The phos- 
pholipid was I9F-labeled with a CF, group at the 4-, 8-, or 
12-position of the sn-2-acyl chain and the order parameters 
were measured in the liquid-crystalline phase. 

Experimental Procedures 
Materials. Samples of phospholipids for NMR study were 

prepared by mixing them with H 2 0  or D 2 0  in a 4-mm tube 
and vortexing above the phase transition temperature. 1- 
Myristoyl-2-(4,4- [I9F2] difluoromyristoy1)-sn-glycero-3- 
phosphocholine (2- [4,4-19F2] DMPC) and the corresponding 
12,12-[19F,]difluoromethylene isomer (2-[ 12,12-19F2]DMPC) 
were synthesized by methods equivalent to those described 
previously for the preparation of l-myristoyl-2-(8,8-['9F,1- 
difluoromyristoyl)-sn-glycerol-3-phosphocholine (2- [8,8- 
19F2]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. Cholesterol was purchased from 
Sigma and recrystallized twice from ethanol. Reagent-grade 
solvents were used unless otherwise stated. 

Methods. The 19F NMR experiments were carried out at 
40 MHz, using a home-built spectrometer (Karlicek & Lowe, 
1978). A Nicolet signal averager (Model 1270) was used to 
sample the NMR signal and to perform the Fourier trans- 
formation. 

' Abbreviations: NMR, nuclear magnetic resonance; CSA, chemical 
shift anisotropy; CPMG, Carr-Purcell-Meiboom-Gill; DMPC, di- 
myristoylphosphatidyIcholine; SFF, fluorine-fluorine internuclear vector 
order parameter; S,,, carbondeuterium internuclear order parameter; 
2-[4,4-I9F2]DPMC, 1-myristoyl-2-(4,4-[1gF2]difluoromyristoyl)-sn- 
glycerol-3-phosphocholine; 2-[8,8-I9F2]DMPC, l-myristoyl-2-(8,8- 
['9F2]difluoromyristoyl)-~~-glycerol-3-phosphocholine; 2-[12,12-'9F2]- 
DMPC, l-myristoyl-2-( 1 2,12-['9F2]difluoromyristoyl)-sn-glycerol-3~ 
phosphocholine; AHT, average Hamiltonian theory. 
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Theoretical Section 

Multiple-pulse NMR experiments on 19F-labeled lipids have 
been discussed by Post et al. ( 1  982a). We shall give here a 
brief discussion of the CPMG experiment in terms of the 
average Hamiltonian theory (AHT). It has been shown that 
if a spin system is subjected to cyclic forces, it behaves as if 
it develops under a constant Hamiltonian when inspected in 
phase with the cycle (Mehring, 1983). This Hamiltonian can 
be calculated by using AHT. The time-dependent density 
matrix p ( t )  can be written, at integral multiples n of the cycle 
time t,, as 

A n t J  = L(ntc)P(O)Lt(ntc) (1) 

where L is the propagator operator for the cycle and Lt its 
Hermitian adjoint. L can be written by using the Magnus 
formula (Haeberlen, 1976) 

L(nt,) = exp[-int, (k0 + k' + k2 + ...)I (2) 

where ko = (l/t,)JfE%(t) dt is the average Hamiltonian in 
the rotating frame over the cycle and k',  k2, etc., are higher 
order correction terms. 

The spin Hamiltonian in the rotating frame for a system 
containing two dipolar coupled spin ' / 2  species I and S can 
be written as 

(3) 
if spins I are observed. 7fII denotes the truncated Hamiltonian 
for the homonuclear dipolar couping and has the form 

= %I1 + %IS + %CSA 

%I, o: (iff, - 31jzIkz) (4) 

where 7fIs and gCSA are the Hamiltonians for the hetero- 
nuclear dipolar coupling and CSA, respectively, and are both 
of the form 

%IS, %CSA a ajzjz + akzkz ( 5 )  

Note that f,& is invariant to rotation and that VII is quadratic 
in I,, while FfIS and 3YCSA are linear functions of 1,. For a 
90°,,- (r18Oo,-7), sequence, the cycle time is 47. A cycle 
consists of two 180' pulses. A 180' pulse can be described 
by a rotation operator R = exp(ia1,). It is easy to see that 

R%,,R = gII ( 6 4  

R~%,,R = -wIS (6b) 

R ~ % , . ~ ~ R  = -gCSA ( 6 4  

Thus, over the cycle t ,  = 47, ko = gII. In the case of rapid 
rotations around the C-C bonds, the 19F spins will be mag- 
netically equivalent (aj = ak in eq 5) .  It can be shown that 
all higher order correction terms ff ' , k2, etc., in the Magnus 
expansion (eq 2) vanish, because the Hamiltonians in eq 6 
commute at all times (Mehring, 1983). Therefore, in contrast 
with other multiple-pulse experiments like the WAHUHA 
sequence, the cycle time t ,  does not influence the experimental 
resolution and the choice of 7 is not critical. However, the 
convergence condition for eq 2 is roughly tell %(t)ll << 1, where 
11%(t)ll is the magnitude of % ( t ) .  Therefore, in the CPMG 
experiment, only ?fII is effective in the time evolution of the 
transverse magnetization. This makes a direct measurement 
of the order parameter S F F  possible. SFF is defined as (1/2)(3 
cos2 B - 1) where B is the average angle between the F-F vector 
and the bilayer normal. It should be mentioned that for the 
special case that uj = Uk and the Hamiltonian commutes with 
itself at all times, one does not need to use the Magnus ex- 
pansion to justify the use of AHT, and for this case, there are 
no limitations on the value oft,. For a discussion of the order 
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FIGURE 2: Order parameter SFF for I9F-labeled phospholipids as a 
function of temperature: (0) 2-[4,4-I9F2]DMPC-D2O (30:70); (A) 

plus 35 mol % cholesterol in excess D 2 0 .  

parameters, see the Appendix and references cited therein. 

Results and Discussion 
A typical 19F dipolar spectrum, obtained with the CPMG 

pulse sequence, is shown in Figure 1. The magnetization (echo 
peaks) is sampled between successive 1 80" pulses. Experi- 
mentally, only half of the spectrum is obtained, but for reasons 
of clarity, the whole (symmetrical) line shape is plotted. The 
spectrum obtained clearly shows the features of a Pake doublet 
expected for a dipolar coupled spin '/* pair. Intermolecular 
line broadening is efficiently averaged out in liquid crystals 
by rapid lateral diffusion, so that we are, in fact, observing 
isolated spin 1 / 2  pairs (Post et al., 1982a,b). The CSA, het- 
eronuclear dipolar couplings, and field inhomogeneities, which 
normally obscure the F-F dipolar splitting, are efficiently 
canceled in the CPMG experiment. From the observed 
splitting A, the order parameter SFF can be calculated as S F F  
= A/15.4 kHz. The value of 15.4 kHz is the maximum 
theoretical splitting for a CF, group in I9F-labeled lipids. 

Figure 2 shows the order parameters obtained in the tem- 
perature range 25-50 "C for DMPC in excess D20, labeled 
respectively at the 4-, 8-, or 12-position of the sn-2 chain. It 
can be seen that for all three phospholipids studied, the order 
parameters decrease with temperature. The order parameters 
are lower at positions deeper in the bilayer and are similar to 
the results of 2H NMR measurements on 2H-labeled DMPCs 
(Oldfield et al., 1978). For a discussion on the comparison 
between the S F F  and Sco values of phospholipids, see the 
following paper by Dowd et al. (1984). The order parameters 

2-[8,8-lgF2]DMPC-D20 (30:70); (0) 2-[12,12-'9F2]DMPC-D20 
(3070); (A) 2-[8,8-I9F2]DMPC-D20 (75:25); (0) 2-[8,8-I9F2]DMPC 
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FIGURE 3: Order parameter S F F  of l9F-1abeled phospholipids as a 
function of reciprocal temperature: (0) 2- [4,4-’9F2]DMPC-D20 
(30:70); (A) 2- [ 8,8-’9F2]DMPC-D20 (30:70); (0) 2- [ 12,l 2-I9F2]- 
DMPC-D20 (30:70); (A) 2-[8,8-’9F2]DMPC-Dz0 (75125). 

are not very different for the 4- and 8-position, while the value 
for the 12-position is much lower. This observation is in good 
agreement with work on *H-labeled dipalmitoyl- 
phosphatidylcholine (Schindler & Seelig, 1975), which has 
demonstrated a ScD order parameter “plateau” for roughly 
the first half of the chain. 

The effects of cholesterol and a lower water content on the 
S F F  are also shown in Figure 2. In both cases, there is a 
considerable increase in the values of S F F ,  in agreement with 
other work (Post et al., 1981; Pope et al., 1981). 

The interpretation of order parameters is not a straight- 
forward matter and much work has been done to connect these 
order parameters with detailed models of molecular motion 
(Schindler & Seelig, 1975; Peterson & Chan, 1977; Pace & 
Chan, 1982; van der Ploeg & Berendsen, 1983). For our 
present work, simple statistical mechanical arguments suffice 
to obtain a qualitative understanding of our results. In an 
aliphatic chain, each C-C bond encounters three energy 
minima while rotating 360’ and therefore exists in one of three 
conformations (Gruen, 1982). These are the trans ( t )  and two 
gauche (g’ and g-) conformers. The gauche states are higher 
in energy than the trans state by E, = 2.1 f 0.4 kJ/mol. The 
weighted sum of configurations for a C-C bond is [ l  + 2 
exp[-E,/(RT)]]. For a polymer of n bonds, the total weighted 
number of configurations P is P = [ 1 + 2 exp[-E,/(RT)]]”. 
In the temperature range of interest, exp[-E,/(RT)] N 0.5 
and thus P N 2*, which amounts to more than 8000 config- 
urations for a C- 14 chain. The measured order parameters 
reflect the rapid fluctuations between all possible configura- 
tions. For an isolated chain fixed at  one end, each segment 
is expected to have a greater orientational freedom than the 
preceding one. If each segment is characterized by an order 
parameter, S,  with respect to the preceding segment, then the 
order parameter, S,, of the nth segment with respect to the 
symmetry axis of the system is given by S, = S”. Thus, one 
expects an exponential decrease in the order parameter along 
the chain. From our data, this is not the case: the decrease 
is less than exponential. This difference can be attributed to 
the steric repulsions between neighboring chains in the bilayers, 
which partly prevent the decrease of the orientational order 
along the chain. 

It is interesting that the temperature dependence of the order 
parameters is reasonably well described by an Arrhenius curve, 
as shown in Figure 3, with “activation energies” of 6.3, 11 .O, 
and 14.9 kJ/mol for the 4-, 8-, and 12-labeled compounds 

respectively. Note that the increase in activation energy is 
roughly linear instead of the exponential rise, which we would 
expect for a freely moving chain fixed at one end. This con- 
firms that the acyl chains restrict each other in their motional 
freedom. Figure 3 also shows the Arrhenius plot for 2-[8,8- 
19F2]DMPC with lower D 2 0  content. The “activation 
energies” are 11 .O and 9.4 kJ/mol for 70% and 25% D20,  
indicating that at  lower water contents the chains are more 
motionally restricted than at higher water contents. The 
Arrhenius-type behavior indicates that the order parameter 
is related to the rate of the motions in the chain and to the 
thermal expansion of the bilayer (Nagle & Wilkinson, 1978). 
However, a complete explanation of this phenomenon would 
require the use of well-tested computer models of the lipid 
chain behavior in bilayers. 

Conclusions 
The CPMG multiple-pulse technique was found to be a 

convenient way to accurately determine the order parameter, 
SFF, of lgF-labeled phospholipids in liquid-crystalline bilayers. 
The observed order parameters decrease with increasing tem- 
perature, water content, or position in the acyl chain and can 
be understood in terms of steric repulsions between the 
phospholipid molecules. The present results as well as those 
presented in the following paper (Dowd et al., 1984) clearly 
show that I9F labels (especially as a CF2 group in an acyl 
chain) are an excellent choice for investigating both structural 
and dynamical properties of phospholipid dispersions. The 
presence of two 19F atoms in a CF2 group permits us to de- 
termine an order parameter, SFF, directly by using the CPMG 
multiple-pulse sequence. This is a useful technique to inves- 
tigate lipid-lipid, lipid-cholesterol, and lipid-protein inter- 
actions. 
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Appendix 
Determination of Order Parameters. Knowledge of the 

chemical shift tensor can be used to obtain all the order pa- 
rameters for the CF, group. Unfortunately, this tensor is not 
known at present, but still useful conclusions can be drawn 
from the measured CSA. The chemical shift anisotropic line 
width can be written as 

Au = Tr(uS) 

where u is the chemical shift tensor, S is the order parameter 
tensor defined by Saupe (1964), and Tr denotes the trace. To 
a good approximation, S is diagonal in the frame where x is 
in the F-F direction, y is the direction dividing the F-C-F 
angle, and z is perpendicular to the CF, plane (Post et al., 
1982a). Now Au can be expressed using Tr(S) = 0, as 

Au = US,, + bS,, 

where a and b are constants, involving the elements of the 
chemical shift tensor. As can be seen in Figure 6 of Dowd 
et al. (1984), Au is a linear function of S,,, with slope Au/S, 
= a + bS,,/S,,. The slope is constant for all values of S,,. 
It is known that at  low temperatures the chains are in the 
all-trans configuration, rapidly rotating around their long 
molecular axis (Davis, 1983). In such a case, S,, = S,, = 0.5. 
As the ratio S,,/SXx is to a good approximation constant over 
the temperature range studied, we can conclude that S,, 
S,, for all temperatures. This means that there is no significant 
motional asymmetry around the molecular axis in the lipid 
chains. 
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Estimation of Chemical Shijit Tensor. From the observed 
value Au = ull ut = 166 ppm (Dowd et al., 1984), one can 
estimate the principal elements of the chemical shift tensor 
for a CF, group in alkyl chains. The CF2 plane is approxi- 
mately a plane of symmetry and the least shielded component 
ul l  is therefore in the z-direction perpendicular to the CF2 
plane. Thus, u l l  = uI = -111 ppm. Then ull = (1/2) (u2, 
+ cr33) = 55 ppm. In other compounds, it has been found that 
the most shielded component, u33, is oriented along the C-F 
bond. For the CF3 group in CF3COOAg, a value of u33 = 71 
ppm was found (Griffin et al., 1972). We estimate then for 
the chemical shift tensor in CFJabeled lipids oj3 = 7 1 ppm, 
u2* = 40 ppm, and ul l  = -1 11 ppm. 

Registry NO. DMPC, 18194-24-6; 2-[4,4-l9F2]DMPC, 92937-51-4; 
2-[12,12-19Fz]DMPC, 92937-52-5. 
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