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ABSTRACT The 2H NMR transverse relaxation rates of a
deuterated phospholipid bilayer reflect slow motions in the
bilayer membrane. A study of dimyristoyl lecithin specifically
deuterated at several positions of the hydrocarbon chains
indicates that these motions are cooperative and are confined
to the hydrocarbon chains of the lipid bilayer. However, lipid
head group interactions do play an important role in modu-
lating the properties of the cooperative fluctuations of the
hydrocarbon chains (director fluctuations), as evidenced by the
effects of various lipid additives on the 2H NMR transverse
relaxation rates of the dimyristoyl lecithin bilayer.

Many motional modes are accessible to the hydrocarbon
chains of a lipid molecule in a bilayer membrane. Unimolec-
ular motions such as bond vibration, bond rotation, and
trans-gauche isomerizations occur at rates faster than 1 x 109
s I1(1). In addition, evidence for motions involving more than
one lipid molecule has been presented (2-5). The frequency
of these motions decreases from 1 X 109 s-1 to 1 X 104 s-1 as
more lipid molecules become involved in the motion. These
motions may be visualized as fluctuations ofthe hydrocarbon
chains in a direction perpendicular to the bilayer normal. If
the amplitudes of such fluctuations are sufficiently large,
concerted chain motion results. These collective motions are
often referred to as director fluctuations.
An increase in the density of slow cooperative motions has

been postulated upon the addition ofproteins to a lipid bilayer
(6-9). Long-range protein-protein interactions have been
observed in lipid bilayers (10, 11). It has been proposed that
a protein embedded in a bilayer membrane can communicate
its presence to distant proteins by lipid-protein interactions.
Since this lipid-protein interaction decays only gradually
with distance from the lipid-protein interface, the spectral
density of the director fluctuations can be modified dramat-
ically. The addition of protein to a bilayer membrane also
increases the permeability of the lipid bilayer to water, ions,
and small water-soluble organic molecules (12). The disrup-
tion of cooperative motions in the bilayer may be responsible
for this. Finally, the activity of membrane-bound transport-
ers and enzymes is dependent on the lipid environment (13).
In biological membranes, the coupling of cooperative mo-
tions to membrane-bound transporters or enzymes may en-
hance or inhibit the conformational fluctuations necessary to
the function of these proteins.
2H NMR relaxation measurements provide an ideal means

of observing slow motions in lipid bilayers (14-16). 2H is a
quadrupolar nucleus, and the quadrupolar interaction dom-
inates other spin interactions in the 2H NMR relaxation
expression. In addition, the lipid hydrocarbon chains may be
deuterated at a single position allowing selective observation
of a particular region of the bilayer.

It has been proposed that the spin-spin relaxation rate
(T-1) is sensitive both to cooperative motions in the lipid

bilayer and to changes in these motions upon addition of a
solute lipid or protein. After standard treatments for nematic
liquid crystals, the following expression has been obtained
for the contribution of director fluctuations to T-j1 (17-19):

T 1(director fluctuations)

a sin2(2I3)S2 J (6S(0)83P(T))dr. Ill

Here, 8 is the angle between the director and the external
magnetic field, SCD is the order parameter for the given
deuteron, and (8,8(0)3,/(r)) is the correlation function describ-
ing the director fluctuations. Thus, if director fluctuations are
present, Eq. 1 predicts a dependence of T-j1 on SCD and 1.
Because liposomal bilayers are curved structures, however,
the presence of significant lateral diffusion may complicate
the angular dependence of T-1. If the rate of lateral diffusion
is comparable to T-j', an average over X is necessary. The
limits of this averaging may be expressed as,8 ± A,/, where
the magnitude of Ad will depend both on the rate of lateral
diffusion ofthe lipid molecules within each monolayer as well
as the radius of curvature of the liposome. In the limit that
lateral diffusion is complete over the time scale of T-1,
(sin2(2,3)) = 16/30, and the angular dependence of T,-1
vanishes. However, when the rate of lateral diffusion is rapid
compared to T-1, the physics is modified (20), the effects of
director fluctuations are masked, and no angular dependence
of T2-1 on p is expected.

In this paper, we use the angular dependence of T, 1 and the
dependence of T-j1 on the order parameter to characterize the
nature of slow motions and to determine the contribution of
director fluctuations to T-1 in a dimyristoyl lecithin (DML)
bilayer. The effects ofdistearoyl lecithin (DSL), myristic acid
(MA), cholesterol, phytol, and chlorophyll a (Chl-a) on the
T-1 of the DML bilayer are also determined. The structures
of these lipids are shown in Fig. 1. These lipids were chosen
to probe the relative propensity of the various regions of the
bilayer towards cooperative distortions.

EXPERIMENTAL
Materials and Methods. DSL and perdeuterated DML

([2H54]DML) were purchased from Avanti Polar Lipids.
Cholesterol and phytol were purchased from Sigma. [6,6-
2H2]Myristic acid ([6,6_2H2]MA) was synthesized by MSD
Isotopes.
DML deuterated at the 9 and 10 positions on both chains

([9,9',10,10'-2H4]DML) was synthesized as described previ-
ously (4). [(2,2,2',2')-2H4]DML was synthesized by attaching
MA deuterated at the 2 position to a glycerophosphocholine

Abbreviations: DML, dimyristoyl lecithin; DSL, distearoyl lecithin;
MA, myristic acid; Chl-a, chlorophyll a; Ti1, spin-spin relaxation
rate.
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FIG. 1. Structures of DSL, Chl-a, MA, cholesterol, and phytol.

head group. The procedure ofRegen et al. (21) was used. The
MA used in the [2,2,2',2'-2H4]DML synthesis was deuterated
at the 2 position by the procedure of Aasen et al. (22).

Multilamellar dispersions were formed using the following
protocol. DML powder or a mixture of lipids was dissolved
in chloroform and then transferred to a 5-mm sample tube.
Most of the chloroform was then evaporated under a stream
of nitrogen. The last traces of the solvent were removed by
drying the sample under high vacuum for at least 8 hr. The
dried lipid films were hydrated with 25 mM Tris HCl (pH 7.0).
The sample tube was then sealed. The lipid systems were
dispersed by alternately vortex mixing and warming to just
above the gel-to-liquid crystalline phase transition tempera-
ture of the phospholipid. The vortex mixing was continued
until a uniform suspension was formed (-5 min).
Experiments using [2,2,2',2'-2H4]DML were done within

hours of hydration. This was necessary because deuterons at
the two position are fairly acidic. Over a period of days, these
deuterons exchange quite rapidly with protons in the aqueous
environment.

All lipid mixtures contained less than 20% lipid by weight
with respect to water. Experiments were performed at 303 K,
with the exception of that involving the [9,9',10,10'-
2H4]DML sample containing 50 mol % DSL in lipid, which
was run at 313 K. All samples were observed well above their
gel-to-liquid crystalline phase transition temperatures.

Instrumentation. NMR relaxation experiments were con-
ducted on a Bruker model WM 500 spectrometer. The
transmitter pulse was attenuated to 1 V peak/peak and used
to drive an Amplifier Research model 200L amplifier. The
amplified pulse was fed into a home-built high-power deute-
rium probe. This arrangement provided a 3.5-,us 90° pulse.
The pulse sequence and data analysis programs used to

determine the T2 values of these lipid systems have been
described (23).

RESULTS
A multilamellar dispersion of perdeuterated DML yields a
powder-type spectrum with similar SCD values for deuterons
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at positions 3-10 along the lipid hydrocarbon chain (24).
Accordingly, we have measured the dependence of T-1 on ,B
(see Eq. 1) in a sample of [9,9',10,10'-2H4]DML at several
positions in the 2H NMR spectrum. These results are sum-
marized in Fig. 2, both as a function of (8 and resonant
frequency. The angular dependence of T-1 showed a mini-
mum at the 900 singularities and increased toward the center
of the spectrum, following the trend predicted in Eq. 1.
Because an explicit dependence of T-1 on (3was observed,
the spatial averaging of P3 associated with lateral diffusion on
the timescale of T-1 must be small.
Deuterons undergoing cooperative motions at different

positions on the same lipid chain are expected to experience
the same director fluctuations. To determine the dependence
of TI1 on SAD, as predicted by the model of director
fluctuations, TI' values were measured at several resolvable
singularities in the pure [2H54]DML system. A graph of TI2'
versus S2D for this system is shown in Fig. 3. The line drawn
through the points was calculated using a linear least-squares
fit program. The equation describing this line is

T 1 = (11,926 + 306)S-.S2CD + (329 ± 7)s-. [2]

Thus, a good fit was obtained corresponding to a linear
dependence of TI-1 on SCD for the various deuterons along the
lipid chain. The contribution of motions other than director
fluctuations-i.e., uncorrelated chain motions-to T-1 is
given by the y intercept in Eq. 2.
The nature of the motions near the lipid head group can be

gleaned from the relaxation rates observed in [2,2,2',2'-
2H4]DML. The one-dimensional spectrum of [2,2,2',2'-
2H4]DML is shown in Fig. 4. Each peak is labeled with its
experimental TI1 value. The extreme orientation of the
multilayers in the magnetic field in this sample allowed
resolution offour signals corresponding to the four deuterium
labels in this lipid. Previous NMR studies have shown (24)
that the inner two powder patterns correspond to the lipid
chain nearest to the head group, while the outer two corre-
spond to the lipid chain farthest from the head group. The TI-
values of [2,2,2',2'-2H4]DML are plotted against S2D in Fig.
5. The line calculated for the perdeuterated system is in-
cluded for comparison. The data fit the following straight line

-21=(2535 ± 346)s-'*SCD + (344 ± 14)s-1. [3]
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FIG. 3. T2-1 versus SCD for [2H54]DML multilayers. Data are
fitted to a straight line with slope 11,926 ± 306 s-1 andy intercept 329
± 7 s-1.

The slope of this line is considerably smaller than that of the
perdeuterated lipid. This suggests that the cooperative mo-
tions observed from C3 to C10 of the lipid chain do not extend
to the 2 position. Thus the C2-C3 bond must provide the
anchor for the cooperative chain fluctuations. On the other
hand, the intercepts in Eqs. 2 and 3 are essentially identical.
Thus, as expected, noncooperative contributions to TI' are
similar at all chain positions.
The possible effects of added solute lipids on the cooper-

ative motions in the DML bilayer have been investigated by
comparing the T'1 (at 90°) ofthe pure [2H54]DML bilayer with
the relaxation rates measured for [9,9',10,10'-2H4]DML bi-
layers containing various concentrations of DSL, choles-
terol, phytol, or Chl-a, as well as the TI1 of [6,6-2H2]MA in
an unlabeled DML bilayer. This exercise has led to a clas-
sification of the experimental systems into two groups.
Systems in group A exhibit a dependence of the relaxation
rates versus SCD identical to the pure DML system (Fig. 6a).
These include 20 mol % [6,6-2H21MA in DML (pH 7.4),
[9,9',10,10'-2H4]DML containing 30 mol% cholesterol, 8 and
23 mol % phytol, and 50 mol % DSL (313 K). Group B
included various concentrations of Chl-a in [9,9',10,10'-
2H4]DML. The dependence of TI1 values versus S2D values
in these systems (Fig. 6b) does not follow Eq. 2. Certain
structural features ofthe lipids appear to have large effects on
the director motions in the bilayer.

DISCUSSION
Director Fluctuations in the Pure DML Bilayer. The model

of director fluctuations predicts both an angular dependence
of TI1 on ,B and a linear relationship of TI1 with SCD. The
theoretical angular dependence of T-1 is given by sin2(2j3).
This function is zero at ,B = 900 but rises steeply for smaller
and larger values of ,B, peaking at 450 and 1350. Whereas the

l90o.o nonzero experimental value obtained for the director contri-
bution to TI' at (3 = 900 indicates that motions such as lateral
diffusion are occurring, A.8 need only be 20°-30° to give rise
to the experimental value observed. The T2 1 at the 900
orientation in the 2H NMR spectrum of [9,9',10,10_-2H4]-
DML is around 1000 s-1 whereas the y intercept of the best
line fit to the perdeuterated data is about 300 s-1. Thus,
two-thirds of the TI1 relaxation at ,B = 900 is due to director

f the [9,9',10,10'- motion. Our experimental results indicate that, indeed, di-
nal magnetic field. rector fluctuations are the dominant cause of TI1 relaxation
external magnetic in lipid bilayers and the time scales of these motions must

span a range and extend to 10-4 S or longer.
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FIG. 4. One-dimensional 'H NMR spectrum of [2,2,2',2'-2H4]DML multilayers. An oriented powder pattern is observed for each of the four
deuterons. Each powder pattern is labeled with its corresponding T-1 at ,( = 90°.

A comparison of the T-j1 versus SCD plots for deuterons
near the lipid headgroup with those for the lipid chain shows
that the slope for the deuterons in [2,2,2',2'-2H4JDML is
about 5 times smaller than that for the perdeuterated chain
(Fig. 5). Since the slope is directly proportional to the
correlation function for director fluctuations and reflects the
density of slow cooperative motions in the bilayer, our results
suggest that the C2-C3 bond of the acyl chains provide the
anchor for the cooperative chain motions in the lipid bilayer.

Lipid Mixtures. In the plot of T-1 versus S2D for the lipid
systems classified under group A (Fig. 6a), most of the T-1
values fall near the line described by Eq. 2. This suggests that
the contribution ofdirector fluctuations to T -I in these mixed
systems is similar to the contribution in the pure DML
bilayer. For Chl-a inDML [i.e., systems in group B (Fig. 6b)],
there is no correlation between the line of Eq. 2 and the T-'
of the mixed systems. The T-1 values of these systems
increase abruptly with increasing Chl-a concentration with-
out exerting a noticeable effect on SCD. Addition of Chl-a
must therefore increase the density of slow correlated mo-
tions in the bilayer.

7, Slope 11,926 306s-

Slope- 2,535±+ 346s01

0.01 002 0.03 0.04 0.05

SCD

FIG. 5. Comparison of T2-1 versus SSD between [2H54]DML
(solid line) and [2,2,2',2'-2H4JDML (dashed line) multilayers. The
data for each system are fitted to a straight line. Although the y
intercepts of these lines are comparable, the slope of the line for the
[2,2,2',2'-'H4]DML system is about 20% that of [2H54]DML.

We now discuss these results in terms of the structures of
the various lipids to identify certain features that are impor-
tant in influencing the director fluctuations in a lipid bilayer.

Coexisting DML andDSL Domains. Differential scanning
calorimetry and freeze-fracture electron microscopy exper-
iments have shown DML and DSL to be only slightly
miscible in the gel state and nonideally miscible in the liquid
crystalline state (25-27). In these experiments, the system
was studied at 313 K, a temperature below the gel-to-liquid
crystalline phase-transition temperature of DSL but above
the phase transition temperature of DML. Since this lipid
mixture behaves as a group A system, one may conclude that
the liquid crystalline domains have very little gel character,
and the coupling between the liquid crystalline- and gel-state

7
0
ILi

cl7
F-

V-

0 0.02 0.04 0.06 0.08 0.10 0.12 0.14

S.2~ ~ S
SCD'

FIG. 6. Comparison of the plots of T2i1 versus SCD for lipids
classified under group A (a), as identified, and the Chl-a/[9,9',
10,10'-2H4]DML system (b), each point identified with the stoichi-
ometric Chl-a concentration. The best line for the [2H54]DML data
is included for comparison.
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domains must be weak. The rigid gel-state boundaries, there-
fore, do not interfere with motions in the liquid crystalline
patches of DML, suggesting that the correlation length (i.e.,
the distances over which cooperativity extends) must be
much smaller than the size of the liquid crystalline domains.
[6,6-2H21MA, Phytol, and Cholesterol in DML. [6,6-

2H2]MA, phytol, and cholesterol are three lipids with small
neutral head groups. At pH 7.4, MA is a neutral fatty acid
with a hydrocarbon chain identical to that of DML (28, 29).
MA will contribute bulk to the hydrocarbon region of the
bilayer, simulating the effect of close packing of lipid chains.
The phytol head group consists of an alcohol functionality. A
methyl group protrudes from every fourth carbon of the
saturated hydrocarbon chain, differing somewhat from the
nonbranched hydrocarbon chain of DML. An -OH function-
ality at the end of the cyclopentanophenanthrene ring con-
stitutes the hydrophilic portion of cholesterol. The hydro-
carbon portion of cholesterol includes three six-membered
rings and one five-membered ring. These cyclic structures
represent a significant departure from the linear saturated
chains of DML.
Our T- I results show that all three ofthese lipids exert very

little effect on the cooperative motions in the DML bilayer.
Significant differences between the hydrocarbon region of
DML and that of an added lipid, therefore, have little effect
on the cooperative motions in the bilayer. Furthermore,
lipids with small head groups do not interfere with cooper-
ative motions in the bilayer.
Phytol and Chl-a in DML. The Chl-a head group is com-

posed of a porphyrin moiety with a central magnesium atom.
Attached to the ring is a 17-carbon phytol chain with methyl
groups protruding from every fourth carbon atom. Phytol has
a hydrocarbon chain identical to that ofChl-a; however, it has
only a small -OH head group.
A comparison of the effects of phytol and Chl-a on T2

underscores the importance of the head group in bilayer
motions. Bilayer motions are not perturbed by addition ofthe
phytol chain. This contrasts strongly with the change in
motion in the bilayer upon the addition of Chl-a. Because
phytol and Chl-a differ only in the head-group region, one
must conclude that head-group interactions play an important
role in bilayer motion. In our earlier work (4), we proposed
that the addition of Chl-a to the DML bilayer plasticizes the
hydrocarbon region of the bilayer and disrupts the size of the
cooperative domains.

CONCLUSIONS
The work described here reveals several characteristics of

the motions that affect T-1 in DML bilayers. Both cooper-
ative fluctuations and uncorrelated motions contribute to
T-1. In cooperative motions of the hydrocarbon chains, the
head group and the C2-C3 bond of the acyl chain serve as an
anchor about which these fluctuations occur. In mixed lipid/
DML systems, lipids with small head groups do not perturb
the cooperativity of director fluctuations in the DML bilayer;
neither do lipids with very different hydrophobic moieties.
Lipids with large head groups, however, interfere greatly
with these cooperative motions.
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