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Lipid bilayer dynamics from simultaneous analysis of orientation and frequency dependence
of deuterium spin-lattice and quadrupolar order relaxation

Alexander A. Nevzorov, Theodore P. Trouard,* and Michael F. Brown†

Department of Chemistry, University of Arizona, Tucson, Arizona 85721
~Received 1 December 1997; revised manuscript received 10 April 1998!

Simultaneous analysis of the deuterium (2H) NMR spin relaxation rates of lipid bilayers as a function of
both frequency and sample orientation may be decisive in evaluating different models for the dynamics of
membranes. Angular dependent2H spin-lattice (R1Z) and quadrupolar order (R1Q) 2H relaxation rates have
been measured at 46.1 and 76.8 MHz for macroscopically oriented bilayers of 1,2-diperdeuteriomyristoyl-
sn-glycero-3-phosphocholine~DMPC-d54), with perdeuterated acyl chains, in the liquid-crystalline (La) state.
The data have been simultaneously fitted to various dynamical models, together with frequency dependent2H
R1Z data for vesicles of specifically2H-labeled DMPC. The same mechanism for the nuclear spin relaxation in
lipids has been assumed for both oriented bilayers and vesicles, except for the presence of orientational
averaging and a possible contribution from vesicle tumbling in the latter case. A noncollective model describ-
ing individual molecular reorientations in the presence of a potential of mean torque is able to adequately
account for the orientation dependence; however, the quality of the fits to the frequency dispersion is less
satisfactory. By contrast, a three-dimensional director fluctuation model accounts for the frequency dispersion
for DMPC vesicles, but does not fit the orientation dependence of theR1Z andR1Q relaxation data. Higher-
order director fluctuations have also been included, which do not significantly improve the quality of the fits to
the collective model. Therefore, a composite membrane model is proposed including both noncollective mo-
lecular motions and director fluctuations. The model adequately describes both the frequency and orientation
dependent data along the entire acyl chain simultaneously, which suggests that both dynamical processes can
be detected by analyzing the2H NMR relaxation rates in the MHz range. Quantitative information about the
bilayer dynamics including lipid reorientation rates, degree of molecular ordering, relative contributions from
collective and noncollective motions, and director-frame spectral densities of motion has been obtained. The
results suggest the bilayer dynamics in the MHz regime reflect molecular reorientations that are superimposed
onto nematiclike deformations of the membrane interior in the liquid crystalline state.
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PACS number~s!: 87.22.Bt, 87.64.Hd, 76.60.2k
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I. INTRODUCTION

Quantitative information about the dynamical and equil
rium properties of lipid bilayers, which comprise the esse
tial structural matrix of biological membranes, can help
tablish a more definite picture about their mater
characteristics in relation to key biological processes in c
@1–4#. In most cases this information is embedded in vario
experimental observables, corresponding to interaction
various rank. Solid-state nuclear magnetic resonance~NMR!
@5# spectroscopy provides a unique tool for studying su
liquid-crystalline membrane assemblies. In the case of d
terium (2H) NMR, lipid bilayers are investigated by isotop
substitution of deuterons for the protons of the lipid ac
chains, thus providing a nonperturbing probe of the equi
rium structure and dynamics as manifested in the seco
rank quadrupolar interaction@6#. Here, the dynamics of the
C—2H bonds~segments!, glycerol backbone, or polar hea
groups are related to fluctuations in the electric field grad

*Present address: Department of Radiology, University of A
zona, Tucson, AZ 85724.

†Additional address: Division of Physical Chemistry 1, Center
Chemistry and Chemical Engineering, Lund Universi
S-221 00 Lund, Sweden.
PRE 581063-651X/98/58~2!/2259~23!/$15.00
-
-
-
l
ls
s
of

h
u-

l
-
d-

t

tensor, which give rise to the nuclear spin relaxation. Kno
edge of the predominant mechanism for the2H NMR relax-
ation makes it possible to investigate such important bila
properties as the elasticity, microviscosity, rotational diff
sion coefficients, and correlation times for the various m
tions. These are contained in the theoretical spectral dens
of motion, which can be derived for a particular model a
fitted to the experimental spin relaxation rates by using NM
relaxation theory@7–11#. But despite the fact that lipid bi-
layers have been studied by2H NMR for a relatively long
time @4,6,12–37#, the predominant mechanism of the nucle
spin relaxation in these systems has not yet been reve
with certainty. One reason for this is that the angular dep
dence of the relaxation rates for oriented lipid bilayers in
liquid-crystalline state has been typically studied at a sin
magnetic field strength @18–20,22,23,26,28,33,34,38#,
whereas the frequency dispersion of the relaxation rates
been analyzed for the case of orientational averag
~vesicles and multilamellar dispersions! @15,16,21,27,37,39#.
The results show that interpretations may differ depend
on the type of the sample used, the number of fitting para
eters in the model employed, or the viewpoints of particu
investigators.

However, some general conclusions of a model-free
ture can be deduced based on symmetry considerations a
@40#. For instance, the correlation functions and associa
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FIG. 1. Fits of2H R1Z ~d! andR1Q ~s! relaxation rates as a function of bilayer orientation@20# at 30.7 MHz for specifically deuterate
2 @48,48-2H2# DMPC, and as a function of frequency@27# for specifically deuterated 1,2@38,38-2H2# DMPC vesicles in the liquid-crystalline
state atT530 °C. A simple ‘‘model-free’’ formulation for the rotational dynamics describes the orientational anisotropy, part~a!, but fails
to adequately predict the corresponding frequency dispersion, part~b!, except near 30 MHz, i.e., the frequency at which the orientation
dependent data have been measured. By contrast, a 3D collective fluctuation model fits the frequency dependence, part~c!, but does not
account for the orientational dependence, part~d!. Thus neither of the two treatments describes the nuclear spin relaxation of membran
bilayers as a function of both frequency and sample orientation in terms of a single predominant mechanism~cf. the text!.
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spectral densities must be invariant to the symmetry op
tions of the point groups of both the molecule of interest a
the phase. In the case of a lipid bilayer in the fluid (La)
phase, one can assume that there is an effectively cylind
symmetry about both the molecular long axis and the nor
to the bilayer surface~director!. This reduces the number o
director-frame spectral densities for second-rank interact
to three, corresponding to projection indices of 0, 1, an
@39,41#. At a first level of approximation, the director-fram
spectral densities can be treated in terms of a stro
collisional Markov process, without referring to a speci
mechanism for the motion@38#. Under this relatively
‘‘model-free’’ assumption, each director-frame spectral de
sity can be simply expressed in terms of the mean-squ
fluctuation amplitude for a given rotation matrix eleme
~projection index! and a single Lorentzian@34,38,42#. The
mean-squared amplitudes and correlation times can the
regarded as independent fitting parameters, under the
straint that the corresponding order parameter can be d
mined experimentally from the quadrupolar splitting. As
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specific illustration, part~a! of Fig. 1 shows fits of the above
simple strong-collisional formulation to the orientation d
pendent2H spin-lattice (R1Z) and quadrupolar order (R1Q)
2H relaxation rates measured at a single frequency~30.7
MHz! for macroscopically oriented bilayers of a represen
tive lipid, 1,2-dimyristoyl-sn-glycero-3-phosphocholine
~DMPC! @20#. Clearly the ‘‘model-free’’ theory@34,38# is
able to describe adequately the orientational anisotropy
the relaxation. From the results of fitting the orientation d
pendent data, the corresponding frequency dispersion of
orientationally averaged2H R1Z relaxation rates for lipid
vesicles@27# can be predicted@Fig. 1 part~b!#, which reveals
a significant discrepancy with experiment. It follows th
more detailed formulations may need to be consider
which take into account the molecular geometry and
specific type of motional processes, and yield relatio
among the correlation times for the various reorientatio
modes. More specific formulations that are successful
describing the orientational dependence, including ju
models@18,22,23# and anisotropic continuous diffusion mod



fit

ive
in
ua
is
-

ia
e
n

ra
es

e
c

ax
m
cy
e
fo
o
ea
tr
lip
id

tio
m

ne
la

e

e
a
in
,
o
o

a
fo
re
re
ti
t

te
of

in
tio

.
h

the
nd

fi-

ive
e
fit

ted
for
ng.
bi-
the

in
e-
ich
e of
ac-
the
-

ry
en-
ol-
c-
e

ou-
ex-
ank

e
se-

to
se

tic

em

se

he

PRE 58 2261LIPID BILAYER DYNAMICS FROM SIMULTANEOUS . . .
els @27,33,39,43#, are also less adequate in their ability to
the frequency dispersion of the relaxation@27,44#. Parts~c!
and ~d! of Fig. 1 show the opposite feature of an alternat
model describing collective excitations of the bilayer
terms of elastic deformations treated as 3D director fluct
tions @43,44#. In this case the model fits the frequency d
persion of the relaxation@16,27#, but fails to adequately pre
dict the orientational dependence@20#. Thus, none of the
existing approaches, including the simple one-Lorentz
‘‘model-free’’ approximation for each of the director-fram
spectral densities, can describe the nuclear spin relaxatio
membrane lipid bilayers as a function ofboth frequency and
sample orientation in terms of a single mechanism.

In measuring the spin-lattice (R1Z) or quadrupolar order
(R1Q) relaxation rates, only the laboratory-frame spect
densities are accessible, whereas it is the spectral densiti
the frame of the normal to the bilayer surface~director! that
are in principle most informative for a description of th
lipid dynamics. By exploiting the transformation of the spe
tral densities to the laboratory frame and using NMR rel
ation theory, it is possible to evaluate the director-fra
spectral densities over an effectively twofold frequen
range @45#. Fourier transformation of the director-fram
spectral densities yields directly the correlation functions
the bilayer fluctuations@37#, which can then be compared t
molecular dynamics simulations. Only recently have m
surements been reported in which the individual spec
densities of motion have been separated in the case of
bilayers@44,45#, which has been also done for simpler liqu
crystals@41,46,47#. For instance, Morrison and Bloom@34#
have obtained director-frame spectral densities of mo
corresponding to various acyl segments for lipid syste
such as 1-perdeuteriopalmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC-d31) and POPC-d31:cholesterol
without considering specific dynamical models in the man
described above. The spectral densities have been calcu
directly from the orientational anisotropy ofR1Z and R1Q
relaxation rates at a single frequency~46.2 MHz! by using a
general expression that separates the frequency depend
from the orientation dependence@42#, as also outlined by
Brown @38,43#. By determining a range for acceptable valu
of the fourth-rank order parameter, it has been argued th
discrete formulation for rotational chain isomerizations is
consistent with the relaxation measurements. However
noted above, such a ‘‘model-independent’’ formulation f
the lipid dynamics may not be adequate for a description
the frequency dispersion, nor can any conclusions be m
about the type of the dynamical mechanism predominant
the nuclear spin relaxation. Further interpretation of the
laxation data must therefore invoke detailed models. Mo
over, the study of the frequency dependence of the relaxa
especially at low-MHz frequencies is essential in order
distinguish between different dynamical models, since al
nate formulations may describe the data as a function
single variable equally well@34#.

A comprehensive dynamical model aimed at describ
the predominant mechanisms for the nuclear spin relaxa
of lipid bilayers should accountsimultaneouslyfor the orien-
tation dependence of the relaxation rates as a function
frequency with the same values of the fitting parameters
the present work an extensive body of experimental data
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been analyzed, involving the orientational anisotropy of
2H R1Z and R1Q relaxation rates measured at 46.1 a
76.8 MHz for 1,2-diperdeuteriomyristoyl-sn-glycero-3-
phosphocholine~DMPC-d54) in the liquid crystalline (La)
state, having perdeuterated acyl chains, together with the2H
R1Z frequency dispersion for vesicles of DMPC with speci
cally 2H-labeled acyl chains@27,44#. Various dynamical
models, which take into account collective and noncollect
motions of lipids within the bilayer, have been fitted to th
data. The models have been tested for their ability to
simultaneously the relaxation rate anisotropy for orien
multilamellar dispersions and the frequency dispersion
lipid vesicles in the presence of orientational averagi
These findings suggest that collective excitations of lipid
layers together with molecular rotations may influence
orientation and frequency dependence of the2H NMR relax-
ation in the mid-MHz range.

II. DYNAMICS AND NUCLEAR SPIN RELAXATION

NMR relaxation theory considers the behavior of a sp
probe in the presence of a randomly fluctuating tim
dependent perturbation of the Zeeman Hamiltonian, wh
corresponds to various tensorial interactions. In the cas
2H NMR spectroscopy, the perturbing quadrupolar inter
tion depends on the orientation of the principal axes of
second-rank electric field gradient~EFG! tensor that is asso
ciated with a particular Cu 2H bond ~segment! relative to
the main magnetic field~laboratory frame!. Fluctuations of
the EFG tensor in a lipid bilayer relative to the laborato
frame can be due in general to a combination of fast segm
tal motions, noncollective molecular reorientations, and c
lective excitations of the bilayer formulated as director flu
tuations@44#. In terms of an irreducible representation for th
second-rank interactions@4,36,48#, the correlation functions
describing the overall time-dependent orientation of the c
pling tensor with respect to the laboratory frame are
pressed in terms of the components of the second-r
Wigner rotation matrixD(2)(VPL), that is to say

Gm~t,bDL!5Š@D0m
~2!~VPL ;t1t!2^D0m

~2!~VPL!&#*

3@D0m
~2!~VPL ;t !2^D0m

~2!~VPL!&#‹, ~2.1!

where m50, 61, or 62 is the projection index, and th
elements of the Wigner rotation matrix are tabulated el
where@4#. Note that only a single indexm is retained in the
above notation for the correlation function, corresponding
an axially symmetric static EFG coupling tensor in the ca
of the quadrupolar interaction. The anglebDL[u denotes the
tilt of the specimen~average director!, about which there is
cylindrical symmetry, with respect to the external magne
field; whereas the overall Euler anglesVPL describe the
time-dependent orientation of the principal axis syst
~PAS! associated with the C—2H bond relative to the main
magnetic field. Here we use the Rose@49# convention for
body-fixed right-handed rotations together with the Ro
@49# convention for the Wigner rotation matrices.

The spectral densities of motionJm(v,bDL) in the labo-
ratory frame are defined by Fourier transformation of t
above correlation functions,
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Jm~v,bDL!5E
2`

1`

Gm~t,bDL!e2 ivtdt. ~2.2!

To separate the frequency dependence of the labora
frame spectral densitiesJm(v,bDL) from their orientation
dependence, one can expand the overall transformatio
the EFG tensor to the laboratory frame by using the clos
property of the Wigner rotation matrices@4,50#, leading to

D0m
~2!~VPL ;t !5 (

p522

2

D0p
~2!~VPD ;t !Dpm

~2!~VDL!. ~2.3!

The Euler anglesVPD(t) transform the EFG coupling tenso
to the frame associated with the average director and con
the time dependence; whereas the anglesVDL describe the
static orientation of the sample with respect to the laborat
frame. Substituting Eq.~2.3! into Eq.~2.1! and Fourier trans-
forming, the relation between the spectral densities in
laboratory frame and the frame of the bilayer normal~direc-
tor!, in the case of axially symmetric molecules and an a
ally symmetric distribution about the director axis, can
written as@39,41#

Jm~v,bDL!5d0m
~2!~bDL!2J0

dir~v!

1@d21m
~2! ~bDL!21d1m

~2!~bDL!2#J1
dir~v!

1@d22m
~2! ~bDL!21d2m

~2!~bDL!2#J2
dir~v!.

~2.4!

In the above general expressionv is the angular frequency
andbDL is the angle at which the sample is tilted relative
the main magnetic field. Only the reduced Wigner mat
elementsdnm

(2)(bDL), wheren, m50, 61, and62, are re-
tained to emphasize the angular dependence solely onbDL .
The director-frame spectral densitiesJp

dir(v), wherep50, 1,
2, are given by

Jp
dir~v!5E

2`

`

Š@D0p
~2!~VPD ;t1t!2^D0p

~2!~VPD!&#*

3@D0p
~2!~VPD ;t !2^D0p

~2!~VPD!&#‹e2 ivtdt.

~2.5!

Here the symmetry property of the reduced Wigner ma
elements, i.e.,d0p

(2)(bPD ;t)5(21)pd02p
(2) (bPD ;t), has been

used, leading to three different values of the director-fra
spectral densities. Equation~2.4! can be further rewritten in
terms of even-rank Legendre polynomialsPj (cosbDL),
where j 50, 2, and 4, by using the Clebsch-Gordan ser
expansion as discussed in detail by Brown@43# and Trouard
et al. @33,51#. This yields the following general orientationa
dependence of the laboratory-frame spectral densities
also Morrison and Bloom@34#,

Jm~v,bDL!5 (
p50,1,2

(
j 50,2,4

~22dp0!cp
~ j !cm

~ j !

3Pj~cosbDL!Jp
dir~v!, ~2.6!
ry-
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cf.

where the coefficientscp
( j ) andcm

( j ) are related to the Wigne
32 j symbols@33#.

It should be emphasized that at this level the analysi
relatively model free, apart from the assumption of a stati
ary Markov process and the specific symmetry of the pr
lem corresponding to the molecular structure as well as
phase of interest. Therefore, any model-dependent assu
tions are contained in the interpretation of the director-fra
spectral densities. For example, in the case of a stro
collisional approximation, the latter can be written in term
of mean-squared amplitudes and reduced spectral dens
@38,43# as

Jp
dir~v!5@^uD0p

~2!~VPD!u2&

2u^D0p
~2!~VPD!&u2d0pj 0p

~2!~VPD ;v!, ~2.7!

where the reduced spectral densitiesj 0 p
(2)(VPD ;v) are

Lorentzians with correlation timestp . Note that Eq.~2.7!
does not refer to any specific type of motion, nor the orie
tation of the coupling tensor with respect to the long mole
lar axis; the latter can result in a spectrum of correlat
times for the overall director-frame spectral densityJp

dir(v)
rather than a single correlation timetp ~vide infra!. Despite
its ‘‘model-independent’’ features, Eq.~2.7! is probably not
suitable for a description of the membrane dynamics a
does not adequately predict the experimentally observed
entationally averaged frequency dispersion; cf. Fig. 1. T
may indicate the presence of a more complex motional p
cess that cannot be described by a single-Lorentzian app
mation for each of the three director-frame spectral densit

In terms of the laboratory-frame spectral densities of m
tion, for the specific case of the quadrupolar interaction,
spin-lattice relaxation rate is given by@9,36#

R1Z~2H!5 3
4 p2xQ

2 @J1~vD ,bDL!14J2~2vD ,bDL!#.
~2.8!

Here xQ5e2qQ/h5170 kHz is the static quadrupolar cou
pling constant, andvD is the deuteron Larmor frequency
Similarly, the relaxation of the quadrupolar order of the qu
drupolar interaction, i.e., relaxation of the quantity^3Î z

2

2I (I 11)&, is given by@36#

R1Q~2H!5 9
4 p2xQ

2 J1~vD ,bDL!. ~2.9!

The nuclear spin relaxation rates as given by Eqs.~2.8! and
~2.9! contain not only the frequency dependence~v!, but also
the dependence on the macroscopic orientation of the bila
with respect to the magnetic field~laboratory frame! (bDL),
cf. Eqs ~2.4! and ~2.6!. In the case of macroscopically or
ented bilayers, only the laboratory-frame spectral densi
can be obtained by using Eqs.~2.8! and ~2.9!, and further
calculation of the director-frame spectral densities is need
as given by Eqs.~2.4! and ~2.6!. Note that in the case o
multilamellar dispersions@15# and vesicles@14#, the angular
anisotropy is averaged over all possible orientations. Con
quently, in order to fit simultaneously both theR1Z andR1Q
angular anisotropies at different frequencies, the functio
form of Jm(v,bDL) must be derived from a physical mod
describing the motion of a particular C—2H bond~segment!.
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III. NONCOLLECTIVE AND COLLECTIVE MODELS
FOR MEMBRANE DYNAMICS

Depending on the choice of the model, the spectral d
sities of motionJm(v,bDL) can be calculated, for which th
common feature is a decomposition of the overall trans
mation of the EFG tensor from the principal axis system
the laboratory frame into various subtransformations@44#.
The spectral densities take into account the geometry and
complicated character of the motions of the bilayer com
n
b
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nents, as well as the macroscopic orientation of the samp
a whole relative to the main magnetic field.

A. Local fast motions

Continuous segmental motions.By introducing an addi-
tional subtransformation from the PAS to the intermedi
segmental frame given by the Euler anglesVPI , the
‘‘model-free’’ strong-collisional approximation@38#, Eqs.
~2.4! and ~2.7!, can be generalized as@33,44#
Jm~v,bDL!5(
r

(
n
UD0r

~2!~VPI!2
hQ

A6
@D22r

~2! ~VPI!1D2r
~2!~VPI!#U2

3@^uDrn
~2!~V ID !u2&2u^Drn

~2!~V ID !&u2d r0dn0# j rn
~2!~V ID ;v!uDnm

~2!~VDL!u2, ~3.1!
tal
er-
he
no-

el-
l
en-

for
red.
ipid
c

s
er-
ns

er
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-
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we

on-

n
n-
where anglesV ID pertain to the time-dependent orientatio
of the segmental frame with respect to the frame of the
layer director, andVDL describe the sample tilt relative t
the main magnetic field~laboratory frame!. One approach is
to consider random segmental reorientations, e.g., ari
from rotational isomerizations of the acyl chains appro
mated as continuous diffusion. The reduced spectral de
ties j rn

(2)(V ID ;v) can then be treated in terms of continuo
angular diffusion in the presence of a potential of me
torque, referred to as the segmental diffusion model~model
I! @37,43,44#. As shown elsewhere@27,37,44#, the segmenta
diffusion model~I! does not fit the frequency dispersion
the 2H and 13C R1Z relaxation rates for randomly oriente
samples in the MHz regime and, therefore, it will not
further considered here.

Discrete local jumps.As an alternative, random segme
tal or molecular reorientations can be treated in terms
discrete jumps@23,52,53# for which the ‘‘model-free’’ Eq.
~2.4! should be modified to account for the nondiagon
terms@52#. In the case of nearest-neighbor jumps amongN
equivalent sites on the rim of a cone, the following result
obtained@52#:

Jm~v,bDL!5 (
n8Þ0

(
nÞ0

uD0n8
~2!

~VPD!* D0n
~2!~VPD!u

3 j n8n
~2!

~gPD ;v!Dn8m
~2!

~VDL!* Dnm
~2!~VDL!,

~3.2!

where VPD5@0,bPD ,gPD(0)#. In the above formula
j n8n
(2) (gPD ;v) are Lorentzians with correlation times given b

@52#

1

tn8n
54k sin2S pn

N D , ~3.3!

in which k is the jump rate andn5n8 ~mod N). In the case
of three-site jumps, the model predicts a single correlat
time 1/tn8n→1/t53k, as given by Eq.~3.3!. However, it
has been shown in earlier work@44# that spectral densitie
i-

g
-
si-

n

f

l

s

n

with a single correlation time do not fit the experimen
frequency dispersion for vesicles and multilamellar disp
sions. Moreover, relatively short correlation times for t
segmental or molecular jumps, which occur on the subna
second time scale@23#, would result in little or no frequency
dependence of the2H R1Z relaxation rates within the MHz
range ~extreme narrowing limit!. A pronounced frequency
dispersion is observed in the case of vesicles and multilam
lar dispersions@15,16,27#. Consequently it seems doubtfu
whether a jump model alone can account for the experim
tal frequency behavior of the2H R1Z relaxation rates of bi-
layer lipids in the fluid state within the entire MHz range.

Other approaches for calculating correlation functions
fast motions of the lipid constituents can also be conside
These included more detailed treatments of the internal l
chain dynamics@54,55#, models involving the stochasti
Liouville–von Neumann equation@29,56#, as well as Brown-
ian @57#, Langevin @58#, and molecular dynamics~MD!
simulations@59–63#. In the above cases rapid local motion
of the lipids are primarily investigated, which may be sup
imposed on slower molecular or collective reorientatio
~vide infra!.

B. Slow order fluctuations

In addition, one can consider formulations for slow
membrane motions, which specifically encompass noncol
tive molecular reorientations~model II! @33,39,43#, and mod-
els for collective order fluctuations. The latter can be form
lated either as two-dimensional~2D! thermal excitations
~model III! @64,65#, or three-dimensional~3D! excitations
~model IV! @43,66,67#. As shown earlier@27,37,44,68#, a 2D
director fluctuation model~III ! does not account for the fre
quency dispersion of2H and 13C R1Z relaxation rates for
randomly oriented samples in the MHz regime, and thu
will not be further discussed here. Hence the treatments
consider for describing the slow motions of membrane c
stituents, which may govern the spin relaxation in the2H
NMR MHz range, include the molecular rotational diffusio
model ~model II! and a membrane deformation model i
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volving a continuous spectrum of three-dimensional direc
fluctuations~model IV! @43,66,69,70#.

Molecular motions.The molecular order fluctuations in
clude the preaveraging of the coupling tensor left over fr
faster segmental motions~time-scale separation and statis
cal independence are assumed! and involve four subtransfor
mations. The first set of Euler anglesVPI transforms the
static EFG tensor from the PAS to the intermediate fram
~averaged with respect to the faster segmental motions!, in
re
e
-

i

ts
er
-

io

he

al
n

-

l

rwhich the residual EFG tensor isdiagonal; the second fixed
set V IM pertains to the transformation of theresidual EFG
tensor to the molecular frame; the third setVMD(t) corre-
sponds to the time-dependent orientation of the molec
with respect to the bilayer normal~director!; and finally,
VDL performs the fourth transformation from the fixed dire
tor frame to the laboratory frame. The ‘‘model-free’’ expre
sion for the spectral density, Eq.~2.4!, can then be general
ized to account for the pre-averaging due to local f
motions in the following way@33,43,44#:
Jm~v,bDL!5u^D00
~2!~VPI!&u2(

q
(

n
UD0q

~2!~V IM !2
hQ

eff

A6
@D22q

~2! ~V IM !1D2q
~2!~V IM !#U2

3@^uDqn
~2!~VMD!u2&2u^Dqn

~2!~VMD!&u2dq0dn0# j qn
~2!~VMD ;v!uDnm

~2!~VDL!u2. ~3.4!
e

cyl
the
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g-
l

This

-
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Here hQ
eff is the effective asymmetry parameter of the

sidual EFG tensor, which is modulated by the faster segm
tal motions@33,71#. Correlation times for the Lorentzian re
duced spectral densitiesj qn

(2)(VMD ;v) can be found by
treating the molecular reorientations as angular diffusion
the presence of a potential of mean torque@33,72,73#, which
yields

1

tqn
5

mqn

^dqn
~2!~bMD!2&2^dqn

~2!~bMD!&2dq0dn0
D'

1~D i2D'!n2, ~3.5!

wheredqn
(2)(bMD) are the reduced Wigner matrix elemen

The momentsmqn can be evaluated in terms of the ord
parameterŝ d00

( j )(bMD)&, j 51,2,3,4 by using the Clebsch
Gordan series expansion as discussed by Trouardet al. @33#.
These, in turn, can be found from the Boltzmann distribut
in terms of the potential of mean torqueU(bMD),

^d00
~ j !~bMD!&

5

E
0

p

d00
~ j !~bMD!exp@2U~bMD!/kT#sin bMDdbMD

E
0

p

exp@2U~bMD!/kT#sin bMDdbMD

.

~3.6!

The potential U(bMD) can be chosen asU(bMD)5
2l j Pj (cosbMD), wherePj (cosbMD) is a Legendre polyno-
mial @74#. For j 51 one has an odd parity with respect to t
inversion bMD→p2bMD ; whereas forj 52 the parity is
even. AssuminghQ

eff50, the amplitudes of fast segment
motions ^D00

(2)(VPI)& in Eq. ~3.4! can be expressed i
terms of the order parameterSCD5^D00

(2)(VPI)&
D00

(2)(V IM )^D00
(2)(VMD)&, which is experimentally deter

mined from the2H NMR quadrupolar splitting for a given
sample orientation, namely,DnQ5 3

2 xQSCDD00
(2)(VDL). Ac-

cording to Eqs.~2.8!, ~2.9!, and~3.4!, for a given segmenta
-
n-

n

.

n

positioni the 2H R1Z
( i ) andR1Q

( i ) relaxation rates should then b
proportional to the corresponding order parameterSCD

( i )

squared@75#. Note that the above result in the limit ofhQ
eff

50 is applicable to both the methylene groups of the a
chain as well as the chain terminal methyl groups. In
latter case the threefold rotation leads to a reduction of
quadrupolar coupling@76# by a factor of21/3. This can be
included in the spectral densitiesJm(v,bDL) in terms of the
fast order parameterSf

(2)[^D00
(2)(VPI)&. By contrast, the re-

laxation rates as given by the simple ‘‘model-free’’ stron
collisional formulation, Eq.~2.7!, segmental diffusion mode
~I!, Eq. ~3.1!, or by a jump model, Eq.~3.2!, do not contain
such a square-law dependence on the order parameter.
important issue will be discussed further in the text.

Collective membrane excitations.An alternative to the
molecular diffusion model~II ! is to consider order fluctua
tions due to collective membrane excitations, in which t
bilayer is considered as a continuous medium@43#. Several
models have been proposed to treat such collective ex
tions in terms of deformations of a smecticlike liquid crys
@65,69,77,78#. In a recent contribution@78# the various re-
gimes of bilayer couplings have been theoretically inve
gated, which are predicted to influence the2H NMR relax-
ation at frequencies much lower than the MHz regim
However, in the present paper we analyze the2H relaxation
rates measured at frequencies of 2.5 MHz and higher, wh
may correspond to essentially uncoupled membrane de
mations @44#. If one considers small fluctuations in linea
order, a model for collective director fluctuations gives t
following result for the spectral densities@44#,

Jm~v,bDL!5 5
2 u^D00

~2!~VPN!&u2Dv2~22d/2!

3@ uD21m
~2! ~VDL!u21uD1m

~2!~VDL!u2#.

~3.7!

Here the constant factorD is a function of the elasticity,
viscosity, and temperature of the bilayer, andd is the dimen-
sionality of the thermal excitations. The first rotation fro
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the PAS of the coupling tensor to the frame of the instan
neous bilayer normal~director! is defined by the Euler angle
VPN , and the second transformation to the frame of the
erage director is given byVND , so that the observed orde
parameter for small-amplitude fluctuations can be written
SCD5^D00

(2)(VPN)&^D00
(2)(VND)&. In this case a square-law

functional dependence of the2H R1Z
( i ) and R1Q

( i ) relaxation
rates on the order parameterSCD

( i ) is predicted by the mode
for the entire chain including both the methylene and m
-

a
g
-

r

se
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-
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-

thyl groups as discussed above. It has been shown in pr
ous work @16,27,37,44,68# that only the case ofd53 ac-
counts for the frequency dispersion of the relaxation rates
phospholipid vesicles~model IV! in the MHz range, whereas
at much lower frequencies other regimes includingd52,
may influence the relaxation@21,29,78#.

Formulations of the director fluctuations up to quadra
order have been also proposed@70,79# for the case ofd53,
yielding the following expression@70#:
Jm~v,bDL!5
3p

4

SCD
2

Ss
~2!2 H 3~l/kT!2

vc
lnF11S vc

v D 2G uD0m
~2!~VDL!u21

4~l/kT!

A2vc

1

Av
uS v

vc
D @ uD21m

~2! ~VDL!u2

1uD1m
~2!~VDL!u2#1

~l/kT!2

vc
lnF11S vc

v D 2G@ uD22m
~2! ~VDL!u21uD2m

~2!~VDL!u2#J . ~3.8!
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In the above expressionl/kT5kTqc/2p2K, and vc

5Kqc
2/h is the cutoff frequency, whereK designates the

macroscopic elastic constant for the bilayer,h is the bilayer
viscosity, andqc is the upper cutoff for the director excita
tion modes. The slow order parameter is given@70# by Ss

(2)

5123l/kT and the cutoff functionu(x) is @80#

u~x!511
1

2p
lnS 12A2x1x

11A2x1x
D 2

1

p
tan21S A2x

12xD ,

~3.9!

wherex[v/vc,1. Note that in comparison with Eq.~3.7!,
which takes into account only linear-order director fluctu
tions, Eq. ~3.8! includes additional terms containin
D0m

(2)(VDL) and D62m
(2) (VDL) that also influence the depen

dence on the sample tilt anglebDL . Equation~3.8! also pre-
dicts the square-law dependence on the observed orde
rameterSCD, and the second term of Eq.~3.8! linear inl/kT
yields Eq.~3.7! as a limiting case ifv!vc . The effect of
these higher-order terms on the nuclear spin relaxation
lipid bilayers will be discussed later.

IV. COMPOSITE MODEL FOR NONCOLLECTIVE
AND COLLECTIVE MOTIONS

It is also possible that various types of motional proces
occur simultaneously in the lipid bilayer, including fast
segmental motions, molecular reorientations, and collec
director fluctuations. An alternative to the previous mode
which consider these processes separately, involves a c
posite statistical model that accounts for the various moti
simultaneously. Existing methods for calculating the corre
tion function~spectral density! for a composite motional pro
cess include either a simple summation of the correla
functions corresponding to the individual motion
@21,33,39,43#, i.e., by assuming their statistical independen
and time-scale separation, or additional consideration
cross correlations@80#. Perhaps the most rigorous approa
is to solve directly the density matrix equation in the pre
-

pa-

of

s

e
,
m-
s
-

n

e
of

-

ence of a generalized Markov operator acting on the vari
stochastic variables@56# instead of using Eqs.~2.8! and~2.9!.

Here we further apply the convenient closure property
the Wigner rotation matrices@50# and, following Ukleja
et al. @67#, combine the membrane deformation model~3D
director fluctuations; model IV! with a model for molecular
reorientations in the presence of a potential of mean tor
@72#. We assume that the faster segmental motions occu
a short time scale compared to the2H NMR frequency range,
so that we keep the preaveraged segmental amplitu
^D00

(2)(VPI)& as in Eq. ~3.4!. One can then include in the
overall transformation of the coupling tensorD0m

(2)(VPL) an
additional time-dependent subtransformationDnp

(2)(VND ;t)
describing fluctuations of the instantaneous membrane
mal ~director! with respect to its average position,

D0m
~2!~VPL!5^D00

~2!~VPI!&(
q

(
n

(
p

D0q
~2!~V IM !

3Dqn
~2!~VMN ;t !Dnp

~2!~VND ;t !Dpm
~2!~VDL!.

~4.1!

Here the Euler anglesVMN(t) describe the time-dependen
orientation of the molecule with respect to the instantane
normal to the bilayer surface~director!, and the angles
VND(t) pertain to the time-dependent orientation of the
stantaneous director with respect to the average director,
manifesting the effect of collective motions. The possib
correlations between the noncollective molecular motio
and the collective director fluctuations are neglected for s
plicity, which does not necessarily presuppose their tim
scale separation. Due to this assumption, one can ave
over these motions separately. We also suggest that the
erage orientation of thez axis of the intermediate frame fo
the residual EFG tensor as a result of the segmental fluc
tions is nearly perpendicular to the long molecular axis@44#,
so thatb IM 590°.

Using Eqs.~2.1! and ~4.1! one can then write for the
director-frame correlation functions that
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Gp
dir~t!5

SCD
2

Ss
~2!2 (

n522

2 H @G0n
mol~t!1Ss

~2!2
d0n#Gnp

col~t!

1
3

2
@G22n

mol ~t!1G2n
mol~t!#Gnp

col~t!2Ss
~2!2

d0nd0pJ ,

~4.2!

where the slow order parameter is Ss
(2)

5^D00
(2)(VMN)&^D00

(2)(VND)&'^D00
(2)(VMN)& for small-

amplitude director fluctuations, andp50,1,2. The director-
frame correlation functions for noncollective molecular m
tions are given by

Gqn
mol~t!5 @^uDqn

~2!~VMN!u2&

2u^Dqn
~2!~VMN!&u2dq0dn0#e2t/tqn, ~4.3!

in which q50,62 andtqn are given by Eq.~3.5!. Taking
into account only the director fluctuations to linear order
bND(t) @43,81#, one can further write that

G00
col~t!5G11

col~t!5G22
col~t!51, ~4.4a!
tiv

rd
-

G12
col~t!5G21

col~t!5^bND~ t1t!bND~ t !&[gcol~t!,
~4.4b!

G01
col~t!5G610

col ~t!5 3
2 gcol~t!. ~4.4c!

All other collective correlation functions forq and n that
appear in Eq.~4.2! are zero in this order. Thereducedcol-
lective director-frame correlation functiongcol(t) corre-
sponds to Eq.~3.7! under the assumption of an infinite upp
limit for the excitation modes, and is

gcol~t!5
5

3A2p

D

At
. ~4.5!

From Eqs.~4.2!–~4.5! and inverse Fourier transforming t
the frequency domain, one finally obtains for the over
spectral density, referred to herein as the composite m
brane deformation model~V!, that @11,67#

Jm~v,bDL!5Jm
mol~v,bDL!1Jm

col~v,bDL!1Jm
mol-col~v,bDL!,

~4.6!

where Jm
mol(v,bDL) is given by the molecular diffusion

model~II !, Eq. ~3.4!, andJm
col(v,bDL) corresponds to small

amplitude 3D collective fluctuations~model IV!, Eq. ~3.7!.
The cross-termJm

mol-col(v,bDL) is equal to
-
olecular
he
arious
Jm
mol-col~v,bDL!5

SCD
2

Ss
~2!2 H J01

mol-col~v!1
3

2
@J221

mol-col~v!1J21
mol-col~v!#J @3d0m

~2!~bDL!21d22m
~2! ~bDL!21d2m

~2!~bDL!2#

1H J02
mol-col~v!1

3

2
@J222

mol-col~v!1J22
mol-col~v!#1

3

2
@J00

mol-col~v!13J20
mol-col~v!#J

3@d21m
~2! ~bDL!21d1m

~2!~bDL!2#. ~4.7!

It is noteworthy that since the above cross-term has originated from Eqs.~4.1! and ~4.2!, which correspond to the trans
formation properties of the coupling tensor, it is purely geometrical and does not reflect any correlations between the m
motions and director fluctuations~statistical dependence!. In the linear-order approximation for director amplitudes, t
individual termsJqn

mol-col(v) contain Fourier transforms of the products of the correlation functions corresponding to the v
modes of molecular reorientationsq andn, and the reduced correlation function for collective motionsgcol(t), Eq. ~4.5!. By
calculating the Fourier integrals one obtains, cf. Uklejaet al. @67#,

Jqn
mol-col~v!5@^uDqn

~2!~VMN!u2&2u^Dqn
~2!~VMN!&u2dq0dn0#

5

3
DAtqn@11A11~vtqn!

2#

11~vtqn!
2 , ~4.8!
ed

uct
for all q andn that appear in Eq.~4.7!. Note also that for this
model both the pure terms corresponding to noncollec
and collective motions, as well as the cross-term yield
square-law dependence of the relaxation rates on the o
parameterSCD.
e
a
er

V. MATERIALS AND METHODS

Phospholipid synthesis and preparation of orient
samples.The synthesis of DMPC-d54, having two perdeu-
terated acyl chains, was carried out from the cadmium add
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of sn-glycero-3-phosphocholine and the anhydride of p
deuterated myristic acid@82,83#. We prepared perdeuterate
myristic acid by catalytic exchange of deuterium for hydr
gen over a 10% Pd-charcoal catalyst~Aldrich, Milwaukee,
WI! at 195 °C using2H gas generated electrolytically from
2H2O ~99.8 at. %; Aldrich, Milwaukee, WI!. The incorpora-
tion of 2H and the purity of the perdeuterated myristic ac
were determined by gas chromatography-mass spectrom
of the methyl ester to be 95–98%. Purity of the phospholi
was checked by thin layer chromatography, eluting w
CHCl3 /MeOH/H2O ~65/35/5! followed by charring with
40% H2SO4, which yielded a single spot. Oriented lipid b
layer samples were prepared for2H NMR spectroscopy by
first hydrating approximately 40 mg of the dry lipid in exce
Tris buffer ~about 70 wt. % buffer!, containing 1 mM
ethylenediaminetetraacetic acid~EDTA! at pH57.3. A small
amount of this dispersion was placed on a 5 mm314 mm
glass cover slip~Corning No. 1!. A second glass plate wa
then placed upon the first plate and was gently moved b
and forth, shearing the lipid dispersion and slightly sque
ing out the excess lipid. Next a portion of the lipid dispersi
was placed on the dry top of the second glass plate,
covered with a third plate. The above procedure was repe
until about 20–30 glass plates separated by the hydrated
dispersion were stacked. The sample was dehydrated
hydrating-rehydrating chamber above the main phase tra
tion temperatureTm of the bilayer dispersion with a stream
of heated nitrogen gas. After a single dehydration step,
sample was placed in a clean square glass tube~inner dimen-
sion 5 mm35 mm) that served as the NMR sample chamb
and rehydrated in the presence of a cotton plug soaked
2H-depleted 1H2O ~Aldrich, Milwaukee, WI!. Successive
hydration-dehydration cycles were carried out@84#, and ex-
cess lipid was scraped from the edges and top of the s
before each rehydration step. The final hydrated sample
prepared for NMR spectroscopy by~i! placing square Teflon
plugs on either side of the square glass tube,~ii ! placing
cotton balls soaked with2H-depleted1H2O next to each of
the Teflon plugs, and~iii ! inserting a square silicone plu
into each end of the square tube to seal the water inside

NMR spectroscopy.Two spectrometers were utilized i
the experiments reported herein, operating at magnetic
strengths of 7.06 and 11.7 T, respectively. An external a
plifier ~Henry Radio Tempo 2006-A, Los Angeles, CA! was
used in series with the output of the radio frequency am
fier of each spectrometer to increase the output pulse ma
tude. Each amplifier was capable of producing an adequa
square pulse with a rise and fall time of about 500 ns.
external preamplifier~Miteq, Hauppauge, NY; model AU
2A-0150! was used for the experiments at 46.1 MHz, whi
had a 31 dB gain over the frequency range of 10–500 M
whereas at 76.8 MHz the preamplifier supplied with the
strument was employed. In order to keep high freque
noise from being introduced to the receiver, a low pass fi
~Minicircuits, Brooklyn, NY; model BLP-70! was imple-
mented in-line following the preamplifier. The quadrupo
echo pulse sequence, (p/2)f-t1-(p/2)f690-t2-acquire, was
used to obtain the2H NMR spectra@85#. An eight-step phase
cycle @86# was employed where the phase of the pulses
denoted byf. Care was taken to calibrate the pulses and
obtain a very shortp/2 pulse duration, with initiation of the
-
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Fourier transformation at the top of the quadrupolar ec
Typical p/2 pulse widths were 1.8–2.3ms for the experi-
ments at 46.1 MHz, and 3.0–3.4ms at 76.8 MHz, with delay
times t1 and t2 of 30–40 ms. The quadrupolar splittings
were fitted to the expressionDnQ5 3

2 xQSCDd00
(2)(bDL) for

the whole tilt series, which enabled an accurate determ
tion of a given sample inclination to within61°. The spin-
lattice relaxation (R1Z) rates were measured@14# using an
inversion recovery pulse sequence, (p)f-t1-(p/2)f-t1-
(p/2)f690-t2-acquire, by using a 32-step phase cycling ro
tine @87#. Delay timest1 ranged from 2 ms to 2 s depending
on theT1Z relaxation time of the sample. The time betwe
successive experiments was at least three times the lon

FIG. 2. Experimental2H NMR spectra measured at 46.1 MH
for macroscopically oriented DMPC-d54, having perdeuterated acy
chains, in theLa phase atT540 °C as a function of sample til
angleu ([bDL). As the sample tilt is increased fromu50°, the
spectrum contracts and finally collapses into a single line at
magic angle~u554.7°!. This behavior is the result of axially sym
metric effective motions of the phospholipids about the direc
axis of the lipid bilayer, i.e., the normal to the bilayer surface. No
that at the magic angle the quadrupolar splittings reverse sign,
that at theu590° inclination they are scaled by a factor of21/2
with respect to theu50° tilt spectrum.
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FIG. 3. Partially relaxed2H NMR spectra at 76.8 MHz showing the recovery of Zeeman order (R1Z), part ~a!, and the decay of
quadrupolar order (R1Q), part~b!, for bilayers of DMPC-d54 macroscopically oriented atu590° in theLa phase atT540 °C. The inversion
recovery pulse sequence followed by the quadrupolar echo@14,85#, was utilized for the2H R1Z measurements; whereas the broadba
Jeener-Broekaert sequence@51,88# was used for the2H R1Q measurements. In parts~a! and ~b! the partially relaxed2H NMR spectra are
plotted at different delay times (t1).
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T1Z in the sample. A three parameter fit was used to ob
the T1Z values@75#. In order to measure the rate of the qu
drupolar order decay (R1Q) for oriented multilamellar dis-
persions of DMPC-d54, a modified version of the Jeene
Broekaert pulse sequence was used@51#. The broadband
Jeener-Broekaert pulse sequence developed by Wimp
@88# is ideally suited for2H NMR spectra with multiple qua-
drupolar splittings. Ap/2 refocusing pulse was added
yield the sequence (p/2)f-2t1-(3p/8)f-90-2t1-(p/4)f190-
t1-(p/4)f190-t1-(p/4)f-t2-(p/2)f - t2-acquire, which was
used to measureR1Q relaxation rates. The first four pulse
create quadrupolar order over a broad range of frequen
and the subsequent pulses correspond to those previo
described. Frequency dependentR1Z measurements for sma
vesicles of DMPC deuterated at the C3 and C7 acyl ch
segments have been previously described@27,44#; the data at
30 °C and 50 °C were interpolated by assuming an Arrhen
activation dependence to yield the values correspondin
40 °C. To within experimental error there are few differenc
in the 2H R1Z relaxation rates of vesicles and multilamell
dispersions in this frequency range@14#.

VI. RESULTS

A. General model-independent features of2H NMR relaxation
in lipid bilayers

Representative experimental2H NMR spectra of macro-
scopically oriented bilayers of DMPC-d54 in the liquid-
crystalline (La) state at different sample tilt angles (u
[bDL) are shown in Fig. 2. The2H NMR spectra consist o
multiple quadrupolar splittings, corresponding to the vario
segmental positions of the DMPC acyl chains, which d
crease with the distance from the polar headgroup and re
in
-

ris

s,
sly

in

s
to
s

s
-
ct

an increase in motional disorder along the chain@4#. As can
be seen, increasing the tilt angle leads to a contraction of
spectrum, and at the magic angle of 54.7° all multiple q
drupolar splittings of the2H NMR spectrum collapse into
one observed line. The assignments of the quadrupolar s
tings to individual acyl chain segments as summarized
Dodd@83# are given in Table I. Note that the sharp doublet
the center of the spectrum corresponds to the methyl gro
at the end of the DMPC acyl chains, which has an appre
bly smaller splitting than the rest of the lines; this addition
reduction of the residual quadrupolar coupling is the resul
fast rotation about the methyl group axis.

The inversion recovery pulse sequence followed by
quadrupolar echo was used to measure the spin-lattice re
ation rates (R1Z) at different sample tilt angles. Represent
tive partially relaxed2H NMR spectra of macroscopically
oriented DMPC-d54 in theLa phase are shown in part~a! of
Fig. 3. In addition, the broadband Jeener-Broekaert seque
@51,88,89# was to used to measure the quadrupolar order
laxation rates (R1Q), which is illustrated in part~b! of Fig. 3.
The experimentalR1Z and R1Q relaxation rates at 46.1 an
76.8 MHz are summarized in Tables I and II, respective
Figure 4 shows a typical dependence of the order param
SCD

( i ) ~quadrupolar splitting!, part ~a!, together with theR1Z
( i )

andR1Q
( i ) relaxation rates on the segment position or indexi ,

parts~b! and ~c!, respectively. As can be seen from part~a!
of Fig. 4, a plateau region corresponding to segments
through C6 is followed by a decrease of the order param
due to increasing angular amplitudes of segmental moti
along the acyl chains@4#. The analogous dependence tak
place for theR1Z

( i ) andR1Q
( i ) relaxation rates, parts~b! and ~c!

of Fig. 4.
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Plots of theR1Z
( i ) andR1Q

( i ) relaxation rates as a function of
order parameterSCD

( i ) squared at 76.8 MHz are presented
Fig. 5. One can see that the observed relaxation rates de
almost linearly onuSCD

( i ) u2 along the entire acyl chain as pro
posed by Williamset al. @75#. An analogous square-law
functional dependence of theR1Z

( i ) and R1Q
( i ) relaxation rates

on the order parameterSCD
( i ) is also observed at 46.1 MH

with a larger slope in all cases~results not shown! @45#. Such
information can also be obtained from studies of phospho
ids having specifically deuterated acyl chains@14,43#, which
are, however, substantially more time consuming in comp
son with multilamellar dispersions of phospholipids havi
perdeuterated chains. As can also be seen from Fig. 5
ordinate intercepts are less than 3 s21, which implies a rather
small contribution from fast internal motions to the2H NMR
relaxation rates of lipid bilayers in the MHz range.

Qualitatively, the angular dependent2H R1Z
( i ) andR1Q

( i ) re-
laxation rates of DMPC-d54 for the plateau region~Tables I
and II! are similar to those obtained previously for bilaye
of DMPC specifically deuterated at acyl positions C4 and

FIG. 4. Profiles of the segmental order parametersSCD
( i ) ~m! mea-

sured at 76.8 MHz, part~a!, and profiles of the2H R1Z
( i ) and R1Q

( i )

relaxation rates at 46.1 MHz~j, h, respectively! and 76.8 MHz
~d, s, respectively! as a function of acyl chain position~i!, parts
~b! and ~c!. The data are for thesn-1 acyl chain of DMPC-d54

macroscopically oriented atu50° in the La phase atT540 °C.
Both the order profile and the relaxation rate profiles are simila
shape and reveal a plateau region at the beginning of the c
corresponding to segments C2–C6, followed by a progressive
crease thereafter.
e

nd

-

i-

he

6

@20,28#. It is noteworthy that studies of phospholipids havin
perdeuterated acyl chains@33,34,51,75# are complementary
to studies of phospholipids with specifically deuterat
chains@12,14,20,28#, in that the former enable one to inve
tigate the behavior of the entire acyl chain as manifested
the angular anisotropy of the relaxation. For the case
DMPC-d54, a qualitatively similar angular dependence
the 2H R1Z andR1Q relaxation rates is obtained for the enti
acyl chain~cf. Tables I and II!, as also demonstrated in th
case of DLPC-d46 @33#. The angular dependentR1Z

( i ) andR1Q
( i )

relaxation rates as a function of chain position appear to
simply scaled by the corresponding order parameterSCD

( i )

squared, cf. Fig. 5, consistent within an interpretation
terms of order fluctuations~vide supra!. Since frequency de-
pendent relaxation data are available only for segments
and C7, the orientational anisotropies of DMPC-d54 have
been analyzed in detail for these segments, i.e., for splitti
A ~plateau region! andB; cf. Tables I and II.

B. Fitting of experimental relaxation data
to dynamical models

Simultaneous fits of model II~molecular diffusion!, Eq.
~3.4!, to the experimental2H R1Z and R1Q relaxation rates
for segments C3 and C7 of the DMPC acyl chains as a fu
tion of sample orientation and2H NMR frequency are pre-
sented in Fig. 6, and the fitting parameters are summarize
Table III. TheR1Z andR1Q data at 46.1 MHz, parts~a! and
~d!, and at 76.8 MHz, parts~b! and~e!, have been measure
as a function of the sample orientation, and pertain to sp
tings A and B of oriented bilayers of DMPC-d54 in the La
phase at 40 °C. The frequency dependentR1Z relaxation
rates are shown in parts~c! and~f! of Fig. 6 and correspond
to previously published data for specifically deuterat
DMPC vesicles at 30 °C and 50 °C@27,44#, interpolated to
40 °C by assuming an Arrhenius activation dependen
which is obeyed within applicable accuracy for the2H NMR
relaxation rates@14#. It should be noted that in the latter cas
the orientational averaging leads touDnm

(2)(VDL)u2

→^uDnm
(2)(VDL)u2&5 1

5 and thus the projection indexm van-
ishes in the spectral densities@43#. Both odd and even poten
tials of mean torque have been used for the molecular di
sion model@39,43,51#. The fact that the2H NMR spectrum
collapses at the magic angle and that the observed relaxa
rates depend on the square of the order parameter is in a
ment with the occurrence of axially symmetric motions
the liquid-crystalline state of a lipid bilayer; therefore, on
can set the effective asymmetry parameterhQ

eff to zero; cf.
Eq. ~3.4!. It has been further assumed that the average or
tation of thez axis of the intermediate frame is nearly pe
pendicular to the long molecular axis@44#, so that b IM
590°. As can be seen, although the molecular diffus
model ~II ! describes the orientation dependence of theR1Z
and R1Q relaxation rates rather well, it fails to describe th
low-frequency dispersion of the orientationally averagedR1Z
data. Note that there is little difference between the res
for the molecular diffusion with an even potential of me
torque and the model with an odd potential@33#. However,
the value ofl1 /kT56.16 in the latter case appears to
more plausible for the liquid-crystalline state; whereas
value ofl2 /kT52.91 for an even potential of mean torqu

n
in,
e-
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FIG. 5. 2H NMR relaxation ratesR1Z
( i ) ~d! andR1Q

( i ) ~s! at 76.8 MHz for DMPC-d54 in the La phase atT540 °C plotted as a function
of the square of the experimentally observed order parameteruSCD

( i ) u. Sample tilt angles: part~a!, u50°; part~b!, 12°; part~c!, 27°; part~d!,
40°; part~e!, 73°; and part~f!, 90°. A linear dependence of both theR1Z

( i ) andR1Q
( i ) relaxation rates on the order parameter squared is obse

along the entire acyl chain. This square-law functional dependence appears to be a characteristic feature of the spin relaxation in
lipid bilayers, and manifests preaveraging of the static coupling tensor by faster motions.

TABLE III. Summary of fitting parameters. All simultaneous curve fitting has been done by using the Levenberg-Marquardt alg
The fits have been statistically weighted by the inverse square of the standard deviation@94#.

Model D i(109 s21) D'(107 s21) l j or l/kTa Ss
(2) tc(1027 s) D(1025 s1/2) vc(1010 s21) Rint(s

21) xv
2

Molecular diffusion
~model II, even potential!

3.5360.36 8.1460.67 2.9160.07 0.593 0 8.04

Including slow motions 3.2960.41 10.160.2 2.9660.14 0.600 1.5760.22 0b 9.91

Molecular diffusion
~model II, odd potential!

3.4960.40 9.8761.00 6.1660.23 0.592 0 9.68

Including slow motions 3.7260.31 11.860.1 5.9160.17 0.578 1.7860.19 0.00c 4.49

3D director fluctuations
~model IV; linear order!

3.9160.13 ` 0b 20.1

Linear1quadratic orders 0.17860.029 0.466 1.7462.17 0b 30.4

Composite model
~model V; even potential!

1.7360.10 0.41960.135 8.8961.19 0.882 1.0860.08 ` 0b 4.55

Including Rint 4.4761.42 0.71760.168 6.9760.81 0.847 0.67860.127 ` 12.262.5 3.36

Composite model
~model V; odd potential!

1.8260.12 0.52360.171 21.963.4 0.869 1.0260.09 ` 0b 4.41

Including Rint 4.5061.47 0.72860.178 18.462.59 0.845 0.68160.130 ` 12.362.6 3.37

aThe energy parameterl j is for the case of the molecular diffusion model~II ! whereasl is for collective fluctuations~IV !, Eq. ~3.8!.
bParameter held constant at this value.
cParameter value at whichD i can be determined with applicable accuracy.
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FIG. 6. Simultaneous theoretical fitting of2H R1Z ~j, d! and R1Q ~h, s! relaxation rates as a function of bilayer orientation a
frequency to the noncollective molecular diffusion model~II !. Results are shown for acyl chain segments C3 and C7 of DMPC-d54, i.e.,
splittingsA andB, in theLa phase atT540 °C as a function of bilayer orientation at 46.1 MHz, parts~a! and~d!, and 76.8 MHz, parts~b!
and~e!, together with orientationally averaged2H R1Z data for DMPC vesicles as a function of frequency~magnetic field strength!, parts~c!
and~f!. Both an odd potential~—! and an even potential~––––! of mean torque have been used; cf. the text. The data are summariz
Tables I and II and the fitting parameters are presented in Table III. The model describes the behavior of the relaxation rates as
of sample orientation, although marked deviations are found in the case of the frequency dispersion, especially at low frequencies
there is little difference in the quality of the fits between the odd potential of mean torque and the even potential.
d
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~Table III! would correspond to a lower energy barrier an
therefore, to a more unstable membrane at 40 °C. In Fi
we have attempted to further improve the quality of the
of model II to theR1Z relaxation rates of DMPC vesicles b
including a Lorentzian spectral density corresponding to
ditional slow motions, e.g., vesicle tumbling@39#, in the
overall spectral densities of motion, Eq.~3.4!. However,
even in this case marked deviations in the frequency dep
dence are found; cf. Fig. 7. Note that the molecular diffus
with an odd potential of mean torque better correspond
the data than in the case of an even potential.

The fits to the membrane deformation model~3D director
fluctuations; model IV!, which takes into account linear
order director fluctuations, Eq.~3.7!, is illustrated in Fig. 8,
and the fitting parameters are included in Table III. Desp
the fact that the model fits the frequency dependentR1Z data
for DMPC vesicles in terms of anv21/2 relaxation law
@16,27,37#, it fails to describe simultaneously the orientatio
ally dependentR1Z andR1Q data for the oriented DMPC-d54
samples. To ascertain whether this may be a result of
glecting higher-order terms of director fluctuations, the m
detailed expression@70# that also takes into account qu
dratic terms, Eq.~3.8!, has been used. As can be seen in F
8, even in this case, the model does not simultaneously fit
orientation dependence of theR1Z andR1Q relaxation rates.
This may imply that model IV alone is not suitable for th
,
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-

n-

to

e

e-
e

.
e

description of the2H NMR relaxation in lipid bilayers.
Therefore, the next step was to combine models II and

noting their complementary abilities to fit separately the o
entation and frequency dependence, respectively. The fit
the data to the composite model~V!, which takes into ac-
count both the noncollective and collective motions, E
~4.6!, are shown in Fig. 9, and the fitting parameters a
presented in Table III. Clearly, an improvement of the qu
ity of the fits is observed versus the previous models wh
describe only one type of motion. Both odd and even pot
tials of mean torque were used, which yielded little or n
difference in the quality of the fits as in the case of mode
alone. Comparison of the fitting parameters obtained for
composite membrane deformation model~V! with those for
the fit to the molecular diffusion model~II ! only, shows a
decrease in the diffusion coefficientD' and larger values for
l j /kT, cf. Table III. Using Eq. ~3.6!, one obtains for
the slow molecular order parameter a value ofSs

(2)

5^D00
(2)(VMN)&50.9 in the case of the composite model~V!

versusSs
(2)5^D00

(2)(VMD)&50.6 for the molecular diffusion
model ~II !, which yields a decreased molecular ordering.
should be also noted that the fitting parameters describing
noncollective molecular rotations in the presence of colle
tive fluctuations are close to those obtained previously fr
fitting the noncollective molecular diffusion model to th
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FIG. 7. Simultaneous theoretical fitting of2H R1Z ~j, d! and R1Q ~h, s! relaxation rates as a function of bilayer orientation a
frequency to the noncollective molecular diffusion model~II ! including an additional slow motion term. Data are included for acyl ch
segments C3 and C7 of DMPC-d54, i.e., splittingsA andB, in theLa phase atT540 °C as a function of bilayer orientation at 46.1 MH
parts ~a! and ~d!, and 76.8 MHz, parts~b! and ~e!, as well as orientationally averaged2H R1Z data for DMPC vesicles as a function o
frequency~magnetic field strength!, parts~c! and ~f!. An odd potential~—! and an even potential~––––! of mean torque have both bee
used; cf. the text. The data are included in Tables I and II and the fitting parameters are summarized in Table III. Even tho
noncollective model describes the behavior of the relaxation rates as a function of sample orientation and frequency, the quality
is not very good. Note that the model with an odd potential of mean torque better corresponds to the data than the model with
potential.
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frequency dispersion only@44#. Including an empirical con-
tribution from internal fast motions further improves th
quality of the fits, as expected due to an increase in
number of fitting parameters, but yields a relatively lar
value of Rint512 s21, which is not completely consisten
with the above conclusion about a small contribution fro
internal motions@16,43#. If only the noncollective molecula
diffusion model is used to fit the data, an even greater va
of Rint521 s21 is obtained@39#, which also increases th
uncertainty in determining the axial diffusion coefficien
D i . Therefore, at present it seems more consistent to d
gard the empirical termRint in the modeling, and conside
instead just the preaveraged amplitudes due to the fast
mental motions that result in the observed order paramete
the 2H NMR spectra.

The behavior of the2H R1Z andR1Q relaxation rates ob-
tained at two frequencies of 46.1 and 76.8 MHz for the en
acyl chain of DMPC-d54 is shown in Fig. 10. As can be see
from the simulations, both the composite membrane de
mation model and the molecular diffusion model descr
comparably the experimental data along the entire acyl ch
with the fitting parameters summarized in Table III, exce
for segments toward the end of the acyl chain, splittingsG-I .
e

e

e-

eg-
in

e

r-
e
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t

The systematic underestimation of the experimental re
ation rates may indicate the presence of a contribution fr
fast internal motionsRint of about 3 s21, which is consistent
with the intercept values obtained from the linear square-
dependence of the relaxation rates on the order param
SCD, as shown in Fig. 5. A drawback of studying chai
perdeuterated lipids is that although the entire chain can
investigated, overlap of the splittings precludes detailed
vestigation if the sample tilt is set near the magic an
~54.7°!. It should be noted, however, that both models p
dict a dip near the magic angle in the2H R1Q orientational
anisotropy, in agreement with the relaxation data measu
for specifically deuterated lipids@20#, cf. Fig. 1. To further
test the above models describing slow order fluctuations,
orientationally dependent data for another representa
lipid system, POPC-d31 @34#, have been fitted simultaneous
for segments C5, C8, C10, and C13 of the palmitoyl a
chain ~results not shown!. Both the molecular diffusion
model ~II ! and the composite membrane deformation mo
~V! describe the data satisfactorily; whereas the 3D direc
fluctuation model~IV ! does not account for the orientation
anisotropy of POPC-d31, as also found in the case o
DMPC-d54. However, since the data for POPC-d31 were
measured at only one frequency~46.2 MHz! @34#, no defini-
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FIG. 8. Simultaneous theoretical fitting of2H R1Z ~j, d! and R1Q ~h, s! relaxation rates as a function of bilayer orientation a
frequency to the membrane deformation model~3D collective fluctuations; model IV!. Results are shown for acyl chain segments C3 and
of DMPC-d54, i.e., splittingsA andB, in theLa phase atT540 °C as a function of bilayer orientation at 46.1 MHz, parts~a! and~d!, and
76.8 MHz, parts~b! and~e!, as well as orientationally averaged2H R1Z data for DMPC vesicles as a function of frequency~magnetic field
strength!, parts~c! and ~f!. The data are fitted for the case of linear-order director amplitudes~––––! @44# and for the case of linear1
quadratic orders~—! @70#, cf. the text. Tables I and II present the data and the fitting parameters are given in Table III. The model a
for the frequency dispersion, but fails to describe simultaneously the orientation dependent relaxation data in both cases. The devia
model from experiment is significant, which may mean that the 3D collective model alone is not suitable for a description of the2H NMR
relaxation rates in lipid bilayers.
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u-
tive conclusion about the collective part of the compos
model can be made, since the corresponding parameteD
characterizing the collective motions cannot be determi
to sufficient accuracy.

For the composite membrane deformation model~V!, the
individual contributions from noncollective and collectiv
motions as well as the contribution of the cross-term,
~4.7!, to the2H R1Z relaxation rates of DMPC in theLa state
are shown in Fig. 11. The data refer to the initial part of t
DMPC acyl chains, C2–C6 and C3 segments in parts~a! and
~b!, respectively. Within the mid-MHz range these contrib
tions are of the same order for both the orientation dep
dence at 76.8 MHz, part~a!, as well as at 46.1 MHz~results
not shown!, and for the frequency dispersion, part~b!. At
lower frequencies, however, the time-scale separation
tween the noncollective and collective motions becom
more pronounced, and the collective motions become
dominant; as a result, the cross-term has a much sm
relative contribution, cf. part~b! of Fig. 11. Figure 12 shows
the director-frame spectral densities of motionJp

dir(v) for
segments C2–C6~plateau region!, calculated at four fre-
quencies by using Eqs.~2.4!, ~2.8!, and~2.9! for the compos-
ite model~V!, Eq. ~4.6!. Note that the combination of Eqs
e

d

.

-
n-

e-
s
e-
ler

~2.4!, ~2.8!, and ~2.9! represents in fact an overdetermine
system of linear equations, each corresponding to meas
ment of the relaxation rates at a given sample tilt an
bDL[u and Larmor frequencyv. Therefore, the six director
frame spectral densitiesJp

dir(v), where p50, 1, 2, andv
5vD,2vD , can be regarded as independent variables or
ting parameters, and can be obtained from a linear regres
fit without invoking a particular model. As can be seen fro
Fig. 12, the spectral densityJ1

dir(v) is larger thanJ0
dir(v) and

J2
dir(v) as also predicted by the composite model~V!. Note

that only the spectral densityJ1
dir(v) contains the contribu-

tion from the collective motions in the small-amplitude a
proximation for director fluctuations, cf. Eqs.~3.7! and~4.6!;
this may explain the fact thatJ1

dir(v) has the largest value
cf. also Nagle@90#. The same trend is observed for the rest
the segments of the DMPC-d54 acyl chains~not shown!, but
the error in determining the spectral densities rises sign
cantly with the segment number. The rather poor corresp
dence of the theory to the calculated values of the spec
densities may be a consequence of propagation of er
from the experimental relaxation rates when calculating
laboratory-frame spectral densities by using Eqs.~2.8! and
~2.9!, together with the fitting procedure involved in calc
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FIG. 9. Simultaneous theoretical fitting of2H R1Z ~j, d! and R1Q ~h, s! relaxation rates as a function of bilayer orientation a
frequency to the composite membrane deformation model~V!, taking into account the effect of molecular diffusion in the presence of an
potential of mean torque and 3D director fluctuations~––––!. Data are included for acyl chain segments C3 and C7 of DMPC-d54, i.e.,
splittingsA andB, in theLa phase atT540 °C as a function of bilayer orientation at 46.1 MHz, parts~a! and~d!, and 76.8 MHz, parts~b!
and~e!, together with orientationally averaged2H R1Z data for DMPC vesicles as a function of frequency~magnetic field strength!, parts~c!
and ~f!. No additional slow-motional term was needed to fit simultaneously theR1Z and R1Q relaxation rates. The data are presented
Tables I and II and the fitting parameters are included in Table III. Compared to the noncollective molecular diffusion model~II ! and the 3D
director fluctuation model~IV ! alone, a significant improvement of the quality of the fits is achieved, which suggests that both ty
motions may influence the2H NMR relaxation within the mid-MHz scale. Inclusion of a contribution from internal fast motions~—! further
improves the quality of the fits, but yields a relatively large value ofRint512.3 s21.
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lating the director-frame spectral densities, Eq.~2.4!. There-
fore, despite its apparent model-free features, the direct
culation of the director-frame spectral densities for the m
roscopically oriented samples turns out to be very sensi
to the experimental error of the relaxation rate measu
ments.

VII. DISCUSSION

In this research an extensive body of2H R1Z and R1Q
relaxation data for DMPC in the liquid-crystalline state h
been analyzed simultaneously, which has yielded valua
information about the relative contributions of different typ
of motions to the nuclear spin relaxation in lipid bilayers. A
important observation is that in the case of pure lipid bilay
the 2H R1Z andR1Q relaxation rates are scaled by the cor
sponding order parameter squared~quadrupolar splitting!,
which holds for the entire acyl chain of DMPC-d54 at all
sample orientations. This is interpreted as an effect of pre
eraging of the effective coupling tensor left over from fa
local motions, which points at a complex hierarchy of m
tions affecting the2H NMR relaxation of lipid bilayers
l-
-
e
-

le

s
-

v-
t
-

within the MHz range. The simplest ‘‘model-free’’ strong
collisional formulation is most probably not suitable for
description of the lipid dynamics, and more detailed mod
taking into account the molecular geometry and local f
motions must be analyzed. Previous results have shown
a segmental diffusion model~I!, which was found to fit the
orientationally dependent data@33#, does not adequately ac
count for the frequency dispersion of the relaxation ra
@44#. Another approach, somewhat different from the tre
ment of continuous diffusive reorientations, is to consider
segmental or molecular motions as multiple-site jumps@52#,
which has been successful in describing the angular an
ropy of nuclear spin relaxation rates@18,22,23# in lipid bi-
layers. However, jump models do not yield the square-l
functional dependence on the order parameter@43,75#, which
is experimentally observed over a broad range of sample
angles in the MHz frequency range@33#. In addition, the
jump correlation times predicted by these models fall into
subnanosecond scale@23#, which again would lead to little or
no frequency dispersion within the frequency range cons
ered in the present paper. By contrast, a dramatic freque
dependence of the experimental relaxation rates, espec
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FIG. 10. Simulation of2H R1Z andR1Q relaxation rates for the entire acyl chain of DMPC-d54 as a function of bilayer orientation at tw
different frequencies~46.1 and 76.8 MHz!. The experimental data are summarized in Tables I and II and the fitting parameters are pre
in Table III. Parts~a!–~i! include 2H R1Z relaxation rates at 46.1 MHz~j! and 76.8 MHz~d!, andR1Q relaxation rates at 46.1 MHz~h!
and 76.8 MHz~s! for the resolved quadrupolar splittings~designatedA– I ! of DMPC-d54 in the La phase atT540 °C. The composite
membrane deformation model including both molecular and collective motions~––––! as well as the limiting case of molecular motion
only ~—! has been considered. In both cases satisfactory fits are obtained except for segments close to the end of the acyl chain,
G– I , which is due to neglect of the contribution from fast internal motionsRint .
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in the low-MHz range, is observed in the case of vesicles
multilamellar dispersions@16,27#.

Here various dynamical models describing order fluct
tions, due to relatively slow noncollective molecular motio
as well as collective bilayer excitations, have been fitted
the orientation dependent2H R1Z and R1Q relaxation rates
for macroscopically oriented DMPC-d54 bilayers, together
with the frequency dispersion for vesicles of2H-labeled
DMPC at 40 °C. The combined analysis of the relaxat
rates as a function of more than one variable provides a m
d

-

o

n
re

rigorous basis for testing and eliminating some dynami
models, and for accepting others. For example, a simple
lecular diffusion model~II ! accounts for the relaxation ori
entational anisotropy@33,71#, but is less satisfactory in ex
plaining the frequency dispersion of the2H R1Z relaxation
rates@27,44#. The above would leave the noncollective m
lecular diffusion model~II ! including an additional slow-
motion term@39# as a potential candidate for the descripti
of nuclear spin relaxation in lipids. However, the quality
the fits of the model to the frequency dispersion is still n
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FIG. 11. Contributions of different types of motions to2H R1Z relaxation rates~d! for the initial part of the acyl chains of DMPC in th
liquid-crystalline state atT540 °C. TheoreticalR1Z values withoutRint ~—!; molecular diffusion contribution~–•–•–•–!; director fluctua-
tion contribution~––––!; and cross-term~••••••••••!. ~a! Motional contributions at 76.8 MHz as a function of bilayer orientation~u! for
multilamellar dispersions of DMPC-d54, C2–C6 segments.~b! Motional contributions to the orientationally averaged frequency depen
R1Z relaxation rates for vesicles of DMPC2H-labeled at C3 acyl segment. At higher frequencies the contributions from molecular diff
in the presence of an odd potential~–•–•–•–! and 3D director fluctuations~––––! are of the same order. By contrast, at lower frequenc
the time-scale separation between the noncollective and collective motions is greater. As a result, the collective motions become pr
and the cross-term~••••••••••! has a smaller relative contribution.
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completely satisfactory. On the other hand, the membr
deformation model~3D collective fluctuations; model IV!,
which accounts for the frequency dispersion of DMP
vesicles@27,37,44#, fails to describe the orientation depe

FIG. 12. Director-frame spectral densities of motion calcula
from 2H R1Z andR1Q relaxation rates for C2–C6 acyl segments
DMPC-d54 in the La phase atT540 °C. Spectral densityJ0

dir(v),
experiment~n! and theory~––––!; spectral densityJ1

dir(v), ex-
periment~l! and theory~—!; and spectral densityJ2

dir(v), experi-
ment ~L! and theory~••••••••••!. For the entire DMPC-d54 acyl
chain the experimental spectral densities follow the trendJ1

dir(v)
.J0

dir(v)'J2
dir(v). Note that only theJ1

dir(v) term contains the
effect of the collective fluctuations to linear order in the direc
amplitudes. The relatively large errors of the experimental val
are most probably a consequence of the propagation of error
volved in calculating the director-frame spectral densities, cf.
text. The general trends of the theoretical spectral densities an
values calculated directly from the experimental data are in ag
ment with each other.
edence of the2H R1Z relaxation rates@20# ~this work!. One
might argue that the fact that the 3D director fluctuati
model ~IV ! does not fit the orientation dependent relaxati
data may be connected with the assumption about the lin
order of director fluctuation amplitudes, leading to vanishi
of the collective director spectral densitiesJ0

dir(v) and
J2

dir(v). However, consideration of higher-order fluctuation
e.g., correlation functions of the order^bND(t
1t)2bND(t)2& @70#, only slightly changes the fits, and a
obviously greater modification of model IV is needed sin
the theoretical orientation dependence of the2H R1Z andR1Q

relaxation rates, as predicted by the model, does not co
spond to the experimental data.

Consequently, we propose herein a composite memb
deformation model for lipid bilayers that includes sma
amplitude director fluctuations in the presence of molecu
rotations. The improvement of the fits, especially in the c
of the frequency dispersion of DMPC vesicles, implies th
small-amplitude director fluctuations substantially influen
the 2H NMR relaxation@43# together with molecular diffu-
sion @21,39,43#, and can be detected in the mid-MHz fre
quency scale. The three-dimensional character of the co
tive fluctuations suggests the presence of uncoup
undulatory excitations, which would correspond to
nematiclike picture for the bilayer interior, with wavelength
of excitations ranging from the segmental dimensions up
the bilayer thickness. At longer distances and lower frequ
cies, a transition to two-dimensional director fluctuations d
scribed by a flexible surface model@44,64,65# is expected, as
theoretically analyzed recently by Halle and Gustafsson@78#.

An important feature of the membrane deformation mo
is the treatment of the cutoff for the wave vectorqc , which
is set to infinity yielding a simplev21/2 frequency depen-
dence. The justification for this assumption is based on
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fact that, if one considers a finite value forqc , then a rela-
tively high value for the cutoff frequencyvc[Kqc

2/h
51.7431010 rad s21 is obtained, which allows one to se
u(v/vc)'1 corresponding to an effectively infinite fre
quency cutoff. At the same time, however, the value of
slow order parameter@70# Ss

(2)51 – 3l/kT remains finite,
wherel/kT[kTqc/2p2K. Assuming the value forqc to be
roughly on the order of the inverse of the segmental dim
sions, i.e.,'1 Å21, one can estimate the bilayer elasticityK
and the viscosity coefficienth for bilayer deformations from
the values ofl and vc obtained from the fit. Taking thes
values to bel/kT50.178 andvc51.7431010 rad s21, cf.
Table III, one finds that K51.23310211 N and h
50.707 P. The magnitude ofK is in agreement with tha
obtained for nematic liquid crystals@81#, whereas the value
of h may be less accurate due to the rather large error in
estimation of vc . With regard to the composite mode
which takes into account both 3D director fluctuations a
noncollective molecular diffusion, quantitative informatio
about the rotational diffusion rates and degree of ordering
the lipid molecules can be obtained from fitting the rela
ation data. As might be expected, the resulting parame
differ from those obtained from fitting separately the m
lecular diffusion model~II ! to either the orientation depen
dent or frequency dependent relaxation rates. Compare
the molecular diffusion model~II !, the main features of the
composite model~V! include a decrease of the rotation
diffusion coefficient for off-axial motionsD' by approxi-
mately an order of magnitude ('53106 s21), and nearly a
threefold increase in the depth of the energy minimum c
responding tol j'10– 20kT. This would imply an increased
molecular orderinĝ D00

(2)(VMD)& ('0.8– 0.9) compared to
that previously reported ('0.6– 0.7)@33,44,91#, and conse-
quently a decreased segmental ordering^D00

(2)(VPI)&, as
given by the overall order parameter SCD

5^D00
(2)(VPI)&D00

(2)(V IM )^D00
(2)(VMD)&. Neglecting the con-

tribution from small-amplitude director fluctuations, for th
composite membrane deformation model~V! the lower limit
for the order parameter due to fast segmental motions is
timated to beSf

(2)[^D00
(2)(VPI)&50.4 for segment C3, with

a further decrease along the acyl chain; whereas the o
parameter of the slow molecular order fluctuations
Ss

(2)[^D00
(2)(VMN)&^D00

(2)(VND)&'^D00
(2)(VMN)&50.9. The

above would suggest that the2H NMR relaxation of lipid
bilayers in the MHz range is governed primarily by colle
tive excitations together with effective axial rotations of t
acyl chains.

Another interesting aspect is that the relative contrib
tions from collective and noncollective motions to th
nuclear spin relaxation have been found to be comparab
the mid-MHz range. The validity of the present conclusio
however, may be influenced by the fact that the orientatio
anisotropy of the relaxation rates and frequency dispers
were in fact measured for different samples, i.e., DMPC-d54
in the La phase versus vesicles of DMPC with specifica
2H-labeled acyl chains. Curvature effects in vesicles m
result in slightly different values of the structural paramet
@13,92#, such as molecular diffusion and bilayer elastic
coefficients. Therefore, the need for obtaining a more co
prehensive body of relaxation data for a single lipid syst
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in the La phase still remains. Information about transver
relaxation rates@29# could be useful in distinguishing slowe
motions such as vesicle tumbling@39# or lipid lateral diffu-
sion @93# from collective and noncollective motions. Zero
frequency spectral densities corresponding to the relativ
long vesicle tumbling or lateral diffusion correlation time
should yield much larger contributions to the transverse
laxation than molecular reorientations or collective fluctu
tions, which could help separate the motions occurring
different time scales. Alternatively, additional low-frequen
relaxation data measured for specific positions in the a
chain within the kHz range may provide experimental e
dence for different regimes of membrane couplings@77,78#.

Previous work@16,27,33,43,44# has attempted to identify
whether a single predominant motional contribution can
plain theR1Z relaxation rates for lipid bilayers in the liquid
crystalline state. However, the results of the present w
show that the behavior of the relaxation rates of lipid bila
ers as a function of sample orientation and frequency m
probably cannot be described to a high degree of accurac
a simple model accounting for only segmental, molecular
collective motions. A composite membrane deformati
model has been considered herein yielding an expression
the spectral density that contains, in the small-amplitude
proximation for collective fluctuations, the sum of the m
lecular and collective spectral densities, as well as a cro
term that takes into account the combined effect of both n
collective molecular motions and small-amplitude direc
fluctuations. The ability of the model to describe simult
neously the orientation and frequency dependentR1Z and
R1Q relaxation rates means that over the frequency ra
considered, the2H NMR relaxation may be governed in gen
eral by a composite motional process and not by a sin
type of motion. This, in turn, increases the complexity
theoretical models and the number of fitting paramete
These findings suggest a new dynamical membrane mod
which the phospholipids are effectively tethered to the aq
ous interface, with the bilayer interior having a microvisco
ity due to segmental motions of the acyl chains compara
to that of liquid hydrocarbons. Rotational diffusion of th
flexible phospholipid molecules involving segments close
the aqueous interface is accompanied by appreciable c
entanglement deeper in the bilayer interior. The molecu
and segmental motions are superimposed upon nematic-
deformations of the entire bilayer, with relatively sma
wavelengths of excitations ranging between the segme
dimensions and the bilayer thickness or interlamellar sep
tion. Such composite order fluctuations account for both
orientational anisotropy and frequency dependence of the2H
spin relaxation within the MHz range of frequencies, a
constitute a new framework for analysis of the dynamics
lipid bilayers and membrane constituents.
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