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Correlation functions for lipid membrane dynamics obtained from NMR spectroscopy
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Nuclear magnetic resonan¢dMR) studies of the spin relaxation of lipid membranes provide a powerful
tool for investigating the dynamics of these important biological structural elements. Here spectral densities of
motion for various dynamical models have been fittecPkb spin-lattice relaxation ratesR{,) measured for
vesicles for 1,2-dimyristoysn-glycero-3-phosphocholine, in the liquid-crystalline state, over a broad fre-
quency rangé2.50-95.3 MHz; total of 15 magnetic-field strengthsloreover, the correspondingC R,
values predicted from the models have been compared to experiment from 15.0 to 151 MHz, thereby enabling
unification of the NMR relaxation data for bilayer lipids. A molecular diffusion model or alternatively a
three-dimensional collective fluctuation model describes besfthand *C R;, data. To emphasize the
universality of this approach, the models have also been fitté#oR,, data for vesicles of 1,2-dipalmitoyl-
snglycero-3-phosphocholinél5.0-151 MHz; eight magnetic field strengthand the?’H R, values for the
corresponding multilamellar dispersions theoretically predicted. Correlation functions have been calculated for
the lipid reorientations from the analysis of NMR relaxation data. The results suggest that slower motions are
predominant in the low to mid megahertz range due to noncollective molecular motions or thermal collective
excitations, whereas the bilayer interior corresponds to liquid hydrocarbon. The reorientational correlation
functions derived from NMR spectroscopy are compared to recent molecular-dynamics simulations of bilayer
lipids in the fluid phase[S1063-651X97)07803-3

PACS numbes): 87.22.Bt, 71.45.Gm, 87.64.Hd, 76.6&k

[. INTRODUCTION comparison of theory with experiment suggests that order
fluctuations are detectable with NMR relaxation techniques
Lipid bilayers, an essential structural element of biologi-and that the local bilayer viscosity corresponds to liquid hy-
cal membranes, represent an example of soft matter havingdiocarbon. Correlation functions for these stochastic motions
broad dynamic hierarchy with fast local motions and slow,are calculated and compared with the results of recent
noncollective, and possibly collective motiofig. Extensive ~ molecular-dynamic§MD) simulations of lipid bilayers in
NMR experimental studies of lipid bilayers have been carihe fluid state.
ried out in the pastl-9] and are amenable to further analy-
sis and theoretical interpretation. Examples of models for the Il. THEORETICAL MODELS FOR DYNAMICS
reorientational dynamics of bilayer lipids in the liquid- OF LIPID BILAYERS

crystalline state include discrete jumd<], rotational diffu- . e .
sion[9,11], or collective excitations treated as director fluc- /e discuss here diffusional models and models consider-

tuations[6,12,13. As a rule it is necessary to distinguish N9 thermal excitations in membranes as a continuous me-

between fast motions, which modulate the static couplin llum..lnl'dgc\j/eloplngha modelhalm:ng to desclrlbe reorller)ta-l
tensor arising from the quadrupolar and dipolar nuclear spint®ns In lipids, one has as the ultimate goal an analytica

interactions. and slow motions. which further modulate theexpression for the irreducible correlation functions of the
residual cofjpling Most Worke;s agrée,8,14,15 that the various segments. For second-rank interactions these are de-

nuclear spin relaxation of liquid-crystalline bilayers in theﬁned as

megahertz regime predominantly manifests fluctuations in /TP 4+ —(D®@ *

the local ordering rather than faster segmental motions of the Gm(7)={[Dom(Qer,t+ 1) =(Dom(2p0))]

chains; further testing of this hypothesis is needed. In addi- X[D@](QPL,t)_<DE)2n1(QPL)>]>, )

tion, there is the open question of whether the relatively slow

order fluctuations are due to noncollective molecular motionsvherem=0, *1, or =2 is the projection index; an axially

[6,8,9,14 or, alternatively, to collective excitations of the symmetric coupling tensor is assumed. H&¥®) indicates

bilayer[6,9]. Herein the authors have tested various dynamithe second-rank Wigner rotation matrix, where the Euler

cal models in closed form for their ability to describe simul- anglesQ)p, describe the orientation of the principal axis sys-

taneously the?H and °C R,, relaxation rates correspond- tem (PAS) associated with the C-H bor@egment relative

ing to the same C-H bongegment of the bilayer lipids. A to the main magnetic field and contain the time dependence.
By introducing closure, the rotation matrix for the overall
rotation ), can be expanded in terms of various interme-

*Also at Division of Physical Chemistry 1, Center for Chemistry diate motional frame$6,9]; cf. Fig. 1. The corresponding
and Chemical Engineering, Lund University, S-221 00 Lund,spectral densities are given by Fourier transformation of
Sweden. Eq. (2).
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fluctuationg 17]. The observed order parameter is then given
by S@=g(*s?)  whereS{?) andS{?) are the fast and slow
order parameters, and(w)=Ji(w)+Js(w)+cross terms
that are neglected assuming statistically independent fluctua-
tions (e.g., time-scale separatiorOne possibility is to con-
sider a restricted rotational diffusion model for the whole
lipid molecule within the potential of mean torque of the
bilayer (model 1)) [6]. Here $2=(D{3(Qp)))DE(Q1m)
=(DZ)(Qpp)), whereQp, describe the orientation of the
C-H bond with respect to the intermediate frame. The flex-
ible molecule over the longer time scale is assumed to reori-
ent analogously to a rigid rod, having fixed values for its

FIG. 1. Transformation of the coupling tensor, fixed to the mol-moments of inertia averaged over the internal degrees of
ecule of interest, from the principal axis systéRAS) to the labo- ~ freedom and thus for the principal values of the diffusion
ratory frame as described by the Euler anglks, . The various tensorD. One can further assume that the residual or average
intermediate coordinate frames pertain to relaxation of theor  coupling tensor is axially symmetric with i axis parallel
13C nuclei of a lipid segment, due to electric-quadrupolar orto the long molecular axis. Given thg, =0 (cf. Fig. 1)
magnetic-dipolar interactions, respectively. Euler angles trans-  |eads toJ(w) = 182711 -52?]j (w), i.e., a single Lorent-
e e, o e A oy 280 s s, whor€l?—(D2(Due) Howwr 8

' ' single Lorentzian does not adequately describe the relaxation

Qnp to the average director or bilayer frameag), and finally dispersion (not shown. Alternatively, setting By = /2
Qp, to the frame of the external magnetic fielBq]. leads to ' ' 'M

Let us first consider the simplest case of hindered rota- J(w)=18(2)2{[1—S(Z)Z]jo(w)+3j2(w)} &)

tional diffusion of the C-H bonds of the flexible lipid mol- o s '

ecules in the liquid-crystalline statenodel ). The lipid acyl  whereas intermediate values gfy yield three Lorentzians.
chains comprise a system with many degrees of freedonh Eq. (3), J(w) is scaled by the square of the fast order
undergoing discrete rotational isomerizations, which argarameteis{?), which describes the strength of the residual
treated here as a small-step diffusional process. For locgloypling as a result of motional preaveraging from faster
segmenta! motions, t_hﬁat_lc cc_)uplmg tensor in the qua_ldru-_ segmental motions. The full treatment of model Il includes
polar or dipolar Hamiltonian is modulated by the rapid ori- the slower molecular motions described by E3). plus the
entational fluctuations. One obtains a discrete spectrum Ghster |ocal segmental motions given by H8); assuming

correlation timeg6,9], which in terms of a symmetric top giagistically independent processes, the cross terms are ne-
approximation leads to the following expression in C|°Sedglected.

form for the spectral density: The above diffusional model§ and 1) represent ex-

L D2 ) amples of noncollective models. That is to say, a given seg-
J(w)= % {[1-4S““]jo(®) +3j2(@)}. (2 ment or molecule is picked out of the ensemble and its dif-
. o . fusive motion is considered within the potential of mean
For saturated lipid chains it can be assumed thaz s of  torque of the bilayer. One can also explicitly treat motions of
the segment is perpendicular to the H-C-H plane of the mey cojlective nature by considering a continuous distribution
thylene group[6]. Note that in the case of phospholipid of excitation modes of the bilayer director, i.e., the normal to
vesicles orientational ~averaging occurs, SO thakhe surface considered. Generally, the formal description of
Im(@) = (Im(@))=J(w), wherew is the Larmor frequency sych a model can be reduced to an integral over single
[16]. The mean-squared amplitudes are described by the, cntzians. viz I(w)=[T™W( 7o) 27, /[ 1+ (7o) 2]d
second-rank order paramete&s®=(D{3(Qpp)), corre- Lo Tmin 7€ ¢ ¢’
sponding to the segmental fluctuations with respect to th&/N€ré 7maxand 7o, are the upper and lower cutoffs for the

average membrane normiirector axi3. For 2H NMR the correlation Fimef&c andW(r.) is the distribution function of
order paramete®®) is denoted a$cp and is experimentally the corr_elatllon times. Lgt_us Now examine the case Of. collec-
determined from the quadrupolar spliting by v tive excitations of the.I|p|d bilayers in two or thre(_a d|men—
:gXQSCDv where xo=170 kHz is the static quadrupolar sions, yleldlng a continuous spectrum of correlgtlon times.
coupling constant[15]. The reduced spectral densities For t_)llayer director fluqtuatlons having small ‘?”er.“a“?”?"
jo(w) andj,(w) correspond to Lorentzians with correlation amp"tﬂdej’ only the Wigner e_Iements with projection indi-
timesry and 7, respectively. Neglecting the influence of the qesm—o,_ 1. neeq to b.e conS|dered.. The corre'latlon func-
restoring potential, the anisotropic diffusion model gives thatllgon IS th(?n given, invoking the ergodic hypothesis and using
1Ur,=[6+(np—1)r?]D,, where r, are the correlation arseval's theorem, ki, 18]

times, »p=D, /D, is the diffusion tensor anisotropy, amd D@ (Oun t+7*D2. (O t
=0,2 is the projection index. (Do=a(@o 1+ 7)™ Doz Qo 1)
Alternatively, one can treat the influences of slower over- ~3(on(r,t+7)-on(r,t))

all motions, which are of larger angular amplitude and are 3 1
superimposed on the fast segmental motions. These modu- _° J 2\ o |l 7qqd
late theresidual coupling tensor preaveraged by the local 2 (2m)d {Ion(a,nl%e dia, ()
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whereq is the wave vector andn(r,t) is the vector dis- scribes the mean-squared amplitude. The second term
placement of the bilayer normal. The Fourier mean-squaregl, () includes the stochastic rotation or spinning of the seg-
amplitudes (| 6n(q,t)|?) in the d-dimensional spaced( ment or molecule around the diffusional principal axis and
=1, 2, or 3 and the corresponding correlation timgsin  corresponds to a nutation or wobbling motion. In a more
the single elastic constant approximation are given in termgeneral treatmeritl1], one obtains an infinite, yet discrete,
of g2 by applying the classical equipartition theoréf®], spectrum of correlation times yielding an infinite sum of
i.e.,(|én(q,t)|?)=kT/Kqg? and 1fry= Kqg?/ 7, wherenisthe Lorentzians in the expression for the overall spectral density.
viscosity andK is the elastic constant for the bilayer defor- By contrast, the collective fluctuation models are described
mation. Application of the equipartition theorem imposes aby a continuous spectrum of correlation times, which arises
high-frequency limitation and enables one to deduce only th&fom consideration of the thermal excitations of the bilayer
behavior of the correlation function at times>#A/kT  director formulated in terms of wavelike disturbances. The
~10 ¥ s; this does not appear to have significant consevarious modes of excitations include undulations of the flex-
quences within the time and frequency scales considered. ible bilayer surfacémodel Il) and twist, splay, and bend for
After taking the Fourier transform and calculating the in-the hydrocarbon interior of the bilayémodel IV). It follows
tegral assuming infinite upper and zero lower limitsdpthe  that the spectral density depends on an exponeat afhich
overall spectral density becomes reflects the choice of the functional form of the free energy
and the dimensionality of the space considered.
(@)= (DG (Qp) ||| =792, 5
Il. TESTING DYNAMICAL MODELS BY NUCLEAR
Equation(5) can be generalized to the case where the free MAGNETIC RESONANCE SPECTROSCOPY
energy is an arbitrary bilinear form a@f, which can be ap-

plied to a broad range of physical systems. Thus one obtains HOW ¢an one experimentally test the above formulations
either an 2 dependence d=3) in the case three- or the lipid bilayer dynamics? Following the classic work of

dimensional(3D) director collective excitation§6,18], an  B/0om et al.[1], the theory of NMR relaxation can be used

-1 dependenced=2) for 2D surface excitationglL2,13, tolobta_ln reIat|onsh(|jpshbetween '?hg various c;bseryable spin
or anw 32 dependenced=1) for 1D undulations in poly- relaxation rates and the spectral densities of motion corre-

mer strings such as DNA. The resulting expressions have a§Ponding to Eq(1). Thus an applicable model should de-

effective fitting parameteB’ or B [6,13 and are given by scribe the relaxation da_ta pertinent to a molecular segment
[15] regardless of the experimental technique. In terms of an ir-

reducible representation, the fluctuations of the coupling
Hamiltonian for rank-2 interactions can be written in a uni-

_ 1221, —1_pr, . —1 1
J(w)=5S"°C'w *=B'w™* (2D fluctuations, (6a) fied mannef4,20] as

HA(D—(H)=C X (—1)mTRRy 2 1) — (v(2haby ],
J(w)=1S?P2Cw~"=Bw 2 (3D fluctuation$,(6b) (O (HY )\Em:( TR VR0 — (Ve )]
()

, . ) ) . where A\=D,Q for the magnetic-dipolar and the electric-
whereC' andC include viscosity and elasticity constants of quadrupolar coupling, respectively. Expressions for the irre-

the bilayer. For the 1D and 2D cases it is necessary to introg,,ipje tensor operatof&?'® and the orientationally depen-
duce cutoff parameters to calculate the correlation function ent coupling tensoV@® as well as the interaction
since the Fourier integral diverges, which makes these mod- : . m ) .
els somewhat more empirical. The complete treatment oglonstantc)\. are given In F‘;Tf[w]’ the angrl:lar brac:lkets In-
models Il and IV includes the contribution from faster local '{;";‘;%.a tume or ensemble average. The coupling tensor
motions by adding Eq2) to Egs.(6a) and(6b), respectively. V’P. s transformepl to the Iab<_)ratory frame from the I?AS
Let us discuss briefly the physical meaning of the modelé’_t"'z'”g th2eI pbropertlzesPAof szpherlcal tensors under rotations,
introduced above. First, one can make a general conclusiofiz:: by v _:EsV(s : SD(sn%(_QPL)- o _ .
about the diffusional models applied to either segmental or The evolution of the density matrix’ in the interaction
molecular motiongmodels | and ). Despite the fact that Picture then yields that

they have been presented for heuristic purposes using sim-

’ 2
plifying assumptiongthe symmetric top approximation with ﬂz — 1[C,V2PAS2 E E I )
Bim=/2), the models retain the common features of any ot 2LA T mety 4 SmOma
diffusional model. Namely, they give rise to a discrete spec- @lab r(2)lab
trum of correlation times corresponding to the eigenvalues of X[Tog [ TEmg e 11, 8

the diffusion operator in the presence of a restoring potential. (2)lab ) )

The potential is chosen so that it depends only on the EulefhereTy ;™ are the terms corresponding to the spin angular
angle Bpp OF By (the potential of mean torqueReferring momentum operators in thE>)*s describing the coupling
to Egs.(2) and (3) and the expression for the correlation [15] andw, 4 are the characteristic frequencies arising from
times 7, , one can see that(w) corresponds to the stochas- transformation of thél'ﬁi)q'abs to the interaction picture. The
tic rocking motion of the segment or molecule within the spectral densities are here defined byy,(wmq)
potential, as described by the Euler angle, or Byp, and = [7_Gy(7)exp(—iwmgr)dr. Therefore, the correlation

is influenced by the order parame®&? or ng), which de-  functions introduced heuristically in Ed1) arise directly
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from treatment of the evolution of the density matrix. Evalu- 200
ating the double commutators in E{), one obtains for the

relaxation rate ofH Zeeman order, viZ,), that[21,22

\ Prediction of °C
\ relaxation rates i

Riz(°H) =3 7°xg[J1(@p) +4J2(2wp)], 9 50 1

in which XQzeZqQ/h=17O kHz is the static quadrupolar “

coupling constant ana@p, is the deuteron Larmor frequency.

Similarly, the expression for th€C Zeeman relaxation rate < |

under conditions of proton decoupling[id1,23 ,._E 100 - 1 \
T A

)

\ 0 L | l 1 1 | 1
N\ 20 40 60 80 100 120 140

RlZ( 13C): %NHX%[%JO((‘)H_ wC)+ %‘]l(wc) \' frequency (MHz)

LIy oyt 0], (10 ol e e

Here xp=ynychi(rcs) is the static dipolar coupling con- ~——_
stant,Ny=2 for methylene groupsy, and wc are Larmor
frequencies of théH and *C nuclei, and the vibrationally
averaged C-H bond distance(is;) ~*°=1.14 A[24]. For 0 2 20 60 %0 00 120
vesicles and multilamellar dispers_ion_s, th_e depende_nce of the frequency (MHz)

spectral densityl,(w) on the projection indexn vanishes

on account of the gddi?ional spherical averaging due to rota- FIG. 2. Fitting of observedH R;, relaxation rateg®) and
tional anq Iateral diffusion as no{gd abc[\Zé]_. Furthermore, prediction of 3C R, relaxation rate¢®, inse) at 30 °C for the C3
Eq. (10) is valid _onIy when the C re_laxatlon can be de- acyl segment of DMPC vesicles in the liquid-crystalline state. Seg-
scribed by a single exponential, i.e., when the crossmental diffusion(model I, -—-— ), molecular diffusion’model II,
correlation effects from the decoupled protons can be ne-.....) 2p collective fluctuationgmodel 1l ----), and 3D collective
glected [25]. The justification for disregarding such fluctuations(model IV, ——). The small contribution from faster
influences in the case ofC R;; relaxation of lipid bilayers segmental motions has been neglected in models II-IV as a simpli-

is given below. fying approximation. Both the molecular diffusion modes®
=Scp=0.198, with fitting parametersS(?’=0.715, 7,=6.70

IV. ANALYSIS OF EXPERIMENTAL NUCLEAR %1079 s, and7,=4.60x 10 1% 5) and the 3D director fluctuation
MAGNETIC RELAXATION DATA model (fitting parameteB=4.48x 10" 1% s') fit the °H R, data

and predict thé®C R, data within the experimental error, whereas
Equations(9) and (10) provide a means of testing the the other models deviate significantisf. the texj.

various dynamical models by comparing the theoretical spec-
tral densities in closed form to the observed spin relaxation
rates; cf. Fig. 1. In the present work, frequency-depender}P'
2H and ¥C R,, relaxation rates for vesicles of 1,2- "¢d . . :
dimyristoyl-sn-glycero-3-phosphocholin DMPC) in  the t|9nal tumbling qf the §ma|| ye5|c_:le{9.4].At higher frequen-.
liquid-crystalline state have been analyzed. A total of 15 exCieS the relaxation dispersion is not influenced by vesicle
ternal magnetic-field strengths ranging from 0.382 to 14.6 Trotation (=12.5 nm since the contribution t&,; is calcu-
have been studied, comprising a broad raf@@27. The lated to be only 21.0°¢ at the lowest frequenc§2.50 MH2)
noncollective segmental modél) and molecular diffusion and decreases at larger values. Finally, the collective 3D di-
model(Il) as well as 2D and 3D collective director fluctua- rector fluctuation modellV) reproduces well the experimen-
tion models(lll and IV, respectively have been tested by tal values over the entire range and requires only a single
fitting them to the experimentally determinéd R,, dataat effective fitting parameteB.
different frequencies, ranging from 2.50 to 95.5 MF256]. The next step was to test the ability of each model to
As a simplifying approximation, the contribution from faster describe the'*C R, relaxation rates of DMPC vesicles at
segmental motions was neglected in the fits to models I[I-1Vnatural abundancf7]. For an axially symmetric coupling
Including faster local segmental motions in models Il and IVtensor, the irreducible spectral densities that characterize the
does not change significantly the fits to both th%C and  fluctuating ?H electric-quadrupolar interaction are identical
’H R, data, nor are the fitting parameters appreciably afto those describing th&C- H magnetic dipolar interaction.
fected (not shown. Theoretical fits to?H R,, rates mea- Thus an applicable model should utilize th¢ fitting results
sured at 30 °C for DMPC, labeled witfH at the C3 acyl to predictthe corresponding®C R, rates under conditions
segment, are shown in Fig. 2. Clearly, the formulations corof proton decoupling, Eg(10); simultaneous fitting of the
responding to local segmental motiofmsodel ) [4] and 2D  data is also possible. Experimentally it is observed that the
director fluctuationgmodel 111) [13] fail to describe the data. **C inversion recovery curves can be fitted to within experi-
The segmental diffusion model gives a nearly constant valuenental accuracy by a standard three-parameter exponential
for the relaxation rates at higher frequencies, whereas the 2fanction [27]. Thus it would appear that cross-correlation
director fluctuation model does not follow the general trendeffects, as experimentally studied in simpler systd2g],
at all. The molecular diffusion modell) fits the ?H R,  are very difficult to quantify in the case of more complicated
rates with a total of three parameters, viSE,Z), 70, and lipid bilayers. The expression for th&€C R,; relaxation

Although the curve falls below the data at the lower
uencies, this may reflect a minor contribution from rota-
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FIG. 3. Fitting of observed'®C R,; relaxation rates for 5
(CH,),, acyl segments of DPPC vesiclé®) and prediction of
’H R, relaxation rates for C8 acyl segment of DPPC multilamel-
lar dispersiong®, inse) at 50 °C in the liquid-crystalline state.
Molecular diffusion(model Il, ------ ) and 3D collective fluctuations
(model IV, —); the small contribution from faster segmental mo-
tions has been neglected. TRd R;, values near 55 MHz were
. . . | | 1 |
obtained using different NMR spectromet¢#s33] and reflect the 0-00 10 20 0 " 0
systematic error of the measurements. Both the molecular diffusion )
model and the 3D collective model describe i€ and?H R, time (ps)

data to within the experimental err¢ef. the texi.
FIG. 4. (a) Second-rank correlation functions derived for orien-

tational fluctuations of C3 and C7 acyl segments of DMPC vesicles
in the liquid-crystalline state at 30 °C. Molecular diffusigmodel

II), C3 segment with parameters as in Fig(-2---), and C7 seg-
gnent withS®=S.,=0.185, S?=0.715, 7,=6.70x10"? s, and
T,=4.60x10 s (.——. —); 3D director fluctuationgmodel 1V),

rates, Eq.(10), includes spectral densities at appreciably
higher frequencies, such as the tedg{wy+ wc). For in-
stance, if the*C resonance frequency is chosen to be 90.
MHz, one needs to know the spectral density at upd ( C3 segment with parameters as in Fig(-2—), and C7 segment
* “)C,)/27T:450'2 MHz to adequately d_escribe ﬂlfé: data Bgz 3.40% 10’?0 s#2 (---). The cong:iibuti())’ns from fastgr seg-
at this frequency, which is dulg to the difference in the gyro-nenta) motions have been neglected to reveal the decay due to slow
magnetic ratios of théH and **C nuclei. The results of the  motions. Molecular rotation yields a slow decrease, whereas the 3D
prediction of the'C R;, data from 15.0 to 151 MHz using director fluctuations give a faster decay within the first 100(p.
the ?H R, fitting parameters for the C3 acyl segment of Effect of including faster segmental motions in the molecular dif-
DMPC are presented in the inset to Fig. 2. Such a unifiedusion model(ll), with 7;=8.33< 10?5, and in the 3D collective
approach constitutes a rigorous test for the various proposeadodel(1V) with 7=1.75x 10" ! s. In this case the initial decay of
models since the interactions governing ti€ and?H spin  the molecular diffusion correlation function over the first 50 ps is
relaxations are described by different mechanisms and irdue primarily to the fast segmental motions, whereas the decrease
volve rather different frequency scales; cf. E®.and(10).  due to molecular rotation is minimal. The correlation function for
Again, the molecular diffusion modéll) and the 3D direc- the 3D collective model is largely unaltered since the faster seg-
tor fluctuation model(lV) best predict thé*C data. mental motions overlap the time scale of the bilayer excitatiohs

To emphasize the universality of the above approacthe tex).
vesicles of another lipid, 1,2-dipalmitoghk-glycero-3-
phosphocholindDPPQ was studied in the fluid state. Here tilamellar dispersions of DPP[16] were calculated theoreti-
the reverse of the above procedure was adopted since in thislly from the *C R, fitting parameters using E9). (In
case the'3C R,, data are the most extensive, representingpassing one should note that thé¢ R;, relaxation rates of
eight magnetic field strengths from 1.40 to 1.41 T. TheDPPC vesicles and multilamellar dispersions evince few dif-
13C Ry, relaxation rates at 50 °C, measured for tf#,),  ferences within experimental errpt].) A comparison of the
plateau region comprising acyl segments C4 to ¢23, theoretica®H R, values to the experimental data is shown
were first fitted to the molecular diffusion mod#ll) and 3D  in Fig. 3(insed; both models Il and IV are similar in describ-
collective fluctuation mode(lV) (vide supra, with the re- ing the data. It follows that thé3C and?H relaxation data
sults depicted in Fig. 3. Fits to the other models, | and lll,can be unified by assuming a predominant mechanism for the
were dissatisfactory as discussed above. Therfitheelax-  nuclear spin relaxation and then calculating the correspond-
ation data for the C8 acyl segment of the corresponding muling spectral densities of motion as a function of frequency.
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Finally, the second-rank correlation functionS(7), the membrane deformation energy. The two-dimensional
spherically averaged over all orientations, were calculatedollective fluctuation mode{lll) corresponds to a smectic-
using the parameters obtained from fitting firé relaxation  like picture and does not describe th¢ data and predict the
to models Il and IV(Fig. 4). Although both the molecular 13C data in the megahertz range. Moreover, it is impossible
diffusion model(Il) and 3D director fluctuation modélV)  to deduce an asymptotic form for the correlation function
describe the frequency dependence of i@ and®H relax-  from this model since the Fourier integral of an* depen-
ation rates comparably well, their Fourier transforms differgence diverges. The results of the present analysis show that
substantially when the contribution from faster local Segmengpnly the molecular diffusion modelll) and the three-
tal motions is disregarded; cf. Fig(a. For the C3 and C7  gimensional collective fluctuation modéV) adequately fit
acyl chain segments of DMPC, the molecular c_Jiffusion»[he 24 R,, data and predict th&C R, data for DMPC in
model gives a nearly constant value of the correlation funcihe jiquid-crystalline state. In addition, both models Il and IV
t!on over the first _100 ps, due to thg relatlvgly long correla-; the 3¢ R,, data and predict theoretically the correspond-
tion times 7, (rocking and 7, (wobbling obtained from the 421y R, data for another disaturated phosphatidylcholine,
fits, on the order of 7 and 0.5 ns, respectively. The slowpppc.
order parameter has a valueS{f’=0.715, corresponding to  Therefore, at present both the molecular diffusion model
restricted wobbling of the lipid molecule associated with theand the 3D collective fluctuation model including the faster
slow decay of the correlation function. In contrast, the cor-ocal segmental motions can be regarded as suitable for de-
relation function for the 3D director fluctuation model yleldS Scription ofboththezH andl3c nuclear Spin relaxation rates.

a significant decay over the first 100 ps. The effect of includ4t follows that slower motions play a predominant role for
ing the faster local segmental motions in the above modelfterpretation of the observable NMR relaxation rates of
(I'and 1V) is depicted in Fig. é). As noted above, these |ipid bilayers[2,6,15,29. A comparison of the various mod-
motions do not greatly affect the fits of the relaxation rates ag|s in the time domain can yield additional insights about the
function of frequency. A comparison of Fig(® with Fig.  different physical pictures considered. Formulation of the or-
4(a) shows that inclusion of the faster motions alters theder fluctuations in terms of a molecular diffusion modé)
initial decay of the correlation function given by the molecu- gives relatively long correlation times when used to fit the
lar diffusion mOdEKH), whereas the correlation function for experimentaFH RlZ relaxation rates; the initial decay of the
the 3D collective mode(lV) is similar in both cases. Due to correlation function is due primarily to the faster segmental
neglect of the upper cutoffs for the wave vector of the bilayefmotions. The molecular diffusion model would suggest a
excitation modedcf. Eq. (4)] the continuous spectrum of mean-field picture, in which the order fluctuations in lipid
correlation times for model IV eﬁectively OverlapS the time bi|ayers are due primar”y to noncollective Wobb“ng of mol-
scale of the faster motions. Thus cross-correlation terms maycules in the orienting potential. On the other hand, the 3D
need to be evaluated in a more detailed treatment. On thgyjlective fluctuation model would emphasize explicit con-
other hand, explicit consideration of finite cutoffs requireSsijderation of the entire assembly, leading to a quasinematic
the use of an infinite series instead of the integral iN®@y.  picture of the membrane interior for wavelengths of excita-
which makes the mathematical treatment increasingly comions comparable to or less than the bilayer thickngks

plicated and constitutes an additiorzal hocassumption. free-membrane limjt Physically, as mentioned elsewhere
[6,30], the magnitude of the correlation times for the fast
V. DISCUSSION AND CONCLUSIONS local segmental motions obtained from the fits to models Il

and IV, i.e., ~10"1 s, implies that the microviscosity of

The present research has tested various models for lipithe bilayer interior is similar to that of a liquid hydrocarbon.
membrane dynamics in closed form, including their ability to However, neither model appears at present capable of fitting
describe in a unified manner the frequency dispersion of botkimultaneously th&,, frequency dependence and the orien-
13C and?H R, relaxation rates corresponding to the sametational anisotropy of the relaxatid®,17,2§, which empha-
acyl chain segment. An initial attempt has been made tsizes the need for continued experimental and theoretical in-
obtain the reorientational correlation functions for the indi-vestigations.
vidual lipid segments, which involves unification of the in- It is noteworthy that the 3D collective modélV) to-
dependently obtaine@H and 3C NMR data. This empha- gether with the molecular diffusion modgl) including the
sizes the importance of NMR spin relaxation techniques as faster local motions gives a decay of the correlation function
powerful tool for analyzing the dynamic properties of matter.consistent with recent molecular and Langevin dynamics
The segmental diffusion modél) considers astatic cou-  simulations, corresponding to the individual segments of the
pling tensor in terms of restricted rotational isomerizations ofbilayer lipids. The latter show a significant decay of the
the various C-H bonds and fails to describe adequately boteecond-rank correlation functions for C-H bond fluctuations
2H and °C data in the low to mid megahertz range. Thewithin several tens of picoseconf0,31]. In the case of MD
models involving slower motions treat thesidualcoupling  simulations, the force fields used to compute the dynamics of
tensor preaveraged by the faster segmental motions. In thee lipid acyl segments include interactions with other parts
molecular diffusion mode(ll) the lipids are assumed to re- of the molecule, as well as the mean equilibrium force field
orient analogously to a rigid rod over the longer time scalefrom the surrounding moleculeg30—-323. More detailed
having an averaged constant diffusion tensor that representsodels can also be considergg]14)], including as many as
an additional simplification. By contrast, the collective mod-six fitting parameters after already a substantial reduction.
els (lll and IV) consider the membrane as a continuous meThus it seems difficult to conclude whether the good corre-
dium and are based on the assumption of a bilinear form a$pondence of the model to the experimental data is a conse-
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guence of the correct physical picture employed or just of anid megahertz regime. Further refinement of this inference
larger number of fitting parameters. On the other hand, it i$6,7] can be pursued in the future with use of modern com-
hard to say whether the experimentally verified'/? depen- puter simulation techniques in combination with NMR relax-

dence indeed corresponds to collective fluctuations only or igtion measurements.

a result of more complicated, possibly concerted, segmental

motions affected by both short- and long-range interactions,
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