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Lipid bilayer dynamics from simultaneous analysis of orientation and frequency dependence
of deuterium spin-lattice and quadrupolar order relaxation
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Simultaneous analysis of the deuteriuAi) 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 dependéht spin-lattice R;,) and quadrupolar ordeR o) %H relaxation rates have
been measured at 46.1 and 76.8 MHz for macroscopically oriented bilayers of 1,2-diperdeuteriomyristoyl-
sn-glycero-3-phosphocholinddMPC-ds,), with perdeuterated acyl chains, in the liquid-crystallihe) state.
The data have been simultaneously fitted to various dynamical models, together with frequency dejpendent
R, data for vesicles of specificalfH-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 oR{heand R, 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 tifel 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.
[S1063-651%98)10407-5

PACS numbes): 87.22.Bt, 87.64.Hd, 76.66k

I. INTRODUCTION tensor, which give rise to the nuclear spin relaxation. Know!-
edge of the predominant mechanism for BeNMR relax-
Quantitative information about the dynamical and equilib-ation makes it possible to investigate such important bilayer
rium properties of lipid bilayers, which comprise the essenjproperties as the elasticity, microviscosity, rotational diffu-
tial structural matrix of biological membranes, can help ession coefficients, and correlation times for the various mo-
tablish a more definite picture about their materialtions. These are contained in the theoretical spectral densities
characteristics in relation to key biological processes in cellsf motion, which can be derived for a particular model and
[1-4]. In most cases this information is embedded in variouditted to the experimental spin relaxation rates by using NMR
experimental observables, corresponding to interactions aklaxation theoryf7—11]. But despite the fact that lipid bi-
various rank. Solid-state nuclear magnetic reson@N8éR)  layers have been studied Bid NMR for a relatively long
[5] spectroscopy provides a unique tool for studying suchime[4,6,12—37, the predominant mechanism of the nuclear
liquid-crystalline membrane assemblies. In the case of deuspin relaxation in these systems has not yet been revealed
terium H) NMR, lipid bilayers are investigated by isotopic with certainty. One reason for this is that the angular depen-
substitution of deuterons for the protons of the lipid acyldence of the relaxation rates for oriented lipid bilayers in the
chains, thus providing a nonperturbing probe of the equilibdiquid-crystalline state has been typically studied at a single
rium structure and dynamics as manifested in the secondnagnetic field strength [18—20,22,23,26,28,33,34,38
rank guadrupolar interactiof6]. Here, the dynamics of the whereas the frequency dispersion of the relaxation rates has
C—2H bonds(segmentg glycerol backbone, or polar head been analyzed for the case of orientational averaging
groups are related to fluctuations in the electric field gradienfvesicles and multilamellar dispersion45,16,21,27,37,39
The results show that interpretations may differ depending
on the type of the sample used, the number of fitting param-
*Present address: Department of Radiology, University of Ari-eters in the model employed, or the viewpoints of particular
zona, Tucson, AZ 85724. investigators.
TAdditional address: Division of Physical Chemistry 1, Center for ~However, some general conclusions of a model-free na-
Chemistry and Chemical Engineering, Lund University, ture can be deduced based on symmetry considerations alone
S-221 00 Lund, Sweden. [40Q]. For instance, the correlation functions and associated
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FIG. 1. Fits of?H R;, (@) and Riq (O) relaxation rates as a function of bilayer orientatj@] at 30.7 MHz for specifically deuterated
2[4',4'-?H,] DMPC, and as a function of frequenfg7] for specifically deuterated 1[3’,3'-?H,] DMPC vesicles in the liquid-crystalline
state afT =30 °C. A simple “model-free” formulation for the rotational dynamics describes the orientational anisotropyg)parit fails
to adequately predict the corresponding frequency dispersion(lpaexcept near 30 MHz, i.e., the frequency at which the orientationally
dependent data have been measured. By contrast, a 3D collective fluctuation model fits the frequency dependencbuipeddes not
account for the orientational dependence, gdrtThus neither of the two treatments describes the nuclear spin relaxation of membrane lipid
bilayers as a function of both frequency and sample orientation in terms of a single predominant me¢tianisrtexj.

spectral densities must be invariant to the symmetry operaspecific illustration, parta) of Fig. 1 shows fits of the above
tions of the point groups of both the molecule of interest andsimple strong-collisional formulation to the orientation de-
the phase. In the case of a lipid bilayer in the fluld,]  pendent?H spin-lattice R;7) and quadrupolar ordeRq)
phase, one can assume that there is an effectively cylindricdH relaxation rates measured at a single freque(gy.7
symmetry about both the molecular long axis and the normaliHz) for macroscopically oriented bilayers of a representa-
to the bilayer surfacédirectoy. This reduces the number of tive lipid, 1,2-dimyristoylsn-glycero-3-phosphocholine
director-frame spectral densities for second-rank interaction€©MPC) [20]. Clearly the “model-free” theory[34,3§ is

to three, corresponding to projection indices of 0, 1, and 2able to describe adequately the orientational anisotropy of
[39,41]. At a first level of approximation, the director-frame the relaxation. From the results of fitting the orientation de-
spectral densities can be treated in terms of a strongeendent data, the corresponding frequency dispersion of the
collisional Markov process, without referring to a specific orientationally averagedH R,, relaxation rates for lipid
mechanism for the motior[38]. Under this relatively vesicled27] can be predictefFig. 1 part(b)], which reveals
“model-free” assumption, each director-frame spectral den-a significant discrepancy with experiment. It follows that
sity can be simply expressed in terms of the mean-squarehore detailed formulations may need to be considered,
fluctuation amplitude for a given rotation matrix elementwhich take into account the molecular geometry and the
(projection index and a single Lorentziafi34,38,43. The  specific type of motional processes, and vyield relations
mean-squared amplitudes and correlation times can then l@nong the correlation times for the various reorientational
regarded as independent fitting parameters, under the comodes. More specific formulations that are successful in
straint that the corresponding order parameter can be detedescribing the orientational dependence, including jump
mined experimentally from the quadrupolar splitting. As amodels[18,22,23 and anisotropic continuous diffusion mod-
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els[27,33,39,43 are also less adequate in their ability to fit been analyzed, involving the orientational anisotropy of the
the frequency dispersion of the relaxati®v,44. Parts(c) ’H R;, and Riq relaxation rates measured at 46.1 and
and(d) of Fig. 1 show the opposite feature of an alternative76.8 MHz for 1,2-diperdeuteriomyristogln-glycero-3-
model describing collective excitations of the bilayer in phosphocholindDMPC-ds,) in the liquid crystalline [,)
terms of elastic deformations treated as 3D director fluctuastate, having perdeuterated acyl chains, together witihe
tions [43,44). In this case the model fits the frequency dis- Riz frequency dispersion for vesicles of DMPC with specifi-
persion of the relaxatiofil6,27], but fails to adequately pre- cally H-labeled acyl chaing27,44. Various dynamical
dict the orientational dependen¢20]. Thus, none of the models, which take into account collective and noncollective
existing approaches, including the simple one-Lorentziadhotions of lipids within the bilayer, have beer_1 fitte_q to the
“model-free” approximation for each of the director-frame data. The models have been tested for their ability to fit
spectral densities, can describe the nuclear spin relaxation 8fmultaneously the relaxation rate anisotropy for oriented
membrane lipid bilayers as a function lafth frequency and Multilamellar dispersions and the frequency dispersion for
sample orientation in terms of a single mechanism. lipid vesicles in the presence of orientational averaging.

In measuring the spin-latticeRg;) or quadrupolar order These findings suggest that coIIecuvg excitations of lipid bi-
(Ryg) relaxation rates, only the laboratory-frame spectral'aYerS t_ogether with molecular rotations may influence the
densities are accessible, whereas it is the spectral densitiesGHentation and frequency dependence of tHeNMR relax-
the frame of the normal to the bilayer surfactirectop that ~ ation in the mid-MHz range.
are in principle most informative for a description of the
lipid dynamics. By exploiting the transformation of the spec-  |I. DYNAMICS AND NUCLEAR SPIN RELAXATION
tral densities to the laboratory frame and using NMR relax- i ) ) _
ation theory, it is possible to evaluate the director-frame NMR relaxation theory considers the behavior of a spin
spectral densities over an effectively twofold frequencyProbe in the presence of a randomly fluctuating time-
range [45]. Fourier transformation of the director-frame dependent perturbation of the Zeeman Hamiltonian, which
spectral densities yields directly the correlation functions forCOrTésponds to various tensorial interactions. In the case of
the bilayer fluctuation§37], which can then be compared to “H NMR spectroscopy, the perturbing quadrupolar interac-
molecular dynamics simulations. Only recently have mealion depends on the orientation of the principal axes of the
surements been reported in which the individual spectrapecond-rank electric field gradie(#FG) tensor that is asso-
densities of motion have been separated in the case of lipigiated with a particular G-?H bond (segmenit relative to
bilayers[44,45, which has been also done for simpler liquid the main magnetic fieldlaboratory framg Fluctuations of
crystals[41,46,47. For instance, Morrison and Bloofi34] the EFG tensor in a lipid bilayer relative to the laboratory
have obtained director-frame spectral densities of motioffame can be due in general to a combination of fast segmen-
corresponding to various acyl segments for lipid systemdal motions, noncollective molecular reorientations, and col-
such as 1-perdeuteriopalmitoyl-2-olesglycero-3- Iectl_ve excitations of the bll_ayer fo_rmulated as d|r_ector fluc-
phosphocholine  (POP@s;) and POPGH,;:cholesterol tuations{44]. Ip terms of an irreducible representation f_orthe
without considering specific dynamical models in the mannefecond-rank interactiori#,36,48, the correlation functions
described above. The spectral densities have been calculat@@scribing the overall time-dependent orientation of the cou-
directly from the orientational anisotropy &%, and Ryq pling tensor with respect to the laboratory frame are ex-
relaxation rates at a single frequen@g.2 MH2 by using a pn_essed in terms of the components of the second-rank
general expression that separates the frequency dependenWigner rotation matrbxD®(Qp,), that is to say
from the orientation dependen¢d?2], as also outlined by
Brown [38,43. By determining a range for acceptable values Gu(7,BoL) ={[D{A(Qp ;t+ 1) —(Di(Qp))]*
of the fourth-rank order parameter, it has been argued that a 2 _ 2
discrete formulation for rotational chain isomerizations is in- X[Dom(QpLit) =(Don(Qp )], (2.1
consistent with the relaxation measurements. However, as
noted above, such a “model-independent” formulation forwherem=0, =1, or =2 is the projection index, and the
the lipid dynamics may not be adequate for a description oelements of the Wigner rotation matrix are tabulated else-
the frequency dispersion, nor can any conclusions be madghere[4]. Note that only a single indem is retained in the
about the type of the dynamical mechanism predominant foabove notation for the correlation function, corresponding to
the nuclear spin relaxation. Further interpretation of the rean axially symmetric static EFG coupling tensor in the case
laxation data must therefore invoke detailed models. Moreof the quadrupolar interaction. The anglg, = # denotes the
over, the study of the frequency dependence of the relaxatiotilt of the specimer(average directgr about which there is
especially at low-MHz frequencies is essential in order tocylindrical symmetry, with respect to the external magnetic
distinguish between different dynamical models, since alterfield; whereas the overall Euler angléss describe the
nate formulations may describe the data as a function of ime-dependent orientation of the principal axis system
single variable equally we(l34]. (PAS) associated with the-G2H bond relative to the main

A comprehensive dynamical model aimed at describingnagnetic field. Here we use the RdsE] convention for
the predominant mechanisms for the nuclear spin relaxatiohody-fixed right-handed rotations together with the Rose
of lipid bilayers should accoursimultaneouslyor the orien-  [49] convention for the Wigner rotation matrices.
tation dependence of the relaxation rates as a function of The spectral densities of motiah,(w,Bp.) in the labo-
frequency with the same values of the fitting parameters. Imatory frame are defined by Fourier transformation of the
the present work an extensive body of experimental data haabove correlation functions,
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e . where the coefficients{ andc(!) are related to the Wigner
Jm(wiﬁDL):f . Gm(7,BpL)e '7dr. 2.2 3—j symbols[33].

It should be emphasized that at this level the analysis is
relatively model free, apart from the assumption of a station-
ary Markov process and the specific symmetry of the prob-
J)efm corresponding to the molecular structure as well as the

hase of interest. Therefore, any model-dependent assump-
ions are contained in the interpretation of the director-frame
spectral densities. For example, in the case of a strong-
2 collisional approximation, the latter can be written in terms

DBZW)](QP'-;t):pZZ DBZp)(QPD;t)DEJer)\(QDL)- (2.3 E)Btsnl%ar;-ssquared amplitudes and reduced spectral densities

To separate the frequency dependence of the laborator
frame spectral densitied,,(w,Bp.) from their orientation
dependence, one can expand the overall transformation
the EFG tensor to the laboratory frame by using the closur
property of the Wigner rotation matricé4,50], leading to

The Euler angle$)pp(t) transform the EFG coupling tensor I(w)=[(|DE(Qpp)|?)
to the frame associated with the average director and contain . 2e (2
the time dependence; whereas the anglgs describe the —[(Dop (2pp))|“Bopiop (Qpp;w@), (2.7
static orientation of the sample with respect to the laboratory
frame. Substituting E¢2.3) into Eq.(2.1) and Fourier trans- Where the reduced spectral densitig§)(Qpp;w) are
forming, the relation between the spectral densities in thé.orentzians with correlation times,. Note that Eq.(2.7)
laboratory frame and the frame of the bilayer norifthtec-  does not refer to any specific type of motion, nor the orien-
tor), in the case of axially symmetric molecules and an axi-tation of the coupling tensor with respect to the long molecu-
ally symmetric distribution about the director axis, can belar axis; the latter can result in a spectrum of correlation
written as[39,41]] times for the overall director-frame spectral dens]ﬂf(w)
' rather than a single correlation timg (vide infra). Despite
In(@,BpL) =d2 Bo) I (w) its “model-independent” features, Eq2.7) is probably not
. suitable for a description of the membrane dynamics as it
+[d?)(Bo)?+dia(BoL) 2195 () does not adequately predict the experimentally observed ori-
2 2 dir entationally averaged frequency dispersion; cf. Fig. 1. This
(A2 BoL)*+ dim(Bou) 15 (). may indicate the presence of a more complex motional pro-
(2.4  cess that cannot be described by a single-Lorentzian approxi-
mation for each of the three director-frame spectral densities.
In the above general expressianis the angular frequency In terms of the laboratory-frame spectral densities of mo-
and8p, is the angle at which the sample is tilted relative totion, for the specific case of the quadrupolar interaction, the
the main magnetic field. Only the reduced Wigner matrixspin-lattice relaxation rate is given §9,36]
eIementsdﬁ%(,BD,_), wheren, m=0, =1, and*+2, are re-
tained to emphasize the angular dependence solefjen R1z(2H) = § 7x@[J1(wp.BoL) +42(20p . BpL) -
The director-frame spectral densitig (), wherep=0, 1, (2.8

2, are given by Y o B : .
ere xo=€°qQ/h=170 kHz is the static quadrupolar cou-

pling constant, andwp is the deuteron Larmor frequency.

Jgir(w)zf (D& (Qppit+7)— (DG (Qpp))1* Similarly, the relaxation of the quadrupolar order of the qua-
o drupolar interaction, i.e., relaxation of the quanti(tgalﬁ
X[DG(2pp31) ~ (DG (2pp)) e 7d 7. ~1(+1)), is given by[36]
29 Rig(*H) = m*x&J1(wp . BoL).- (2.9

Here the symmzetry property of the2 reduced Wigner matriXrhe nuclear spin relaxation rates as given by Eg$) and
elements, _I'e'd(()p)(:BPD;t)_z(_l)pd(()—)p(BPD;t)a has been (2 9) contain not only the frequency dependeneg but also
used, leading to three different values of the director-framgne dependence on the macroscopic orientation of the bilayer
spectral densities. Equatid@.4) can be further rewritten in - ith respect to the magnetic fielthboratory framg (B8p.).
terms of even-rank Legendre polynomiaR;(cosfp),  cf. Eqs(2.4) and (2.6). In the case of macroscopically ori-
wherej=0, 2, and 4, by using the Clebsch-Gordan seriesnted bilayers, only the laboratory-frame spectral densities
expansion as discussed in detail by Bro] and Trouard can be obtained by using Eq2.8) and (2.9), and further

et al.[33,51. This yields the following general orientational calculation of the director-frame spectral densities is needed,
dependence of the laboratory-frame spectral densities, ckg given by Egs(2.4) and (2.6). Note that in the case of

also Morrison and Blooni34], multilamellar dispersionfl5] and vesicle$14], the angular
anisotropy is averaged over all possible orientations. Conse-
_ _ () quently, in order to fit simultaneously both thg; andR;q
JIm(w,BpL) p:%l,Zj:;zA (2= 3p0)Cp Cy angular anisotropies at different frequencies, the functional

dir form of J,(w,BpL) Must be derived from a physical model
X Pj(cosBpL)dp (@), (2.6)  describing the motion of a particula2H bond (segment
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[ll. NONCOLLECTIVE AND COLLECTIVE MODELS nents, as well as the macroscopic orientation of the sample as
FOR MEMBRANE DYNAMICS a whole relative to the main magnetic field.

Depending on the choice of the model, the spectral den-
sities of motiond,,(w,Bp.) can be calculated, for which the
common feature is a decomposition of the overall transfor- Continuous segmental motionBy introducing an addi-
mation of the EFG tensor from the principal axis system totional subtransformation from the PAS to the intermediate
the laboratory frame into various subtransformati¢dd].  segmental frame given by the Euler angl€k,, the
The spectral densities take into account the geometry and thenodel-free” strong-collisional approximatiori38], Egs.
complicated character of the motions of the bilayer compo4{2.4) and(2.7), can be generalized 33,44

A. Local fast motions

2

Infwbo=2 2 Dg)(gp,)_%[mz (Qp)+D2(Qp))]

X[(IDZ(Q1p)|?) = (D2 (Q15))|28108n0]i {2 (Q1p ; )| DA Q1 )|, (3.1

where anglef),p pertain to the time-dependent orientation with a single correlation time do not fit the experimental
of the segmental frame with respect to the frame of the bifrequency dispersion for vesicles and multilamellar disper-
layer director, andlp_ describe the sample tilt relative to sions. Moreover, relatively short correlation times for the
the main magnetic fieldaboratory framg One approach is segmental or molecular jumps, which occur on the subnano-
to consider random segmental reorientations, e.g., arisingecond time scalg23], would result in little or no frequency
from rotational isomerizations of the acyl chains approxi-dependence of théH R, relaxation rates within the MHz
mated as continuous diffusion. The reduced spectral dens*ange (extreme narrowing limjt A pronounced frequency
ties j{7(Qp ;@) can then be treated in terms of continuousdispersion is observed in the case of vesicles and multilamel-
angular diffusion in the presence of a potential of meangr dispersiong15,16,27. Consequently it seems doubtful
torque, referred to as the segmental diffusion mddeddel  \yhether a jump model alone can account for the experimen-
1) [37,43,44. As shown elsewherg27,37,44, the segmental (5| frequency behavior of théH R, relaxation rates of bi-
diffusion model(l) does not fit the frequency dispersion of |, a1 jinids in the fluid state within the entire MHz range.

2 13, 7 2
the ": and tr? Rl\l/lereIaxatlon ra:jestrflor r?ndorrtﬂy (|3|r|en;[et()j Other approaches for calculating correlation functions for
?Sﬁzfio'ggdsred hzer;eglme an erefore, 1t will not Be¢ast motions of the lipid constituents can also be considered.
These included more detailed treatments of the internal lipid

Discrete local jumpsAs an alternative, random segmen- ; . : . .
tal or molecular reorientations can be treated in terms thaln dynamics[54,59, models involving the stochastic

; ; ; “ ” iouville—von Neumann equatidr29,56, as well as Brown-
discrete jumpg23,52,53 for which the “model-free” Eq. . . )
(2.4) should be modified to account for the nondiagonalIan [57], Langevin [58], and molecular dynamic¢MD)

. . simulations[59-63. In the above cases rapid local motions
terms[52]. In the case of nearest-neighbor jumps ambéhg
of the lipids are primarily investigated, which may be super-
equivalent sites on the rim of a cone, the following result is.

imposed on slower molecular or collective reorientations
obtained[52]: P

(vide infra).
Im(@,BpL) = Z 2 |D<2)(QPD)* D(Ozn)(QPD)l .
n'#0 N# B. Slow order fluctuations
Xinen(¥pp: @)D (QpL)* DN Qpy), In addition, one can consider formulations for slower

membrane motions, which specifically encompass noncollec-
(3.2 tive molecular reorientation@nodel 1)) [33,39,43, and mod-

els for collective order fluctuations. The latter can be formu-
where Qpp=[08pp,7pp(0)]. In the above formula |aaq either as two-dimension&RD) thermal excitations
Jn n()’PD,w) are Lorentzians with correlation times given by (model 1) [64,65, or three-dimensional3D) excitations
[52] (model 1V) [43,66,67. As shown earlief27,37,44,68 a 2D
director fluctuation mode(lll) does not account for the fre-
quency dispersion ofH and *C R, relaxation rates for
randomly oriented samples in the MHz regime, and thus it
will not be further discussed here. Hence the treatments we
in which k is the jump rate and=n’ (modN). In the case consider for describing the slow motions of membrane con-
of three-site jumps, the model predicts a single correlatiorstituents, which may govern the spin relaxation in i
time l/m,,— 1/7=3k, as given by Eq(3.3). However, it NMR MHz range, include the molecular rotational diffusion
has been shown in earlier wofk4] that spectral densities model (model Il) and a membrane deformation model in-

— 4k sinz(%n), 3.3

Tn'n
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volving a continuous spectrum of three-dimensional directowhich the residual EFG tensor isagonal the second fixed

fluctuations(model V) [43,66,69,7Q setQ,y pertains to the transformation of tmesidual EFG
Molecular motions.The molecular order fluctuations in- tensor to the molecular frame; the third g@p(t) corre-

clude the preaveraging of the coupling tensor left over fronPPONdS to the time-dependent orientation of the molecule

SR . ... with respect to the bilayer normdHirectop; and finally,
fastg r segmental motioréime scal_e separation and statisti Qp. performs the fourth transformation from the fixed direc-
cal independence are assumedd involve four subtransfor- - frame to the laboratory frame. The “model-free” expres-

mations. The first set of Euler anglésp, transforms the sjon for the spectral density, E(R.4), can then be general-
static EFG tensor from the PAS to the intermediate framejzed to account for the pre-averaging due to local fast

(averaged with respect to the faster segmental mations motions in the following way33,43,44:

eff 2
Jm(w:BDL):|<DE>%)(QP|)>|2§q: En: DE)%])(QIM)_%[D(—Z%q(QIM)"_D(Z%])(QIM)]

X[{IDE (Qmp)[2) = (D (b)) 128q08n0]i (o (Qmp ;@) DK Qo). (3.4

Here 7§ is the effective asymmetry parameter of the re-positioni the 2H R{)) andR{}, relaxation rates should then be

sidual EFG tensor, which is modulated by the faster segmensrgportional to the corresponding order parameS,

tal motions[33,71]. Correlation times for the Lorentzian re- squared75]. Note that the above result in the limit 0}%ff
(2 . )

duced spectral denS|t|e§qn?(QM,?,w) can be found by _g js applicable to both the methylene groups of the acyl

treating the molecular reorientations as angular diffusion inchain as well as the chain terminal methyl groups. In the

the presence of a potential of mean tor¢88,72,73, which  |atter case the threefold rotation leads to a reduction of the

yields guadrupolar coupling76] by a factor of—1/3. This can be
included in the spectral densitids,(w,Bp.) in terms of the
1 , ng | fast order parametes{®)=(D{2(Qp,)). By contrast, the re-
Tan (dgn(Bup)?) —(dga (Bup))?Sq00n0 laxation rates as given by the simple “model-free” strong-
collisional formulation, Eq(2.7), segmental diffusion model
+(Dy—Dy)n?, (3.5 a(2.7. seg

(), Eq.(3.1), or by a jump model, Eq3.2), do not contain

) , ) such a square-law dependence on the order parameter. This
wheredg,(Bup) are the reduced Wigner matrix elements. jyrtant issue will be discussed further in the text.

The moment(sjl,)an can be evaluated in terms of the order  cojlective membrane excitationfn alternative to the
parametergdos(Bump)), j=1,2,3,4 by using the Clebsch- molecular diffusion modelll) is to consider order fluctua-

Gordan series expansion as discussed by Troetatl [33].  tions due to collective membrane excitations, in which the
These, in turn, can be found from the Boltzmann distributionpjlayer is considered as a continuous medi8]. Several

in terms of the potential of mean torqu Byp), models have been proposed to treat such collective excita-
, tions in terms of deformations of a smecticlike liquid crystal
(dg3(Bup)) [65,69,77,7& In a recent contributio78] the various re-
. gimes of bilayer couplings have been theoretically investi-
f di(Bump)exd — U(Bup)/KT]sin BupdBuo gated, which are predicted to influence th¢ NMR relax-
0 ation at frequencies much lower than the MHz regime.

- ' However, in the present paper we analyze tHerelaxation

fo exf —U(Bwp)/kT]sin BupdBup rates measured at frequencies of 2.5 MHz and higher, which
may correspond to essentially uncoupled membrane defor-

(3.6)  mations[44]. If one considers small fluctuations in linear
order, a model for collective director fluctuations gives the

The potential U(Byp) can be chosen atJ(Byp)= following result for the spectral densiti¢44],

—\;Pj(cosBup), whereP;(cosByp) is a Legendre polyno-

mial [74]. Forj=1 one has an odd parity with respect to the

inversion Bup—7— P ; whereas forj=2 the parity is Im(@,BoL) = 5D (Qpy))[* D™ 242

even. Assumingng =0, the amplitudes of fast segmental 2 5 2 5

motions (DE,%)(QPS> in Eq. (3.4 can be expressed in X[ID1n( Qo0+ DY Qo0 7).

terms of the order parameterScp=(DZ(Qp))) (3.7

DA(Qm)(DB(Qyp)), Which is experimentally deter-

mined from the?H NMR quadrupolar splitting for a given Here the constant factdd is a function of the elasticity,

sample orientation, namely vo= %XQSCDDE)%)(QDL). Ac-  viscosity, and temperature of the bilayer, ahts the dimen-

cording to Egs(2.9), (2.9, and(3.4), for a given segmental sionality of the thermal excitations. The first rotation from
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the PAS of the coupling tensor to the frame of the instantathyl groups as discussed above. It has been shown in previ-
neous bilayer normabirectoy is defined by the Euler angles ous work[16,27,37,44,6Bthat only the case ofl=3 ac-
Qpy, and the second transformation to the frame of the aveounts for the frequency dispersion of the relaxation rates for
erage director is given b§2yp, so that the observed order phospholipid vesicleémodel IV) in the MHz range, whereas
parameter for small-amplitude fluctuations can be written agt much lower frequencies other regimes includihg 2,
Sco=(DE(Qpn) (D (Qnp))- In this case a square-law may influence the relaxatidi21,29,78.

functional dependence of théH R{) and RY) relaxation Formulations of the director fluctuations up to quadratic
rates on the order paramelSE)D is predicted by the model order have been also propodée,79 for the case ofi=3,

for the entire chain including both the methylene and mevielding the following expressiofi70]:

37 S5 [B(A/kT)Z |

w2 4(N/KT) 1
In(@.BoV)= "7 ar r{1+(f) }lDEﬁ%mDLW -
S

V2w, Vo

2 lrp®@
U( wc)[|D—1m(QDL)|2

c

In

(AMKT)?
w

2
+[DiR( QL) 21+ 1+(%) }[ID@mmDL)l%|D<2%i<9m>|2]]. (38

In the above expressiom/kT=kTq./27°K, and w. ence of a generalized Markov operator acting on the various
=Kq§/77 is the cutoff frequency, wher& designates the stochastic variablg$6] instead of using Eq$2.8) and(2.9).
macroscopic elastic constant for the bilaysris the bilayer Here we further apply the convenient closure property of
viscosity, andq, is the upper cutoff for the director excita- the Wigner rotation matriceg50] and, following Ukleja
tion modes. The slow order parameter is gij@a] by S et al. [67], combine the membrane deformation mod&D

=1-3\/KT and the cutoff functionu(x) is [80] director fluctuations; model IVwith a model for molecular
reorientations in the presence of a potential of mean torque
1 1—\2x+x 1 J2x [72]. We assume that the faster segmental motions occur on
ux)=1+-—Ih| ——|—— 1(—) , a short time scale compared to thé NMR frequency range,
2\ 1+ \2x+x| m 1=x so that we keep the preaveraged segmental amplitudes

39 (D@(p)) as in Eq.(3.4. One can then include in the

wherex=w/w.<1. Note that in comparison with E¢3.7), overe}ll tran§formation of the coupling tenslf')éi)](ﬂp,_) an
which takes into account only linear-order director fluctua-2dditional time-dependent suptransformatlarﬁ%)(QND;t)
tions, Eqg. (3.8 includes additional terms containing describing fluctuations of the instantaneous membrane nor-
D(Qp,) andDP (Qp,) that also influence the depen- mal (directon with respect to its average position,
dence on the sample tilt angl®,, . Equation(3.8) also pre-
dicts the square-law dependence on the observed order pa- D2(Qp )=(D2(Qp))>, > > DE)%])(QIM)

rameterScp, and the second term of E(B.8) linear in\/kT g n p

ields Eqg.(3.7) as a limiting case iw<w.. The effect of
}t/hese higrferzrder terms gn the nuclear spin relaxation of X DG (Qun i HD 1 (2o 0D Q1)
lipid bilayers will be discussed later. 4.1

Here the Euler angleQ (1) describe the time-dependent
orientation of the molecule with respect to the instantaneous
normal to the bilayer surfacédirectop, and the angles

It is also possible that various types of motional processe§ \p(t) pertain to the time-dependent orientation of the in-
occur simultaneously in the lipid bilayer, including faster stantaneous director with respect to the average director, thus
segmental motions, molecular reorientations, and collectivenanifesting the effect of collective motions. The possible
director fluctuations. An alternative to the previous modelscorrelations between the noncollective molecular motions
which consider these processes separately, involves a corand the collective director fluctuations are neglected for sim-
posite statistical model that accounts for the various motionslicity, which does not necessarily presuppose their time-
simultaneously. Existing methods for calculating the correlascale separation. Due to this assumption, one can average
tion function(spectral densityfor a composite motional pro- over these motions separately. We also suggest that the av-
cess include either a simple summation of the correlatiorerage orientation of the axis of the intermediate frame for
functions corresponding to the individual motions the residual EFG tensor as a result of the segmental fluctua-
[21,33,39,43 i.e., by assuming their statistical independencetions is nearly perpendicular to the long molecular §%i4,
and time-scale separation, or additional consideration o$o thats,,=90°.
cross correlation§80]. Perhaps the most rigorous approach Using Egs.(2.1) and (4.1) one can then write for the
is to solve directly the density matrix equation in the pres-director-frame correlation functions that

IV. COMPOSITE MODEL FOR NONCOLLECTIVE
AND COLLECTIVE MOTIONS
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col col — ycol
211) = GE(7) = (Bun(t+ 1) Buo(1) =),
GEi(r)=— S5 E [GE(r)+ S 50,162 ) e (4.4b

3 GGi(7)=G¥1o(n) = 3g%(n). (4.49

+ 5 [GT5(7) +GE(1GERN ™) — S Bonop |

All other collective correlation functions fog and n that
(4.2) appear in Eq(4.2) are zero in this order. Theeducedcol-
lective director-frame correlation functiog®(7) corre-
sponds to Eq(3.7) under the assumption of an infinite upper

i (2) L o )
where  the slow order parameter is S limit for the excitation modes, and is

= (D5 () (D (o)) ~(DE ()  for  small-
amplitude director fluctuations, an@=0,1,2. The director- D
frame correlation functions for noncollective molecular mo- ool 7) =

g - (4.5
tions are given by 3V27 |7

From Egs.(4.2—(4.5 and inverse Fourier transforming to
Ga”,?'(fr)z [<|D(2n)(QMN)|2) the frequency domain, one finally obtains for the overall
spectral density, referred to herein as the composite mem-
—[(D{Z(Qun))?8q08n0le Y7, (4.3)  brane deformation modéV), that[11,67]

. _ ~ In(w,Bo) =30, Bo0) + IR (@, Bor) + IR w, Boy),
in which q=0,+2 and 74, are given by Eq(3.5. Taking (4.6)

into account only the director fluctuations to linear order in

Bno(t) [43,81, one can further write that where JM%(w,Bp.) is given by the molecular diffusion

model(Il), Eq. (3.4), andJ"m"'(w,,BDL) corresponds to small-
oo oo 5o amplitude 3D collective fluctuationgnodel V), Eq. (3.7).
00(7)=G11(7)=Gx(7)=1, (443 The cross-termd™*%(w, Bp, ) is equal to

Sz
I w,BoL) = (2)2( o)+ 5 > 197 0) + 35 )] (U2 o)+ A BoL) 2+ AR Bou)?)

[Jmolcol( )+ [Jmolcol( )+Jmolcol( )]+ [Jmolcol( )+3Jmolcol( )]
X [d?)(BoL) 2+ AN BoL)?]- 4.7

It is noteworthy that since the above cross-term has originated from(&Eds.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 molecular
motions and director fluctuationitatistical dependengeln the linear-order approximation for director amplitudes, the
individual terms]mo' () contain Fourier transforms of the products of the correlation functions corresponding to the various
modes of moIecuIar reorientationsandn, and the reduced correlation function for collective motigfy 7), Eq. (4.5). By
calculating the Fourier integrals one obtains, cf. Uklejal. [67],

Tqnl 1+ \/1+(w7qn)2]

1+ (@7gn)?

5
I @) =[{IDER () 1) = KD (2w )| g0 0] gD\/ : 4.8

for all g andn that appear in Eq4.7). Note also that for this V. MATERIALS AND METHODS

model both the pure terms corresponding to noncollective

and collective motions, as well as the cross-term yield a Phospholipid synthesis and preparation of oriented
square-law dependence of the relaxation rates on the ordsamples.The synthesis of DMP@s,, having two perdeu-
parameteiScp. terated acyl chains, was carried out from the cadmium adduct
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of sn-glycero-3-phosphocholine and the anhydride of per-
deuterated myristic acifB2,83. We prepared perdeuterated 9 (deg)
myristic acid by catalytic exchange of deuterium for hydro-
gen over a 10% Pd-charcoal catalysddrich, Milwaukee, 90
WI) at 195 °C using’H gas generated electrolytically from
2HZO (99.8 at. %; Aldrich, Milwaukee, WI The incorpora-
tion of 2H and the purity of the perdeuterated myristic acid
were determined by gas chromatography-mass spectrometr| +g
of the methyl ester to be 95-98%. Purity of the phospholipid
was checked by thin layer chromatography, eluting with
CHCI;/MeOH/H,O (65/35/5 followed by charring with
40% H,S0,, which yielded a single spot. Oriented lipid bi-
layer samples were prepared féi NMR spectroscopy by 67
first hydrating approximately 40 mg of the dry lipid in excess
Tris buffer (about 70 wt. % buffer containing 1 nv
ethylenediaminetetraacetic aclDTA) atpH=7.3. A small
amount of this dispersion was placed on a 5xtd mm 54.7
glass cover sligCorning No. 1. A second glass plate was
then placed upon the first plate and was gently moved back
and forth, shearing the lipid dispersion and slightly squeez-
ing out the excess lipid. Next a portion of the lipid dispersion
was placed on the dry top of the second glass plate, anc
covered with a third plate. The above procedure was repeatec
until about 20-30 glass plates separated by the hydrated lipic
dispersion were stacked. The sample was dehydrated in ¢
hydrating-rehydrating chamber above the main phase transi-| 27
tion temperaturd ,, of the bilayer dispersion with a stream
of heated nitrogen gas. After a single dehydration step, the
sample was placed in a clean square glass (iper dimen-
sion 5 mnmx5 mm) that served as the NMR sample chamber,
and rehydrated in the presence of a cotton plug soaked with
’H-depleted 'H,0 (Aldrich, Milwaukee, W). Successive
hydration-dehydration cycles were carried §84], and ex-
cess lipid was scraped from the edges and top of the stac
before each rehydration step. The final hydrated sample was frequency (kHz)
prepared for NMR spectroscopy oy placing square Teflon
plugs on either side of the square glass tufiig, placing FIG. 2. ExperimentaFH NMR spectra measured at 46.1 MHz
cotton balls soaked witBH-depleted*H,0 next to each of for macroscopically oriented DMPGs,, having perdeuterated acyl
the Teflon plugs, andiii) inserting a square silicone plug chains, in theL, phase afT=40 °_C as a function of sample tilt
into each end of the square tube to seal the water inside. 2191€6¢ (=BoL). As the sample tilt is increased from=0°, the

NMR spectroscopyTwo spectrometers were utilized in spec_trum contracts and flnally cqllapses into a smgle_ line at the
the experiments reported herein, operating at magnetic field29' angle(g=54.7j. This behavior is thg result of axially sym-
strengths of 7.06 and 11.7 T, respectively. An external am'elric effective motions of the phospholipids about the director
plifier (Henry Radio Tempo 2006-A, Los Angeles, TAas axis of the I|p|d_b|Iayer, i.e., the normal to th_e_bllayer surfac_e. Note

. . - . .that at the magic angle the quadrupolar splittings reverse sign, such

u_sed in series with the OUIpl.Jt of the radio frequency amp“_that at thed=90° inclination they are scaled by a factor ofL/2
fier of each spectrometer to increase the output pulse magnjisn respect to they=0° tilt spectrum.
tude. Each amplifier was capable of producing an adequately
square pulse with a rise and fall time of about 500 ns. An
external preamplifiefMiteq, Hauppauge, NY; model AU- Fourier transformation at the top of the quadrupolar echo.
2A-0150 was used for the experiments at 46.1 MHz, which Typical 7/2 pulse widths were 1.8—-2.as for the experi-
had a 31 dB gain over the frequency range of 10—-500 MHzments at 46.1 MHz, and 3.0—-3u6 at 76.8 MHz, with delay
whereas at 76.8 MHz the preamplifier supplied with the in-times 7; and 7, of 30—-40 us. The quadrupolar splittings
strument was employed. In order to keep high frequencyvere fitted to the expressiodvo=3xoScodss(BoL) for
noise from being introduced to the receiver, a low pass filtethe whole tilt series, which enabled an accurate determina-
(Minicircuits, Brooklyn, NY; model BLP-7D was imple- tion of a given sample inclination to withitt 1°. The spin-
mented in-line following the preamplifier. The quadrupolarlattice relaxation R;7) rates were measurgdd4] using an
echo pulse sequencerf2) - 71-(7/2) 4+ o~ T,-aCquire, was  inversion recovery pulse sequencer)(-ti-(m/2),-7-
used to obtain théH NMR spectrg 85]. An eight-step phase (7/2) 4+ 90~ To-acquire, by using a 32-step phase cycling rou-
cycle [86] was employed where the phase of the pulses isine [87]. Delay timest; ranged from 2 msa 2 s depending
denoted byg. Care was taken to calibrate the pulses and tamn theT;; relaxation time of the sample. The time between
obtain a very shortr/2 pulse duration, with initiation of the successive experiments was at least three times the longest

48
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FIG. 3. Partially relaxe®H NMR spectra at 76.8 MHz showing the recovery of Zeeman oréRgg)( part (a), and the decay of
quadrupolar orderR; ), part(b), for bilayers of DMPCds, macroscopically oriented #&=90° in theL, phase af =40 °C. The inversion
recovery pulse sequence followed by the quadrupolar §tH(85, was utilized for the’H R,, measurements; whereas the broadband
Jeener-Broekaert sequer{éd, 88 was used for théH R;o measurements. In parta) and (b) the partially relaxedH NMR spectra are
plotted at different delay timeg4).

T,z in the sample. A three parameter fit was used to obtaimn increase in motional disorder along the cHdih As can

the T, values[75]. In order to measure the rate of the qua-be seen, increasing the tilt angle leads to a contraction of the
drupolar order decayR;q) for oriented multilamellar dis- spectrum, and at the magic angle of 54.7° all multiple qua-
persions of DMPQds,, a modified version of the Jeener- drupolar splittings of théH NMR spectrum collapse into
Broekaert pulse sequence was ugéd]. The broadband one observed line. The assignments of the quadrupolar split-
Jeener-Broekaert pulse sequence developed by Wimperigs to individual acyl chain segments as summarized by
[88] is ideally suited fo’H NMR spectra with multiple qua- podd[83] are given in Table I. Note that the sharp doublet in
drupolar splittings. Aw/2 refocusing pulse was added to the center of the spectrum corresponds to the methyl groups
yield the sequencer(/2),-27,-(37/8)4.90271-(7/4)y+90  at the end of the DMPC acyl chains, which has an apprecia-
71-(7/4) g+ 007 t1-(714) 4~ 72~ (7/2) 4 - Tp-ACquire, which was  pyy smaller splitting than the rest of the lines; this additional

used to measur®, relaxation rates. The first four pulses \oqyction of the residual quadrupolar coupling is the result of
create quadrupolar order over a broad range of frequencieg,c; rotation about the methyl group axis.

and the subsequent pulses correspond to those previously e inyersion recovery pulse sequence followed by the
des.crllbed.fFDrel\z/ﬂg(e:ngy o{epetngaﬂtg trﬁeez':s;remdergi for slrna;:l . quadrupolar echo was used to measure the spin-lattice relax-
VEsICes o euterated at the L5 an . acyl Challiion rates R,,) at different sample tilt angles. Representa-
segments have been previously descrifit44; the data at give partially relaxed®H NMR spectra of macroscopically
30 °C and 50 °C were interpolated by assuming an Arrhenius . . )

b y g riented DMPCds, in the L, phase are shown in pa@) of

activation dependence to yield the values corresponding 18" o
40 °C. To within experimental error there are few differences |9 3: In addition, the broadband Jeener-Broekaert sequence

in the 2H R,, relaxation rates of vesicles and multilamellar [51,88,89 was to used to measure the quadrupolar order re-
dispersions in this frequency ranfi4]. laxation rates R, ), which is illustrated in partb) of Fig. 3.
The experimentaR;; andR;q relaxation rates at 46.1 and
76.8 MHz are summarized in Tables | and Il, respectively.
Figure 4 shows a typical dependence of the order parameter
A. General model-independent features ofH NMR relaxation sg)D (quadrupolar splitting part (a), together with thd?(li%
in lipid bilayers andR{) relaxation rates on the segment position or index

Representative experimentdi NMR spectra of macro- parts(b) and(c), respectively. As can be seen from péax
scopically oriented bilayers of DMP@s, in the liquid- of Fig. 4, a plateau region corresponding to segments C3
crystalline (,) state at different sample tilt anglesy ( through C6 is followed by a decrease of the order parameter
=Bp.) are shown in Fig. 2. ThH NMR spectra consist of due to increasing angular amplitudes of segmental motions
multiple quadrupolar splittings, corresponding to the variousdlong the acyl chaing4]. The analogous dependence takes
segmental positions of the DMPC acyl chains, which deplace for theR{) andR{}, relaxation rates, part) and (c)
crease with the distance from the polar headgroup and reflecf Fig. 4.

VI. RESULTS
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0.25 — - - - - - T [20,28. It is noteworthy that studies of phospholipids having
020 & & 4 & a a) | perdeuterated acyl chaing3,34,51,7% are complementary
) s, to studies of phospholipids with specifically deuterated
— 015k -, ] chains[12,14,20,28 in that the former enable one to inves-
’i@ . tigate the behavior of the entire acyl chain as manifested in
— 0.10} 4 . the angular anisotropy of the relaxation. For the case of
‘4 DMPC<s,, a qualitatively similar angular dependence of
0.05r i the?H R,z and R, relaxation rates is obtained for the entire
0.00 |— : ; : ; : ‘ acyl chain(cf. Tables | and Il, as also demonstrated in the
b case of DLPGd6 [33]. The angular dependeRf') andR{)
300 L] ¥ i relaxation rates as a function of chain position appear to be
- $ 333 ] simply scaled by the corresponding order parame@;
f’* 20l %5 | squared, cf. Fig. 5, consistent within an interpretation in
if § 5 X terms of order fluctuation&/ide supra. Since frequency de-
ol v 61 vim = | pendent relaxat@on dr_;lta are a_lvailabl_e only for segments C3
o 76.8 MHz = and C7, the orientational anisotropies of DMEE,- have
- been analyzed in detall for these segments, i.e., for splittings
0— ’ ‘ ’ ‘ ’ ’ A (plateau regionandB; cf. Tables | and II.
I ©)
e 30r 335333 § Bl 1 B. Fitting of experimental relaxation data
hi’i@ % o to dynamical models
= 20 % ﬁ 5 Simultaneous fits of model Ifmolecular diffusion, Eq.
3 (3.4), to the experimentafH R;, and Rq relaxation rates
10f o 261 MHz g for segments C3 and C7 of the DMPC acyl chains as a func-
° 768 MHz @ tion of sample orientation antH NMR frequency are pre-
=% 3 10 1 u sented in Fig. 6, and the fitting parameters are summarized in

Table Ill. TheR;; andR;q data at 46.1 MHz, parté) and
(d), and at 76.8 MHz, part&) and(e), have been measured
_ as a function of the sample orientation, and pertain to split-
FIG. 4. Profiles of the segmental order parame8{s(A) mea-  tings A and B of oriented bilayers of DMP@h, in the L,
sured at 76.8 MHz, parta), and profiles of theH R{) andR{},  phase at 40 °C. The frequency dependBg} relaxation
relaxation rates at 46.1 MH@, O, respectively and 76.8 MHz  rates are shown in parts) and (f) of Fig. 6 and correspond
(®, O, respectively as a function of acyl chain positiofi), parts o previously published data for specifically deuterated
(b) and (c). The data are for then-1 acyl chain of DMPGdss  p\MPC vesicles at 30 °C and 50 (27,44, interpolated to
macroscopically oriented a#=0° in thelL, phase af=40°C. ~ gg°c py assuming an Arrhenius activation dependence,
Both the order profile and the relgxatlon rate prgfllgs are similar Nwhich is obeyed within applicable accuracy for ft¢ NMR
shape and reveal a plateau region at the beginning of the chaif, o, ~tion rate§14]. It should be noted that in the latter case
corresponding to segments C2—C6, followed by a progressive det-h . . I . lead D@ 2
crease thereafter. e orientational averaging lea s .td .nm( o)l
—(|D@(Qp)|?)=1% and thus the projection index van-
i i . . ishes in the spectral densitip43]. Both odd and even poten-
Plots of theR(l'%(i:;de(l'é relaxation rates as a function of Fh‘ﬁals of mean torque have been used for the molecular diffu-
order parameteScp squared at 76.8 MHz are presented ingjon model[39,43,51. The fact that théH NMR spectrum
Fig. 5. One can see that the observed relaxation rates depepg|apses at the magic angle and that the observed relaxation
almost linearly or{S}|? along the entire acyl chain as pro- rates depend on the square of the order parameter is in agree-
posed by Williamset al. [75]. An analogous square-law ment with the occurrence of axially symmetric motions in
functional dependence of tHe{) and R(l'é relaxation rates the liquid-crystalline state of a lipid bilayer; therefore, one
on the order paramete®l), is also observed at 46.1 MHz can set the effective asymmetry parameigf to zero; cf.
with a larger slope in all caségesults not shown(45]. Such  Eq. (3.4). It has been further assumed that the average orien-
information can also be obtained from studies of phospholiptation of thez axis of the intermediate frame is nearly per-
ids having specifically deuterated acyl chajiid,43, which  pendicular to the long molecular ax[#4], so that 8,
are, however, substantially more time consuming in compari=90°. As can be seen, although the molecular diffusion
son with multilamellar dispersions of phospholipids havingmodel (1) describes the orientation dependence of Ryg
perdeuterated chains. As can also be seen from Fig. 5, thend R, relaxation rates rather well, it fails to describe the
ordinate intercepts are less than'3,swhich implies a rather low-frequency dispersion of the orientationally averaggd
small contribution from fast internal motions to thd NMR  data. Note that there is little difference between the results
relaxation rates of lipid bilayers in the MHz range. for the molecular diffusion with an even potential of mean
Qualitatively, the angular dependefit R{) andR{) re-  torque and the model with an odd potenfias]. However,
laxation rates of DMPQs, for the plateau regiofiTables |  the value of\,/kT=6.16 in the latter case appears to be
and Il) are similar to those obtained previously for bilayersmore plausible for the liquid-crystalline state; whereas the
of DMPC specifically deuterated at acyl positions C4 and Cévalue ofA,/kT=2.91 for an even potential of mean torque

segment index (i)



2271

SaqUBUOSa) PAA|0Sal TT JO [B10] B JO 1IN0 @ezuewwns Ajjny afe ureys |Aoe T-usyl o erep ayl Aluo

‘el wouy are syjuswubisse [endads,

- ZO0F €0¥ €0F¥ S0F TO0F¥ €0F ¥0¥ Z0F |T0F €0F ¢Z0F TO¥ 20+ TO0F 20F TO0F Z0F
62 ¥4 12 8¢ v'e 1€ 2e Le 87 6C o€ 8¢ 9¢ 9¢ 9¢ Le 9¢ 28200 T 1 [
D> €0¥ vO0F ¥0F G0F¥ 80F G0F¥ 80F 60F |80F 2L0F 90F¥ 90F 90F¥ S0F 90F 90F GO0F
e 09 LY v'9 89 €8 v'8 9, Z'd L8 L8 v'8 18 Ll 18 Z8 98 £080°0 €T H
m Y0¥ S0¥ vO0F ¥O0¥ vO0F 90F 0¥ 2TF |[Z0¥ L0F L0¥ 90F 80F 90F¥ 90F S0F¥ GS0F

s:9 18 Ll L8 66 9TT SIT 16 LT 0€T  vel  8TT <T¢IT 90T GTIT 60T 96 €60T°0 zT 9
S S0F ¥0F¥ §0¥ ¢TI¥ ¢TIF 90F¥ 90F¥ vI+ [80F 60F 60F 60F 60F 80F 0¥ 90F 907
6T €2T 20T LTT €ST OvT L€T 22l ST  ¥4T  TZ.T 99T ¥  +#9T SvI vl A 26210 @ 1T |
w ¥0F 90F S0F LIF¥ ¥IF¥ 80F <CIF 0¢F |TT¥ 60F 60F 80F O0OIF 80F LO0F 80F LO=F
v 9et 01T  L€T 6%T  vv¥T  9¥T  L'ST 8.7 66T L8 LLT TLT  T9T 9T 9¥I 0T TVT0 TT 0T 3
w L0¥ L0F¥ L0F €£TIF 80F¥ 80F 90F 9IF [TTF TI¥ TTIF¥ OIF €TIF 60F 60F 80F 80F
o.w ZST OvT GST 29T 98T 99T 8ST 904 T2 <¢Iz €6T 06T T2T 89T 99T 69T ZI9T0 0T 6 a
< L0¥ 60% 60% 90+ TT+ TI+x 8T+ 80+ [ZT+ TI+x &I+ 2T+ T+ 2T+ T+ TT+ TT%
S8 coc 98T LT ZTOz 981 gz 9Te §S¢ Sl Tl S vSe S Ll LT v'1e €6.T0 6 8 o)
x 60F 60F 0T+ 60F TT+ TIF¥ GT+ 0C¢F |[¥VTI+ 9TIF ¥I+ €IF €Ix TI¥ ¢TI <CIF¥ CTI=
g8 90c 98T 98T TTZ 80c 9€ S€ §Sd Sl¢ 0.2 V¥SZ vSZ SCC 0€  0€z zee 6S8T0 8L L g
M T+ TT+ T+ ST+ ST+ ET+ 9T+ ST+ VT~ ST+ L'T+ VI1+ ST+ VvVI+ VI¥ VPI+ VT +
Ew 8ec Te€z 8T¢ L€ Lve TlZz 9l¢2 T8d 662 IT6CZ €82 9.2 9l LlZ 6.2 182 20020 9€  9¢ v
moom .68 T8 Nol% L2 22 oCT o0 oP6 T8 €L o6€ L€ L2 022 oCT .0=0 [¥9g]  gzus T-us aoue
—— -u0say
(;-s) (9)°™y (;-s) (0)7y wswbas
reya Aoy

"ZHN 8'9. pue D, Ot Te aseyd auljersAio-pinbi| 8yl ul SEDING 10 sureyo |Aoe z-uspue T-usyj Joj sares uonexeas (Oyap.o Jejodnipenb pue (ZYy) somel-ulds ‘|| 3719v.L

PRE 58



2272

NEVZOROV, TROUARD, AND BROWN

")

@)
10

R

@
VA

R

0.00 001

002 003 0.04 000 o001

@2
IS )

002 003 004 000 001 002 003 0.04 005

PRE 58

FIG. 5. °H NMR relaxation rateR{} (@) andR{} (O) at 76.8 MHz for DMPCds, in the L, phase aff =40 °C plotted as a function
of the square of the experimentally observed order parartﬁ@éb: Sample tilt angles: patg), 6=0°; part(b), 12°; part(c), 27°; part(d),
40°; part(e), 73°; and partf), 90°. A linear dependence of both tﬁé% and R% relaxation rates on the order parameter squared is observed
along the entire acyl chain. This square-law functional dependence appears to be a characteristic feature of the spin relaxation in saturated
lipid bilayers, and manifests preaveraging of the static coupling tensor by faster motions.

TABLE IIl. Summary of fitting parameters. All simultaneous curve fitting has been done by using the Levenberg-Marquardt algorithm.
The fits have been statistically weighted by the inverse square of the standard dg@dtion

Model Di(10°s™) D, (10°s™) \jora/kT® S 7,(1077s) D(107°s%) (105 Rp(s™H x,?
Molecular diffusion 3.53+0.36 8.14-0.67 2.91%0.07 0.593 0 8.04
(model II, even potential

Including slow motions 3.29041 10.1x0.2 2.96:0.14 0.600 1.5Z0.22 ¢ 9.91
Molecular diffusion 3.49+0.40 9.87-1.00 6.16-0.23  0.592 0 9.68
(model Il, odd potential

Including slow motions 3.720.31 11.8-0.1 59%0.17 0578 1.780.19 0.06 4.49
3D director fluctuations 3.91+0.13 % o° 20.1
(model IV; linear order

Linear+quadratic orders 0.1780.029 0.466 174217 @ 30.4
Composite model 1.73+0.10 0.419-0.135 8.8%1.19 0.882 1.080.08 © o° 4.55
(model V; even potential

Including R 447142 0.7170.168 6.9720.81 0.847 0.6780.127 © 12.2+25 3.36
Composite model 1.82+0.12 0.52%0.171 21.934 0.869 1.020.09 e ob 4.41
(model V; odd potential

Including Ry, 450+1.47 0.728&0.178 18.4-2.59 0.845 0.6810.130 0 12.3t2.6 3.37

&The energy parametey; is for the case of the molecular diffusion mod#l) whereash is for collective fluctuationglV), Eq. (3.8).
bparameter held constant at this value.
‘Parameter value at whidb, can be determined with applicable accuracy.
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FIG. 6. Simultaneous theoretical fitting 6 R,, (N, ®) and Riq (0, O) relaxation rates as a function of bilayer orientation and
frequency to the noncollective molecular diffusion modé). Results are shown for acyl chain segments C3 and C7 of DEIC-e.,
splittingsA andB, in theL , phase aff =40 °C as a function of bilayer orientation at 46.1 MHz, pagsand(d), and 76.8 MHz, part¢b)
and(e), together with orientationally averagéd R;, data for DMPC vesicles as a function of frequerimagnetic field strengjhparts(c)
and(f). Both an odd potentia}—) and an even potentiél-——- of mean torque have been used; cf. the text. The data are summarized in
Tables | and Il and the fitting parameters are presented in Table Ill. The model describes the behavior of the relaxation rates as a function
of sample orientation, although marked deviations are found in the case of the frequency dispersion, especially at low frequencies. Note that
there is little difference in the quality of the fits between the odd potential of mean torque and the even potential.

(Table 1) would correspond to a lower energy barrier and,description of theéH NMR relaxation in lipid bilayers.
therefore, to a more unstable membrane at 40 °C. In Fig. 7 Therefore, the next step was to combine models Il and IV,
we have attempted to further improve the quality of the fitspoting their complementary abilities to fit separately the ori-
of model Il to theR relaxation rates of DMPC vesicles by entation and frequency dependence, respectively. The fits of
irpluding a Lorent.zian spectral dgnsity corr'esponc.iing to adine data to the composite mod@!), which takes into ac-
ditional slow motions, e.g., vesicle tumblin@9], in the .4 ,nt photh the noncollective and collective motions, Eq.

overa!l sp_ectral densities of _m_otion_, E@.4). However, (4.6), are shown in Fig. 9, and the fitting parameters are
even in this case marked deviations in the frequency depe’_?iresented in Table II. Clearly, an improvement of the qual-
dgnce are found; Cf.' Fig. 7. Note that the molecular diffusio ty of the fits is observed versus the previous models which
with an odd potential of mean torque better corresponds t%escribe only one type of motion. Both odd and even poten-
the data than in the case of an even potential. :

The fits to the membrane deformation mo¢#D director gi:cs of mean r;[orquel_werfe #S?d’ Wh!Ch hylelded I|]Etle odr InIOI
fluctuations; model IV, which takes into account linear- difference in the quality of the fits as in the case of mode

order director fluctuations, E3.7), is illustrated in Fig. 8, alone. Qomparison of the fitting_ parameters _obtained for the
and the fitting parameters are included in Table Ill. Despitec®MPOsite membrane deformation mode) with those for

the fact that the model fits the frequency dependptdata e fit to the molecular diffusion modéll) only, shows a
for DMPC vesicles in terms of am~ 2 relaxation law decrease in the diffusion qoefﬂmelbtl and larger va!ues for
[16,27,37, it fails to describe simultaneously the orientation- Ni/KT, cf. Table lll. Using Eq.(3.6), one obtains f?r
ally dependenR;; andR;q data for the oriented DMP@s, the 52|0W molecula.r order parameter a vglue 8¢
samples. To ascertain whether this may be a result of ne={D§g(Qun))=0.9 in the case of the composite modé)
glecting higher-order terms of director fluctuations, the moreversusS)=(DZ)(Qyp))=0.6 for the molecular diffusion
detailed expressiofi70] that also takes into account qua- model (I), which yields a decreased molecular ordering. It
dratic terms, Eq(3.8), has been used. As can be seen in Figshould be also noted that the fitting parameters describing the
8, even in this case, the model does not simultaneously fit theoncollective molecular rotations in the presence of collec-
orientation dependence of tiRy; andR,q relaxation rates. tive fluctuations are close to those obtained previously from
This may imply that model IV alone is not suitable for the fitting the noncollective molecular diffusion model to the



2274 NEVZOROV, TROUARD, AND BROWN PRE 58

50 — T T T T T T T . . T T T . T — 200
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FIG. 7. Simultaneous theoretical fitting éH R,, (M, ®) and Rig (O, O) relaxation rates as a function of bilayer orientation and
frequency to the noncollective molecular diffusion modé) including an additional slow motion term. Data are included for acyl chain
segments C3 and C7 of DMPdx,, i.e., splittingsA andB, in thelL , phase af=40 °C as a function of bilayer orientation at 46.1 MHz,
parts(a) and (d), and 76.8 MHz, partgb) and (e), as well as orientationally averagéd R,, data for DMPC vesicles as a function of
frequency(magnetic field strengih parts(c) and (f). An odd potentiai—) and an even potenti#-——- of mean torque have both been
used; cf. the text. The data are included in Tables | and Il and the fitting parameters are summarized in Table Ill. Even though the
noncollective model describes the behavior of the relaxation rates as a function of sample orientation and frequency, the quality of the fits
is not very good. Note that the model with an odd potential of mean torque better corresponds to the data than the model with an even
potential.

frequency dispersion onli44]. Including an empirical con- The systematic underestimation of the experimental relax-
tribution from internal fast motions further improves the ation rates may indicate the presence of a contribution from
quality of the fits, as expected due to an increase in théast internal motion®;,, of about 35t which is consistent
number of fitting parameters, but yields a relatively largewith the intercept values obtained from the linear square-law
value of R;=12s%, which is not completely consistent dependence of the relaxation rates on the order parameter
with the above conclusion about a small contribution fromScp. @s shown in Fig. 5. A drawback of studying chain-
internal motiong 16,43, If only the noncollective molecular Perdeuterated lipids is that although the entire chain can be
diffusion model is used to fit the data, an even greater valuévestigated, overlap of the splittings precludes detailed in-
of R,=21s"! is obtained[39], which also increases the vestigation if the sample tilt is set near the magic angle
uncertainty in determining the axial diffusion coefficient, (>4-79- It should be noted, howe;verﬁ that both models pre-
D,. Therefore, at present it seems more consistent to disréi—ICt a dip near the magic angle in thel R,q orientational

gard the empirical temR.., in the modeling, and consider anisotropy, in agreement with the relaxation data measured

for specifically deuterated lipid20], cf. Fig. 1. To further

instead just the preaveraged amplitudes due to the fast S€Est the above models describing slow order fluctuations, the

mer;tal motions that result in the observed order parameter 'Brientationally dependent data for another representative
the °H NMR spectra. , lipid system, POP@k;, [34], have been fitted simultaneously
‘The behavior of théH Ry, andRq relaxation rates ob- for segments C5, C8, C10, and C13 of the palmitoyl acyl
tained at two frequenCIeS of 46.1 and 76.8 MHz for the en“rq:hain (resu'ts not ShOW)’.l Both the molecular diffusion
acyl chain of DMPCds, is shown in Fig. 10. As can be seen model(1l) and the composite membrane deformation model
from the simulations, both the composite membrane defortv) describe the data satisfactorily; whereas the 3D director
mation model and the molecular diffusion model describefluctuation modelIV) does not account for the orientational
comparably the experimental data along the entire acyl chaianisotropy of POP@,;, as also found in the case of
with the fitting parameters summarized in Table Ill, exceptDMPC-ds,. However, since the data for PORIg; were
for segments toward the end of the acyl chain, splittiGgk. measured at only one frequen@$6.2 MH2) [34], no defini-
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FIG. 8. Simultaneous theoretical fitting 8f R,, (M, ®) and Riq (0, O) relaxation rates as a function of bilayer orientation and
frequency to the membrane deformation md@®& collective fluctuations; model [V Results are shown for acyl chain segments C3 and C7
of DMPCds,, i.e., splittingsA andB, in theL , phase aff =40 °C as a function of bilayer orientation at 46.1 MHz, pdsdsand(d), and
76.8 MHz, partgb) and(e), as well as orientationally averagéd R;, data for DMPC vesicles as a function of frequerimagnetic field
strength, parts(c) and (f). The data are fitted for the case of linear-order director amplitédes-- [44] and for the case of lineat

guadratic order$—) [70], cf. the text. Tables | and Il present the data and the fitting parameters are given in Table Ill. The model accounts
for the frequency dispersion, but fails to describe simultaneously the orientation dependent relaxation data in both cases. The deviation of the

model from experiment is significant, which may mean that the 3D collective model alone is not suitable for a descriptici i@

relaxation rates in lipid bilayers.

tive conclusion about the collective part of the composite(2.4), (2.8), and (2.9) represents in fact an overdetermined
model can be made, since the corresponding paranieter system of linear equations, each corresponding to measure-
characterizing the collective motions cannot be determineghent of the relaxation rates at a given sample tilt angle
to sufficient accuracy. BoL= 60 and Larmor frequency. Therefore, the six director-
For the composite membrane deformation mai| the ~ frame spectral densitie-%‘;’,”(w). wherep=0, 1, 2, andw
individual contributions from noncollective and collective =p,2wp, can be regarded as independent variables or fit-
motions as well as the contribution of the cross-term, Eqting parameters, and can be obtained from a linear regression
(4.7), to the?H Ry, relaxation rates of DMPC in the,, state fit without invoking a particular model. As can be seen from
are shown in Fig. 11. The data refer to the initial part of theFig. 12, the spectral densigf"(w) is larger than)§"(w) and
DMPC acyl chains, C2—C6 and C3 segments in pa@tand  J3'(w) as also predicted by the composite mogié). Note
(b), respectively. Within the mid-MHz range these contribu-that only the spectral densit}"(w) contains the contribu-
tions are of the same order for both the orientation depention from the collective motions in the small-amplitude ap-
dence at 76.8 MHz, path), as well as at 46.1 MH@esults  proximation for director fluctuations, cf. EQR.7) and(4.6);
not shown, and for the frequency dispersion, pdk). At this may explain the fact thal‘f"(w) has the largest value,
lower frequencies, however, the time-scale separation bef. also Nagld90]. The same trend is observed for the rest of
tween the noncollective and collective motions becomeshe segments of the DMP@s, acyl chains(not shown, but
more pronounced, and the collective motions become prethe error in determining the spectral densities rises signifi-
dominant; as a result, the cross-term has a much smallerantly with the segment number. The rather poor correspon-

relative contribution, cf. partb) of Fig. 11. Figure 12 shows
the director-frame spectral densities of mOtidug‘\r(w) for
segments C2-Céplateau regio)) calculated at four fre-
guencies by using Eq§2.4), (2.8), and(2.9) for the compos-
ite model(V), Eq. (4.6). Note that the combination of Egs.

dence of the theory to the calculated values of the spectral
densities may be a consequence of propagation of errors
from the experimental relaxation rates when calculating the
laboratory-frame spectral densities by using E@s8) and
(2.9), together with the fitting procedure involved in calcu-
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FIG. 9. Simultaneous theoretical fitting éH R,, (N, ®) and Rio (O, O) relaxation rates as a function of bilayer orientation and
frequency to the composite membrane deformation m@dgltaking into account the effect of molecular diffusion in the presence of an odd
potential of mean torque and 3D director fluctuatidps-——). Data are included for acyl chain segments C3 and C7 of DMECk.e.,
splittingsA andB, in theL , phase afl =40 °C as a function of bilayer orientation at 46.1 MHz, pagsand(d), and 76.8 MHz, part¢b)
and(e), together with orientationally averagéd R;, data for DMPC vesicles as a function of frequerimagnetic field strengjhparts(c)
and (f). No additional slow-motional term was needed to fit simultaneouslyRieand R, relaxation rates. The data are presented in
Tables | and Il and the fitting parameters are included in Table Ill. Compared to the noncollective molecular diffusiofiilnadelthe 3D
director fluctuation mode{lV) alone, a significant improvement of the quality of the fits is achieved, which suggests that both types of
motions may influence th#H NMR relaxation within the mid-MHz scale. Inclusion of a contribution from internal fast motjersfurther
improves the quality of the fits, but yields a relatively large valu®Rgf=12.3s%.

lating the director-frame spectral densities, Etj4). There-  within the MHz range. The simplest “model-free” strong-
fore, despite its apparent model-free features, the direct catollisional formulation is most probably not suitable for a
culation of the director-frame spectral densities for the macdescription of the lipid dynamics, and more detailed models
roscopically oriented samples turns out to be very sensitivéaking into account the molecular geometry and local fast
to the experimental error of the relaxation rate measuremotions must be analyzed. Previous results have shown that
ments. a segmental diffusion modél), which was found to fit the
orientationally dependent dafa3], does not adequately ac-
VII. DISCUSSION count for the frequency dispersion Qf the relaxation rates
[44]. Another approach, somewhat different from the treat-
In this research an extensive body @4 R;, and Rio ment of continuous diffusive reorientations, is to consider the
relaxation data for DMPC in the liquid-crystalline state hassegmental or molecular motions as multiple-site jurif,
been analyzed simultaneously, which has yielded valuablevhich has been successful in describing the angular anisot-
information about the relative contributions of different typesropy of nuclear spin relaxation rat¢$8,22,23 in lipid bi-
of motions to the nuclear spin relaxation in lipid bilayers. An layers. However, jump models do not yield the square-law
important observation is that in the case of pure lipid bilayerdunctional dependence on the order paramigt@y75], which
the ?>H R,; and R, relaxation rates are scaled by the corre-is experimentally observed over a broad range of sample tilt
sponding order parameter squaréguadrupolar splitting  angles in the MHz frequency rand&3]. In addition, the
which holds for the entire acyl chain of DMP&;, at all ~ jump correlation times predicted by these models fall into the
sample orientations. This is interpreted as an effect of preawsubnanosecond scdl23], which again would lead to little or
eraging of the effective coupling tensor left over from fastno frequency dispersion within the frequency range consid-
local motions, which points at a complex hierarchy of mo-ered in the present paper. By contrast, a dramatic frequency
tions affecting the?H NMR relaxation of lipid bilayers dependence of the experimental relaxation rates, especially
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FIG. 10. Simulation ofH R, and R,q relaxation rates for the entire acyl chain of DMRIgras a function of bilayer orientation at two
different frequencie$46.1 and 76.8 MHE The experimental data are summarized in Tables | and Il and the fitting parameters are presented
in Table 1Il. Parts(a)—(i) include®H R, relaxation rates at 46.1 MHd) and 76.8 MHz(®), and R,q relaxation rates at 46.1 MHZJ)
and 76.8 MHz(O) for the resolved quadrupolar splittingdesignatedA—1) of DMPC-dg, in the L, phase aff=40 °C. The composite
membrane deformation model including both molecular and collective motieas— as well as the limiting case of molecular motions
only (—) has been considered. In both cases satisfactory fits are obtained except for segments close to the end of the acyl chain, resonance:
G-I, which is due to neglect of the contribution from fast internal motiBps.

in the low-MHz range, is observed in the case of vesicles andgorous basis for testing and eliminating some dynamical
multilamellar dispersion§l6,27]. models, and for accepting others. For example, a simple mo-
Here various dynamical models describing order fluctualdecular diffusion modelll) accounts for the relaxation ori-
tions, due to relatively slow noncollective molecular motionsentational anisotropy33,71], but is less satisfactory in ex-
as well as collective bilayer excitations, have been fitted tgplaining the frequency dispersion of tifel R;, relaxation
the orientation dependesH R;, and R,q relaxation rates rates[27,44. The above would leave the noncollective mo-
for macroscopically oriented DMP@s, bilayers, together lecular diffusion model(ll) including an additional slow-
with the frequency dispersion for vesicles @f-labeled motion term[39] as a potential candidate for the description
DMPC at 40 °C. The combined analysis of the relaxationof nuclear spin relaxation in lipids. However, the quality of
rates as a function of more than one variable provides a morthe fits of the model to the frequency dispersion is still not
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FIG. 11. Contributions of different types of motions2d R, relaxation rate$®) for the initial part of the acyl chains of DMPC in the
liquid-crystalline state af =40 °C. TheoreticaR;, values withoutR;,; (—); molecular diffusion contributiof—-—-—-— ); director fluctua-
tion contribution(———-); and cross-terng---------- ). (@) Motional contributions at 76.8 MHz as a function of bilayer orientatiénfor
multilamellar dispersions of DMP@s,, C2—C6 segmentgb) Motional contributions to the orientationally averaged frequency dependent
R, relaxation rates for vesicles of DMPRE-labeled at C3 acyl segment. At higher frequencies the contributions from molecular diffusion
in the presence of an odd potentfal- — —- —) and 3D director fluctuations-——-) are of the same order. By contrast, at lower frequencies
the time-scale separation between the noncollective and collective motions is greater. As a result, the collective motions become predominant
and the cross-terrfy--------- ) has a smaller relative contribution.

completely satisfactory. On the other hand, the membrangence of the’H R,, relaxation rate$20] (this work). One
deformation model3D collective fluctuations; model IV might argue that the fact that the 3D director fluctuation
which accounts for the frequency dispersion of DMPCmodel (V) does not fit the orientation dependent relaxation
vesicles[27,37,44, fails to describe the orientation depen- gata may be connected with the assumption about the linear
order of director fluctuation amplitudes, leading to vanishing

10 L L of the collective director spectral densitie]ﬂ"(w) and

7oy, caloulated from experiment J9"(w). However, consideration of higher-order fluctuations,
8 . @, " . e.g., correlation functiqns of the ordgr(,BND(t
o ¥, - . +7)2Bnp(t)2) [70], only slightly changes the fits, and an

obviously greater modification of model IV is needed since
the theoretical orientation dependence oftHeR;, and Rig
relaxation rates, as predicted by the model, does not corre-
spond to the experimental data.

Consequently, we propose herein a composite membrane
deformation model for lipid bilayers that includes small-
amplitude director fluctuations in the presence of molecular
rotations. The improvement of the fits, especially in the case
of the frequency dispersion of DMPC vesicles, implies that
small-amplitude director fluctuations substantially influence
_ L _ the °H NMR relaxation[43] together with molecular diffu-
o oy e o e et 551 [21,39.43 an can be detecied i the mid MFe fe
DMPC-ds in the L., phase aff =40 °C. Spectral densig®"(w), quency scale. The three-dimensional character of the collec-

director frame spectral density (10" s)

0 20 40 60 8 100 120 140 160 180 200

frequency (MHz)

experiment(A) and theory(———-; spectral densitd®(w), ex- tive fluctuations suggests the presence of uncoupled
. . i . undulatory excitations, which would correspond to a

periment(4) and theory—); and spectral densit§3"(w), experi- nematiclike picture for the bilaver interior with wavelenath

ment (<) and theory(---------- ). For the entire DMPGQis, acyl ematiclike picture for the biiayer interior, avelengtns

chain the experimental spectral densities follow the tréfiiqw) of expltatlons_ ranging from the S_egmental dimensions up to
> 397 ) ~J9"(w). Note that only the¥"(w) term contains the the bilayer thl_ckness. At I_onger.dlstan(.:es and lower frequen-
effect of the collective fluctuations to linear order in the directorc'es’ a trans't'on,to two-dimensional dlrectc_)r fluctuations de-
amplitudes. The relatively large errors of the experimental valuesScribed by a flexible surface modei4,64,63 is expected, as
are most probably a consequence of the propagation of errors itheoretically analyzed recently by Halle and Gustafds@h.
volved in calculating the director-frame spectral densities, cf. the An important feature of the membrane deformation model
text. The general trends of the theoretical spectral densities and ttié the treatment of the cutoff for the wave vectpr, which
values calculated directly from the experimental data are in agreds set to infinity yielding a simplev 2 frequency depen-
ment with each other. dence. The justification for this assumption is based on the
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fact that, if one considers a finite value fqg, then a rela- in the L, phase still remains. Information about transverse
tively high value for the cutoff frequencyw.=Kqg?/ 5  relaxation rate$29] could be useful in distinguishing slower
=1.74x10% rad s is obtained, which allows one to set motions such as vesicle tumbliig9] or lipid lateral diffu-
u(w/we)~1 corresponding to an effectively infinite fre- sion[93] from collective and noncollective motions. Zero-
quency cutoff. At the same time, however, the value of thefrequency spectral densities corresponding to the relatively
slow order parametef70] 3&2):1_3)\/1(1- remains finite, long vesicle tumbling or lateral diffusion correlation times
wherex/kT=kTq./27?K. Assuming the value fog, to be should yield much larger contributions to the transverse re-
roughly on the order of the inverse of the segmental dimenlaxation than molecular reorientations or collective fluctua-
sions, i.e.~1 A1, one can estimate the bilayer elastidity tions, which could help separate the motions occurring on
and the viscosity coefficieny for bilayer deformations from different time scales. Alternatively, additional low-frequency
the values of and w. obtained from the fit. Taking these relaxation data measured for specific positions in the acyl
values to ben/kT=0.178 andw.=1.74x 10" rad s'?, cf. chain within the kHz range may provide experimental evi-
Table 1ll, one finds thatK=1.23<10 N and 7% dence for different regimes of membrane couplifiGs,78.
=0.707 P. The magnitude df is in agreement with that ~ Previous wor16,27,33,43,4fthas attempted to identify
obtained for nematic liquid crysta[81], whereas the value whether a single predominant motional contribution can ex-
of » may be less accurate due to the rather large error in thelain theR;; relaxation rates for lipid bilayers in the liquid-
estimation of w.. With regard to the composite model, crystalline state. However, the results of the present work
which takes into account both 3D director fluctuations andshow that the behavior of the relaxation rates of lipid bilay-
noncollective molecular diffusion, quantitative information €rs as a function of sample orientation and frequency most
about the rotational diffusion rates and degree of ordering oprobably cannot be described to a high degree of accuracy by
the lipid molecules can be obtained from fitting the relax-a simple model accounting for only segmental, molecular, or
ation data. As might be expected, the resulting parametei@ollective motions. A composite membrane deformation
differ from those obtained from fitting separately the mo-model has been considered herein yielding an expression for
lecular diffusion modelll) to either the orientation depen- the spectral density that contains, in the small-amplitude ap-
dent or frequency dependent relaxation rates. Compared gyoximation for collective fluctuations, the sum of the mo-
the molecular diffusion modell), the main features of the lecular and collective spectral densities, as well as a cross-
composite modelV) include a decrease of the rotational term that takes into account the combined effect of both non-
diffusion coefficient for off-axial motiond, by approxi- collective molecular motions and small-amplitude director
mately an order of magnitude(5x 10° s, and nearly a fluctuations. The ability of the model to describe simulta-
threefold increase in the depth of the energy minimum corneously the orientation and frequency dependept and
responding to\;~10—20kT. This would imply an increased Riq relaxation rates means that over the frequency range
molecular ordering D@ (Qyp)) (=0.8-0.9) compared to considered, théH NMR rel_axatlon may be governed in gen-
that previously reported~0.6—0.7)[33,44,91, and conse- eral by a composite motional process and not by a single

quently a decreased segmental orderif®{2(Qp))), as ’;}épe OI. mlotlon(.j -Il-h's' 'g :ﬁm’ mcrsasesf ;htte complexnyt of
given by the overall order parameter Scp eoretical models an e number of fitting parameters.

) These findings suggest a new dynamical membrane model in
:.<DE’%)(QP')>Dg%)(Q'M)<Dg%)(QMD)>' Neglectln_g the con- which the ph%spth?pids are effgctively tethered to the aque-
tribution from small-amplitude director fluctuations, for the g interface, with the bilayer interior having a microviscos-
;:orrrtlﬁosnrz n:emrtwr?qn? t:e(jornlatlfon tmodﬂ tzte :or\rl1vetri “rr]n'ti ity due to segmental motions of the acyl chains comparable
orhe orde pg)a e(ez) ue tofast segmental Motons IS €yq tnat of liquid hydrocarbons. Rotational diffusion of the
timated to beS;”’=(Dy(p,))=0.4 for segment C3, with

S flexible phospholipid molecules involving segments close to
a further decrease along the acyl chain; whereas the ordgfe 4queous interface is accompanied by appreciable chain

p?zr)ametgr) of the s(l2<))w moleculeg) order fluctuations iSgnianglement deeper in the bilayer interior. The molecular
Ss7=(Dgo (2mn) (Do’ (b)) ~(Dgg (2mn))=0.9. The  ang segmental motions are superimposed upon nematic-type
above would suggest that tiH NMR relaxation of lipid  deformations of the entire bilayer, with relatively small
bilayers in the MHz range is governed primarily by collec- wavelengths of excitations ranging between the segmental
tive eXCiFationS together with effective axial rotations of the dimensions and the b“ayer thickness or interlamellar separa-
acyl chains. tion. Such composite order fluctuations account for both the
Another interesting aspect is that the relative contribu-grientational anisotropy and frequency dependence oftthe
tions from collective and noncollective motions to the gpin relaxation within the MHz range of frequencies, and

nuclear spin relaxation have been found to be comparable igonstitute a new framework for analysis of the dynamics of
the mid-MHz range. The Val|d|ty of the present COﬂC|USIOI’lS,|ipid b”ayers and membrane constituents.

however, may be influenced by the fact that the orientational

anisotropy of the relaxation rates and frequency dispersion
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