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PHYSICAL REVIEW E, VOLUME 64, 01090(R)

Michael F. Brown:* Robin L. Thurmond;' Steven W. Dodd, Dorte Otten? and Klaus Beyer
1Department of Chemistry, University of Arizona, Tucson, Arizona 85721
2institut fir Physikalische Biochemie, Universitilinchen, D-80336 Muchen, Germany
(Received 14 October 1999; revised manuscript received 10 October 2000; published 26 June 2001

The physics of soft materials can be investigated using nuclear spin-lattice relaxation, which depends on the
spectral densities of motion in the MHz range. For the first time, NMR relaxation has been used to study
influences of the acyl length, polar head groups, a cosurfactant, and cholesterol on the viscoelastic properties
of membrane lipids. The results imply the concept of elastic deformation is relevant on lengftiesbilayer
thickness and less, involving a broad spectrum of collective modes which contribute to the forces between lipid
bilayers.
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The properties of flexible amphiphilic layers composed oftwist deformations, the curl is along the local director such
phospholipids are of fundamental interest to physicists witithat n(r) -V xXn(r)#0. For bend the curl is perpendicular,
regard to their microstructuré4—5], and play a role in key Viz. n(r)XVvxn(r)#0. Such a continuum picture repre-
biological functiong6]. These and other fascinating soft ma- Sents a significant departure from previous molecular theo-
terials can be studied using nuclear spin-lattice relaxatiofi®S for lipid bilayer relaxation. The absence of molecular
(for reviews, see Ref$7,8]). In this Rapid Communication, details is both the strength and weakness of the approach.

. 2 . . . .
we report NMR relaxation data that provide knowledge of. Iiogv)lr:hH '\tI)MR spﬁctroscotﬁy of(l;p|d b|Iayedr€r@eg\g|ewed
the viscoelastic properties of lipid bilayers, including theirm[ .8)), the observables are the order param as a

dependence on composition. The results imply that the coﬁ&dion of the acyl chain position}, and the corresponding

cept of elastic deformation of membranes is applicable o lz_relaxatl_on rate _proflle. These mamfeSt a hierarchy of
the mesoscopic length scale, approaching the molecular d notions Wh'Ch contnbu.te to the dynamical roughness of the
mensions, with quasicoherent modes on the order of the b _|Iay%r). Using the no}sﬂon of Re{flO],(tigle.order parameters
layer hydrocarbon thickness and 6. We suggest the are Sco=1/43 (_7°§:3PD__1>1 where Bpp, is the angle be-
entire spectrum of fluctuations is important for repulsionstWeen the principal axis syste(®) of the electric field gra-
due to entropic confinement, including long wavelength undient (EFG), viz. theith C—?H bond, and the macroscopic
dulations as well as higher frequency excitations. bilayer normal(_dlrector fra_meD). The order parameters rep-
Our development is based on a composite membrane déesent the motional amplltudes, whereas the NMR rengauon
formation mode[10], which explains the combined angular @IS0 includes the motional rates. As a rule the dynamics can
and frequency dependencies of the nuclear spin relaxatiofvolve (i) segmental motions of the flexible phospholipids,
rates R,,) of fluid bilayer lipids. A special feature is that (i) molecular motions, andii) collective motions. For di-
quasicoherent order fluctuations give a relaxation enhancéaturated phospholipids in the liquid-crystalline,} state,
ment vis-avis simple hydrocarbon fluids. We have postu- the dependence of the NMR relaxation on temperature and
lated[11] that the bilayer interior can be modeled in terms offrequency disfavors a noncollective model, involving mo-
a director fieldn(r). Given the numerous degrees of free- Ieculz_ir motions  or su_penmp(_)sed internal chain rotations.
dom, the system is treated as a continuous medium, Wher@f‘e is left with collective motions as a source of the relax-
collective motions are related to the elastic moduli. Use oftion[10,11].
the equipartition theorem together with integration over the a) planar
modes gives a characteristic frequeli@y dependence of the
relaxation[12]. The experimentally found ~*? dependence QTD
of R, suggests that collective fluctuations of the individual l !
segments occur in the MHz ran@&0]. More generally, one
should consider the modes in relation to the interbilayer
separation. Figure 1 depicts the types of bilayer deformations
for a free membrane. The elastic shape fluctuations are mod-  ¢) twist d) bend

eled as unconstrained splay, twist, and bend excitations, to-
gether with effective axial rotations of the lipifi$0]. In the
case of splay deformations, the divergenten(r)+0. For
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tional address: UniversitaVirzburg, Physikalisches Institut EP-5,  FIG. 1. Excitations of a fluid lipid bilayer within the continuum
Am Hubland, D-97074 Wizburg, Germany. elastic approximationa) Planar bilayer(b) splay,(c) twist, and(d)

"Present address: R. W. Johnson Pharmaceutical Research Indfend deformations, together with axial rotations about the
tute, 3210 Merryfield Road, San Diego, CA 92121. local director.
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The spin-lattice relaxation is due to orientational fluctua- e e L L
tions of the individual G-2H bonds, which induce transi- sol 2O % +/ | ) DMPC-d;, |
tions between the various Zeeman levels. According to / /
Bloch-Wangsness-Redfield theorg;» is given to second 40t é/* + &/4/ ]

order by[8] A
30 g T+ 4 1
3 i-' P
Riz=7 74 J1(wp) +43,(20p)], & o ks [ # -
.I:‘ 10 ; /@ _;j# J
where xq is the static quadrupolar coupling constant. Here L ogyl L L
Jm(w) —_me(t)exp(—wt)dt, WhereGm(.t) are rar?k-Z.auto- V;I‘r\_: ¢) DPPC-d,, d) DSPC-d,,
correlation functions of the perturbing Hamiltoniamm ( 50 F L -
=1,2), andwp is the deuteron Larmor frequency. Note the , v
EFG fluctuations can encompass rapid local motions of the 4a0r T ya
static EFG tensor, e.g., due tmans-gaucheasomerizations 30l _/ 1 / i
of the acyl chains, as described by a fast order parameter A ¥ Mo
S{?). Additional slower motions of the remainingsidual 201 3 T Qij * |asocc| ]
EFG tensor can also occur, as described by an order param- I 4 el
eter ). The slow motions can arise from quasicoherent f } +80°C
fluctuations of a three-dimension&D) (splay, twist, and e
bend or 2D (splay nature, together with acyl rotations. 0 002 004 0(” , 0% oo 0.06
These lead tdScp=S{S2S) whereS(2) is a geometric 1Sgo!

factor[10].

The ireducible spectral densiti0] are then FIG. 2. Square-law functional dependence of spin-lattice relax-

ation ratesR{") and order parametef${l)| along the acyl chains
_ qcol mol mol-col (indexi) for a homologous series of PCs in the phase, showing
In(@) = I (@) +In (@) + I @), @ influence of the acyl lengttbilayer thickness Dgata are for unori-
in which the small contribution from segmental motions is€nted dispersions containing 50 wt. %,34 (67 mM phosphate
neglected. The first term describes collective 3D membranBUffér, PH 7.0 at 55.4 MHz and various temperaturesXTp
deformations, and assumes a single elastic congtafur T6°C): (@ DLPC-dgs, (B) DMPC'df’“; (©) DPPCde,, and
splay K1), twist (K,,), and bend K35) fluctuations. For a (d) DSPCdyo, with acyl lengths ofn=12, 14, 16, and 18
PR . . o . carbons, respectively.
lipid bilayer (smecticA) this is clearly an heuristic approxi-
mation, as one expect&;<K,,, Ks; for longer wave- . . .
lengths. However, it is premature to discuss individual NMRIAS. and finally () to a geometrical cross-term. Ac-
active modes in our view. To linear ordgi2], the contribu- cordlng to theory[10], the spectral densities scale in closed
tion from order fluctuations i§11] form with the square of the order paiame&rD as a char-
acteristic signature, assumirgl® and (% do not depend
appreciably on chain position.
In our experimental NMR relaxation studies, we investi-
gated a series of phospholipids in thg state, with the gen-
+|DR(Q)I?], (3)  eral structure (RCORCH,(RCOOCHCH,0-X, where R de-

_ _ notes the fatty acyl chains and X the polar head group. The
where the high-frequency cutoff0,11 is neglected anth  jnfiyences of the acyl lengttbilayer thicknesk lipid polar
=1,2. (Inclusion of higher order director fluctuatio$3]  head groupdinterfacial area per moleculeaddition of a
gives an additional correction fon=2.) HereD?) (Q) isa  cosurfactant, and incorporation of cholesterol were studied in
Wigner rotation matrix element, and the Euler anglds,  terms of the bilayer viscoelastic properties. The effort to ob-
describe the transformation from the directb) to the labo-  tain these results was substantial, and entailed chemical syn-
ratory (L) frame. The above formula corresponds to the overthesis and?H-isotopic labeling of phospholipids, solid-state
damped regime, such that each of the modes relaxes with MR studies at different magnetic field strengths, and test-
single exponential time constant. For 3D director fluctua-ing of theoretical models. For phosphatidylcholif®C), the
tions,d=3 yielding anw 2 frequency dispersion. Follow- polar head group is POCH,CH,N"(CHy);. Use of acyl
ing Ref. [12], the Vviscoelastic constant isD  chain-perdeuterated phospholipigs=12 to 18 carbonsal-
=3k T\/7/5m2K3(SP)2, whereK is the effective elas- lowed us to observe simultaneously the entire hydrocarbon
tic constant for 3D excitations ang is the corresponding region of the bilayer. As shown in Fig. 2, a square-law func-
viscosity. One can also consider 2D membrane deformationonal dependence of tHe{}) rates onS{l)| along the chains
(d=2), e.g., smectic undulation wavésplay), resulting in  describes the data for the homologous PCs Tor6 °C
D—D’ with anw ! dependence, which is not observed ex-above the main phase transition temperatufg,)( The
perimentally at MHz frequencigd1]. The J1°(w) term in  slopes of Figs. @—2(d) suggest the bending rigidity
Eq. (2) corresponds to effective rotations of the flexible lip- (=~K;,t) depends only weakly on temperature in the

mol-col
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state, increasing with the bilayer thicknés®ur conclusions 50 ' T T T 1
agree with earlier studies of temperatUr4] and chain a) DPPC-dj, e
length [15] effects on the elastic properties of PC bilayers. 40 I oo T
The fact that a broad range of data can be superimposed in B o ]
terms of a nearly universal square-law functional dependence 30 Wv‘
is striking. 00 vﬁ/ﬁ 4

For bilayers of DMPCds,, we obtain D=1.02 e
x107°sY2, and by treating higher order terrfis0] we esti- 10 [ i -
mate that ~1.2x 10 *N and »~0.71 P. An heuristic cal-
culation assuming~4 nm givesk~K ;t~0.5x 10 1°J, i.e. 0 ' i ’ I ; ;
~11kgT, which implies a fairly soft bilayer in accord with | b) DPPE-d¢,:DPPC (1/1) |
micromechanical measuremerits may be length-scale de- v,-'-\ 40 DPPE:DPPC-dg, (1/1) - -
pendent[16]. For the other PCsincreases by=1.2 nm for L ot g -
C,, to Cig chaing[15], giving a~30% calculated increase in ~N -
k. The angular amplitude of the fluctuations of the local di- o 20 - <e —
rector (N) relative to the average directdD), assuming ../V°
|S{P)eo <~ 1— 3/ B2 ) ~0.6, is (BZp)?~30°. Then, from 10 wa“f N
the relation[10,12,13 that ( 835) ~kgTq./ 7K, the cutoff . ¢ L
wavelength is\.=2m/q.~8 A, less than the bilayer thick- 0 ' ! ' ' ' ‘
nesst and close to the lateral lipid dimensiofs. Clearly, 40 | C)DPPE-dg, |
an aspect of our work involves extension of the concept of
membrane elasticity to relatively short distances. Using con- 30 _
tinuum mechanic§9], one can also estimate the area elastic -~
modulus K, from the relation k=K ,t?/48, giving ~150 20 - . v e L
mJ m 2, in the range for fluid bilayerl6]. (The individual D/V"
monolayers are treated as homogenous thin films with zero 10 %B%vV. .
2D shear modulug9].) Clearly, our NMR relaxation ap- P/E‘jﬁ!g‘
proach should be distinguished from previous NMR line- 0 : : ' : ‘ '
shape studie$17,18, which probe membrane elasticity at 0 0.02 0.04 0.06
lower frequencies. Modeling the lipid bilayer as an ordered IS(i) 12

cD

fluid thus yields our conjecture thatmodes of substantial

amplitude influence the relaxation within the MHz regime, Fg. 3. Dependence d{) on square ofSi))| for phospholipid
with wavelength components on the order of the bilayerjlayers in thel, phase, showing effect of phosphoethanolamine
thickness and smaller, i.e., the mesoscopic length scale. head groupginterfacial area per moleculeResults are shown for
Some readers may think it surprising that our NMR re-unoriented dispersions containing 50 wt. %0H(20 mM MOPS
sults for soft membrane bilayers, involving flexible lipid buffer, pH 7.2 at 46.1 MHz and various temperature&)
molecules with many degrees of freedom, can be interpretedPPCdg,, 42-80°C, (b) DPPEdg; DPPC (1/1) and
using fairly simple concepts drawn from the physics of ma-DPPE:DPPCdg,(1/1), 65 °C, andc) DPPEdg,, 60—80 °C.
terials. Within our framework, the membrane lipids are ef-
fectively tethered to the aqueous interface via their pOIarcoeIastic constant for DMP@sx, as a referenciL0] leads to

head groups, and the bilayer interior is essentially liquid hy_KDPPr_(DDMPC/DDPPQZ/?’KDMPC%4-0>< 100N, about a

dr<|)|ca;.bon. Tdhe rftleastont\_/vhy tﬁqtzhretl?ﬁatllon IIS governetd Iby three-fold increasein K due to the presence of PE head
coflective order iuctuations 1s that Ine local segmental Moy ns. Assuming~5 nm results ink~43kgT, and a cor-

respondingly larger value of the area expansion modgilus
. ; . ) 310 explain these observations, we note that for PEs the re-
tively slow, quasicoherent order fluctuations prowdg A4uction in the interfacial area per lipid gives an increase in
frequenpy-dgpgndent enhancement VErsus S"mplgcyl ordering. We propose that a reduction in entanglement
n-paraffinic liquids, e.g.n—hgxadecanéS].. . . of the acyl chains(configurational entropyyields an in-
We als_o mvestlgated_ bilayers containing phOSphat'dyk':"crease in bilayer stiffness, and a possibly greater rate of ef-
thaniolamme (PE)' ,W'th the polar(i) head  group  fotive axial chain rotations. The result is a weaker repulsive
PO, CH,CHNH;". Figure 3 shows th&i rates and the (o ce for PE-containing bilayers, due to quasicoherent elastic
S| values are correlated reasonably well over the entirgnodes, with a reduced hydration of the membrane dispersion
temperature range by a square-law functional dependencgnd a concomitantly smaller interlamellar separati®].
Yet a completely universal behavior is not observed for therhis would give evidence for a connection between bilayer
entire series of phospholipids investigated. Rather, comparegioperties on the mesoscopic scale, as studied by NMR
to DPPCdg; alone, Fig. 8a), increasing the mole fraction of yrejaxation, and macroscopic properties of the bulk material.
DPPEdg, yields a progressive reduction R} for a given The physical relevance of our findings is further sug-

order parameteisg)D, Figs. 3b) and 3c). Use of the vis- gested by the opposite influences of a nonionic surfactant,
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50 repulsion would result in greater swelling of the membrane
dispersion, as found for nonionic surfactafi2®]. By con-
trast, a square-law plot for DMP@s,:cholesterol(1/1) is
shown in Fig. 4c), evincing a reduction in slope compared
to DMPC-ds, alone. Here we obtainKpypc/chors9-3

X 10 1IN, roughly an eight-foldncrease[21]. Assumingt

~5 nm givesk~ 10T for the bending rigidity, a dramatic

a)DMPC-d_:C_E_(2/1) 40}

547128
40 L / % b) DMPC-d,, 30 |-
20l

30 wf

i) (S —1)

(i
12

0

R
8

n_ -
w7 ™ gowoqemim stiffening. Similar conclusions have been reached from

o f B ‘ . NMR transverse relaxation studigk8]. The fact that bilayer
0

0.05 0.1 0.15 0.2 additives influence thR;, data paralleling earlier results for
180 larger distance scal¢2,17] supports our hypothesji40] that
quasicoherent modes are already present on the order of the
FIG. 4. Square-law dependenceRff) on |S{)|? for bilayers of ~ bilayer thickness and less, and that all modes should be con-
DMPC-ds,, summarizing influences of a nonionic cosurfactant,sidered unless one can show they are decoupled from the
C,,Eg, in theL , phase, and cholesterol in the liquid-ordered phasephysical properties of interest.
Results are shown for bilayers alignedéat 90° containing excess In closing, this work provides striking evidence that mem-
H,O at 46.1 MHz: (@) DMPC-ds,:Ci.Eg (2/1) at 42°C, (b) brane deformational fluctuations occur over a wide range of
DMPC-ds, at 40 °C, andc) DMPC-dg,:cholestero(1/1) at 40 °C.  length- and time-scales, which depend on the bilayer lipid
The inset shows an expansion of the data for DMREC,E;  composition. Clearly it is of interest to investigate the corre-
(1/2) vs DMPCs,. spondence to other techniques for studying membrane defor-
mation, involving splay fluctuations at larger wavelengths,

CEs and cholesterol, as shown in Fig. 4. Previous Studieind to molecular dynamics simulations. Moreover, these

of macroscopic bending deformations have revealed that
cosurfactant favors a decreasedrwhereas cholesterol leads
to an increas¢2]. The presence of &g in the DMPCds,
bilayer (1/2 molar ratio, Fig. 4@), yields a larger slope of This work was supported by the Rigen-Professorship of
the square-law plot versus DMP@x, alone, Fig. 4b) (cf.  physics at the University of WWaburg (M.F.B.), the U.S.
also inset, which we interpret as due to softening of the National Institutes of Health(M.F.B), the U.S. NIH
bilayer. We find thapypc/c,g,~0.75<10 ' N, nearly a (R.L.T), the Deutsche Akademische Austauschdienst
two-fold decrease with k~6kgT. The increased entropic (D.O.), and the Deutsche Forschungsgemeinsaiika.).

indings may be of relevance to the often debated issue of the
nature and functional form of the repulsive forces between
amphiphilic layers.
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