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NMR elastometry of fluid membranes in the mesoscopic regime
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In solid-state2H NMR of fluid lipid bilayers, quasielastic deformations at MHz frequencies are detected as
a square-law dependence of the nuclear spin-lattice (R1Z) relaxation rates and order parameters (SCD). The
signature square-law slope is found to decrease progressively with the mole fraction of cholesterol and with the
acyl chain length, due to a stiffening of the membrane. The correspondence to thermal vesicle fluctuations and
molecular dynamics simulations implies that a broad distribution of modes is present, ranging from the
membrane size down to the molecular dimensions.
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Elastic deformation of membranes plays a central role
biological physics with regard to lipid-protein interaction
domain~raft! formation, and various nano- and microstru
tures implicated in cellular functions@1#. In this Rapid Com-
munication, we describe nuclear magnetic resonance~NMR!
studies of the influences of cholesterol as well as the m
brane thickness on material properties of lipid bilayers.
have found a surprisingly good correspondence of the an
sis of atom-specific NMR data using a simple continuu
theory with the macroscopic bending moduli of the sa
systems, involving longer length scales. A hierarchy
quasielastic membrane disturbances is evident, with wa
lengths spanning the macroscopic bilayer size down to
microscopic dimensions of the flexible lipid molecules@2#.

Apart from their biological roles, membrane lipids prese
fundamental issues of broad interest to physicists@3#. Gen-
erally there are two avenues to investigating the bilayer e
ticity. Either one can subject the bilayer to micromechani
deformation@4#, or the thermal fluctuations of the system c
be observed@5–7#. In each case, the bilayer is described
the same material constants. The issue of how collec
fluctuations of liquid-crystalline membranes are related
atomic-level motions can also be explored by molecular
namics ~MD! simulations @8,9#. A complementary frame-
work @10# involves the application of differential geometr
together with the continuum theory of elasticity@11#. Al-
though the two approaches have had considerable suc
their unification requires further effort on both the expe
mental and the theoretical side.

Our results support the view that NMR measurements
soft membranes detect collective properties of the molec
in the mesoscopic regime@2# ~'1–100 nm!. Solid-state
NMR spectroscopy depends on microscopic observables
is characterized by a relatively long time scale ('1026 s),
which involves a distribution over atomic and molecu
sites@2,12#. It has the potential for bridging the gap betwe
the microscopic domain~&1 nm!, involving the constituent
molecules, and the macroscopic bulk material~*500 nm!. In
deuterium NMR of membrane lipids, the quadrupolar co
pling of the 2H nucleus~spin I 51) with the local electric
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field gradient ~EFG! of the C–2H bond is investigated
@12,13#. Studies of lipids having perdeuterated acyl cha
allow the entire membrane hydrocarbon interior to be prob
@13#. For bilayers of2H-labeled lipids in the fluid state, the
residual quadrupolar couplings manifest the segmental o
parameters (SCD), which characterize the dynamic bilaye
structure. The spin-lattice relaxation rates (R1Z) describe re-

covery of the energy level populations of the2H nuclei after
an inverting~p! pulse, and indicate the types of lipid motion
that average the EFG tensor. Such motions can be du
local segmental isomerizations of the flexible lipids, effecti
molecular rotations within the potential of mean forc
and/or collective excitations of the bilayer.

Figure 1~a! depicts an inversion-recovery series of2H
NMR spectra for a random dispersion of DMPC-d54/
cholesterol~1:1! in the liquid-ordered phase. A superpositio
of Pake doublets@12# corresponding to the various motion
ally inequivalent C–2H bonds is evident. The sharp spectr
edges represent the weak singularities due to theu590° ori-
entation of the bilayer normal~director axis! relative to the
main magnetic field, and the weak shoulders are due tu
50°. The2H NMR spectra indicate a single bilayer enviro
ment on the time scale of'100 ms; no evidence for longer
lived cholesterol-containing complexes or domains is fou
In Fig. 1~b! the partially-relaxed2H NMR spectra are decon
volved @12# to yield spectra corresponding to theu50° ori-
entation. The increased resolution allows a more accu
determination of theR1Z rates. After the invertingp pulse,
the z-magnetization appears negative, and recovers to
equilibrium positive signal. Surprisingly, the recovery
faster as the residual quadrupolar splittings increase, ra
than decreasing as expected for a reduction in motio
mean-squared amplitudes. This paradox is most readily
plained by order fluctuations involving modulation of a pr
averaged or residual coupling tensor, rather than local s
mental motions.

Here we show that comparative2H NMR relaxation stud-
ies of fluid lipid bilayers as a function of sterol content a
bilayer thickness closely parallel studies of macroscopic
layers, and that analogous material constants can be
mated. Micropipette deformation@4,12# and shape fluctua
tion analysis@6,7# of giant lipid vesicles have revealed th
©2002 The American Physical Society02-1
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cholesterol produces a dramatic stiffening of the membra
We wanted to establish whether this stiffening is manifes
at the mesoscopic level of theR1Z measurements at MH
frequencies. Profiles of the order parameters and relaxa
rates as a function of acyl segment position~i! are shown in
Figs. 2~a! and 2~b!, respectively, for DMPC-d54 containing
cholesterol in the liquid-ordered@12# phase, where the as
signments follow Ref.@14#. The segmental order paramete
SCD

( i ) of the various C–2H bonds were obtained usin
uDnQ

( i )u5 3
2 xQuSCD

( i ) uuP2(cosu)u whereDnQ
( i ) is the i th residual

quadrupolar splitting,xQ is the static quadrupolar couplin
constant ~170 kHz!, and P2(cosu)[1/2(3 cos2 u21). For
each of the resolved peaks in the de-Paked2H NMR spectra,
the R1Z rates were calculated from non-linear regression
to the recovery curves@14#. The order profiles in Fig. 2~a!
include a plateau, followed by a reduction in orientation
order within the central hydrocarbon region of the bilay
@13#, which is explained by end effects of the acyl chain
Upon addition of cholesterol, the order parametersincrease

FIG. 1. Inversion recovery of2H nuclear magnetization for a
random DMPC-d54/cholesterol~1:1! multilamellar dispersion in the
liquid-ordered phase atT544 °C. Panel~a! shows the random, par
tially relaxed2H NMR spectra, and panel~b! the deconvolved spec
tra (u50°). The samplecontained 20 mM Tris buffer at pH 7.3~50
wt. % H2O). Data were acquired at 76.8 MHz using a phase-cyc
inversion-recovery quadrupolar echo pulse sequence,p2t1

2(p/2)x2t2(p/2)y2t2 ~acquire!, where t1 is a variable delay
ranging from 5 ms~bottom! to 3 s ~top!.
05090
e.
d

on

s

l
r
.

due to a reduction of the lateral membrane area^A& and an
increase in hydrocarbon thicknessDC . In Fig. 2~b! the R1Z
profiles bear a striking resemblance to the corresponding
der profiles, yet with a stronger dependence on acyl posit
Moreover, as the mole fraction of cholesterolXC in the lipid
mixtures is increased, theR1Z rates decrease, which is ex
actly opposite to the effect of cholesterol on the order p
files in Fig. 2~a!.

Clearly such behavior would be difficult to rationalize
the absence of an appropriate conceptual framework.
combining the2H NMR relaxation data with the order pa
rameters, the results can give a more complete picture of
biophysical properties of membrane lipids. The segmen
order parameters are defined as

SCD
~ i ! [ 1

2 ^3 cos2 b~ i !21&, ~1!

in which b ( i ) is the angle between thei th C–2H bond and
the director, and the angular brackets pertain to a time
ensemble average. The NMR relaxation rates allow one
disentangle the motions in the MHz range giving rise toSCD.

,

FIG. 2. Profiles of2H NMR experimental observables at 76
MHz versus acyl position for mixtures of DMPC-d54/cholesterol at
T544 °C. In panel~a! the orientational order parametersuSCD

( i ) u are
plotted against the carbon index~i! for various mole fractions of
cholesterol (XC). Panel~b! shows the correspondingR1Z

( i ) relaxation
data.
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They depend on the mean-squared amplitudes of the fluc
tions of the C–2H labeled molecules, and the associated c
relation times. In terms of theory@13#, R1Z describes cou-
pling of the 2H nuclear spins to the lattice~surroundings!
within the weak collision regime, and is given by

R1Z5 3
4 p2xQ

2 @J1~v0!14J2~2v0!#, ~2!

where v0 is the nuclear Larmor frequency. The symbo
Jm(v)5*Gm(t)exp(2ivt)dt denote the~irreducible! spec-
tral densities of motion, in whichGm(t) are temporal auto-
correlation functions~rank-2! of the perturbing Hamiltonian
(m51,2).

Equation~2! illustrates how nuclear spin relaxation me
surements are connected to the membrane dynamics in t
of the power spectra of lipid motions that produce averag
of the coupling tensor. The rates manifest the strength of
C–2H bond fluctuations as a function of frequency, and
related to the softness of the membrane. A model-fr
square-law functional dependence of the longitudinalR1Z

( i )

rates andSCD
( i ) order parameters is often found for the r

solved splittings of phospholipid bilayers with2H-labeled
saturated acyl chains@2#. This dependence on the motion
amplitudes signifies relatively slow bilayer motions th
modulate theresidualcoupling tensors left over from faste
segmental motions. Given a simple composite membrane
formation model@15#, theR1Z rates are due to a broad spe
trum of 3D collective bilayer excitations@2#, with effective
rotations of the lipids. Transverse2H NMR spin relaxation
studies also provide evidence for 2D collective motions
the membrane film at lower frequencies@16,17#. By contrast,
local trans-gaucheisomerizations along the chains modula
the samestatic NMR coupling tensor, and do not yield suc
a square-law.

Double-logarithmic plots ofR1Z
( i ) againstuSCD

( i ) u are summa-
rized in Fig. 3~a! for three different mole ratios of the
DMPC-d54/cholesterol bilayers. The approximately linear r
gion has a slope of nearlyn52, consistent with a simple
square-law functional dependence ofR1Z

( i ) on uSCD
( i ) u. Such

square-law plots for each of the resolved quadrupolar s
tings are shown in Fig. 3~b! for the multilamellar dispersions
of DMPC-d54/cholesterol.~Note that the individual acyl po
sitions are not distinguished.! As the cholesterol mole frac
tion XC increases, the slopes of the plots are dramatic
reduced. From studies of micromechanical deformation@12#
and thermal fluctuations@6,7# of giant lipid vesicles, it is
known that cholesterol stiffens the membrane considera
Thus it is plausible that we are seeing with NMR relaxati
the same phenomena. Interestingly, for all the systems s
ied the ordinate intercepts are nearly alike, suggesting
local segmental motions of the flexible lipids are comp
rable, in contrast to the longer wavelength quasiela
modes.

In the limit of short wavelength excitations'the bilayer
thickness and less, the spectral density is@15#

Jm~v!5 5
2 SCD

2 Dv2~22d/2!@ uD21m
~2! ~u!u21uD1m

~2!~u!u2#.
~3!
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Here v is the angular frequency,D is the viscoelastic con-
stant,d is the dimensionality, andD(2) indicates the second
rank Wigner rotation matrix. The irreducible spectral den
ties Jm(v) depend on the square of the observed or
parameterSCD, and the slope of a square-law plot is in
versely related to the softness of the membrane. For
quasielastic fluctuations@2,15#, the viscoelastic constant i
given by D53kBTAh/5pA2K3Ss

(2)2; a single elastic con-
stantK is assumed, in whichh is the corresponding viscosit
coefficient,Ss

(2) is the order parameter for the relatively slo
motions, and other symbols have their usual meanings. W
regard to splay deformations, the so-called bending rigid
is k'Kt, where t is the bilayer thickness, giving ak23/2

dependence ofR1Z . Moreover, 3D director fluctuations (d
53) yield anv21/2 frequency dispersion as a characteris
signature@2,15#. In this case the reduction in the square-la
slope, cf. Fig. 3~b!, reflects an increase ink and/orSs

(2) due
to short-range cholesterol-phospholipid interactions. At
molecular level, a dynamical protrusion of cholesterol b
tween the apposed monolayers may occur, as suggeste
recent quasielastic neutron scattering studies@18#.

FIG. 3. Functional dependence of relaxation rateR1Z
( i ) and order

parameteruSCD
( i ) u profiles at 76.8 MHz for DMPC-d54/cholesterol

mixtures atT544 °C. Panel~a! shows logarithmic plots for three
different cholesterol mole fractionsXC . The data are compared t
the slope ofn52 predicted for order fluctuations in the limit of
small constant contribution. In panel~b! a square-law functionality
of the corresponding relaxation and order profiles is assumed fo
different values ofXC .
2-3
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The correspondence of the NMR relaxation rates to b
elastic fluctuations of membrane lipids is further born out
comparing the2H NMR results to available data for the ma
roscopic bending rigidities of lipid bilayers@4,5,7,19#. Figure
4 shows double-logarithmic plots of the square-law slo
(]R1Z /]SCD

2 )v0
for DMPC-d54/cholesterol mixtures having

different cholesterol molar ratiosXC versusk determined
from video microscopy of large unilamellar vesicles@7#. The

FIG. 4. Comparison of2H NMR square-law slopes to bendin
rigidity k obtained from thermal shape fluctuation data for lip
vesicles@5,7#. ~j! Results for homologous series of PC’s with ac
carbon lengths ofnC512, 14, and 16 in theLa phase at 55.4 MHz;
~m! data at 76.8 MHz for DMPC/cholesterol mixtures withXC

50, 0.33, and 0.50 in the liquid-ordered phase. The inset shows
values ofk estimated from the2H NMR model for the homologous
series of PC’s.
.

s
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values ofk are divided byt, the bilayer thickness@20#. We
also show a comparison for a series of phosphatidylcholi
~PC’s! in the La phase with acyl chains ranging in leng
from C12 to C16 @5#. The observed correlation points to a
interpretation in terms of quasi-elastic bilayer deformatio
Using data for the DMPC-d54 bilayer as a reference@5#, one
can calculate the bending elasticity for the homologous
ries of PC’s@21# using Eqs.~2! and~3!, i.e. assuming ak23/2

dependence, as shown in the inset to Fig. 4. The estim
bending rigidity increases by'60% going from C12 to C18
acyl chains based on the2H NMR model, in agreement with
thermal shape fluctuations@5# and micropipette deformation
of giant PC vesicles@4#.

In summary, nuclear spin-lattice relaxation studies of flu
lipid bilayers manifest their quasi-elastic deformation
short length and time scales, e.g., on the order of the m
brane thickness and less@2#. Our interpretation of the atom
specific NMR relaxation data is in broad agreement with M
simulations of flexible surfactant films@8# and lipid mem-
branes@9#. As discussed by Lindahl and Edholm@9#, local
trans-gaucheisomerizations are accompanied by concer
isomerizations about multiple bonds in the assembly of li
acyl chains. The present continuum model approxima
these collective excitations in mathematical closed for
where the influences of cholesterol and the membrane th
ness are described in terms of the bilayer bending ene
Finally, the bilayer softness as studied with NMR relaxati
may be significant to lipid-protein interactions in fluid mem
branes@22#, where elastic curvature deformation may be
important variable.

This research was supported by the U.S. National In
tutes of Health.
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