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Nuclear-spin relaxation induced by shape fluctuations in membrane vesicles
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Nuclear-spin relaxation rates resulting from shape fluctuationsndémellar quasispherical vesiclesre
calculated. We show that in the kHz range these fluctuations yield—in contrast to previous conclusions on
planar membranes — a relaxation rate proportional to the inverse Larmor frequency and provide direct infor-
mation on the bending rigidity of membranes.
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Lipid vesicles represent simple model systems for the NMR relaxometry generally comprises the nuclear-spin-
study of structural and dynamical properties of biomem-relaxation measurements in the frequency range between 10
branes[1]. A crucial parameter determining the shape fluc-and 16 Hz [17,18. This wide dynamic range is covered
tuations and functionality of a closed membrane is the bendeither by combining standard measurements of the spin-
ing elastic energy and the associated modulks |attice relaxation timeT;) in the high-MHz regime with the
Measurements ok have been performed using a variety of field-cycling techniqué17], or by measuring the dependence
methods including video microscog2—4], micropipet[5],  of the transverse spin-relaxation time on the pulse spacing in
and electric-field deformation techniquéé], as well as  ihe carr-Purcell-Meiboom-Gill echo experimetSf) [11].
nuclear magnetic resonan@¢MR) relaxometry[7,8]. A the- Various nuclei, such asH, 2H, 13C, and 3P, have been

oretical basis for the NMR studies was given by Marquseqjsed as NMR probes in lipid membranes. In all cases, the

etal.[9] who calculated_the nl_JcIear-spln r_elaxat|on rate Oluespin-relaxation results from the time-dependent interaction
to out-of-plane fluctuations, i.e., undulations, of a planar . . .
of the probe nucleus with the local electric or magnetic

membrane. They found that the spin-lattice relaxation in-. T : :
duced by planar membrane undulations depends linearly Oﬁl]elds. The relaxation is directly related to the intensity and

the Larmor frequencyTl‘locw‘l, similarly as in thermotro- requency of the thermal motions of the spin-bearing mol-

pic liquid crystals with a layered structuf0]. Although the ecule. Quantitatively, the relaxation rates are determined by

spectrum of collective orientational fluctuations extends ovefjhe s_irer;gth t.Of ge nu;;rl]e?r mte;actlpn ?nd tf)y the sfpfr::tral
a wide dynamic range, the relative contribution of this ensity functions)(w) that are Fourier ransforms of the

mechanism to the total relaxation rate is expected to bforrelatlon functions related to molecular motions. Fast in-

greatest at kHz frequencies where the effects of fast molec ernal and local reorientations of lipid molecules dominate
he relaxation in the MHz regime. These motions only partly

lar motions are negligible. In fact, the linear dispersion be- th iSotropi | in int » b f
havior was experimentally observed in the kHz frequencf‘verage € anisotropic nuciear-spin interactions because o

regime for multilamellar stacks of planar membrar#&g] orlggtatllona_l ort'der Of. th?hmolecu(ljef Itn éheb I'p'? bllaye”r. 'I;_he
and for oligolamellar dispersions of various lipids residual anisotropy 1S then modulated Dy slow collective

[7,8,12,13. Later, however, doubts were raised about the Ca[ipid motions, associated with fluctuations in the shape of the

pability of NMR to determinex in such systems as the in- vesicles. Exactly these latter motions and their contribution

termembrane coupling might limit the free membrane undu—t0 huclear-spin _re_laxatlon will be discussed n this paper.
To get a basic idea about the effect of vesicle fluctuations

lations to the upper MHz regime, where they are hardIyon nuclear-spin relaxation. we adopt a hvdrodvnamical
observable anymorgl4,15. u Spi xation, w p ydrodynami

In this paper, we consider the relaxation of nuclear spin oltfj(_el,h(,jevr?loped FthllnIer qn_d Sa;f:élg] g? the bgsm of
in unilamellar quasispherical vesicleghere the problem of th('e re ds It eory (')It © east!glty 3 P! |ay9r52h ]'. Inl hell
interbilayer interactions does not exist. Thermally excited IS Mode], a vesicle IS considered as a q‘;aS'Sp erical she
fluctuations are restricted only by the finite area and volum' radius Ro with constant volumeV=47Ry/3 and fixed

of the closed bilayer shell. We show that the fluctuation2'€@A- These assumptions are justified as the energy needed

modes characteristic of such vesicles give rise to spin relax0 compress the fluid inside or outside the vesicle or to

ation with a linear dispersion regime extending far into thechange the area per lipid molecule is much larger than the

kHz range. This opens a direct way to determine the bendin§N€rgy needed to bend the bilayer. It is assumed that the
elastic modulus and some other viscoelastic properties ofeSicle is flaccid, i.e., the arduis larger than the area of the
membrane vesicles. The new approach is well suited tgPerical shell with volum¥, and that the difference can be
supplement video microscopy techniques by extending thXPressed in terms of the dimensionless excess Artfat
accessible frequency range of fluctuations. This might b&€Pends on the vesicle preparation and on the temperature,
particularly interesting in view of the conjectured depen-

dence of the bending elastic modulus on the wavelength of )

the elastic deformations6]. A=(4m+A)RG. 1)
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Here again, the small amplitude approximation was used. To
calculate the correlation functions in E&), n, andn,, are
expressed in terms of the membrane displaceniéts(4)]

and in the next step in terms of a superposition of spherical
waves with amplitudes), ,(t). For symmetry reasons the
correlation functions do not depend on the position on the
sphere. Taking into account the orthogonality of spherical
harmonics, we obtaid(w) as a sum of contributions of in-
dividual excitation modes characterized by the nunmber

Imax

J(w)zﬂg,z [(1+1)(21+1)

xRef+w(u|,m(O)u("m(t)>e"“’tdt. (6)

FIG. 1. Schematic presentation of a quasispherical vesicle:
n(6,¢,t) is the local normalR, is the radius of a sphere with The upper limit of summationl,,5, IS determined by the
volumeV, andR includes the time-dependent radial displacement. size of the moleculed,, ..~ 7Ry/a, wherea is the average
distance between neighboring molecules in the lateral direc-
For a quantitative modeling of the fluctuations, the vesicle igion. The lower limit isl=2 since thd =0 andl=1 modes

described by a slightly deformed spherical surface as do not contribute to the relaxation. They represent a uniform
radial displacement and a vesicle translation, respectively.
R(0,¢)=Ro[1+u(0,9)], (2 The correlation function in Eq(6) does not depend om
[19], therefore the summation oven has been performed

where # and ¢ denote the polar and azimuthal angles of the
positional vector on the sphere andé,$) represents the
instantaneous displacement of the vesicle surface from it§i
spherical conformation. It is convenient to expar{d, ¢) in
a series of spherical harmoni¥$ (6, ¢),

directly.

The normal modes involved in Eq6) are overdamped
nce a strong dissipation arises from viscous damping of the
bilayer by the surrounding fluid. In this process, the restoring
force of the membrane is balanced by the viscous resistance

[ of the water. According to Schneidet al. [23] and Milner
U(6,)=>, > U mYim(0:d). (3)  and Safrar{19], the time correlation function of the radial
T m=—I membrane displacements ;,, can be expressed as

The indicesl and m specify the normal modes in spherical (U m(O)UF (D))= (U | De™t7, 7
geometry that are discrete in contrast to the planar case ’ ' '

where the undulations are expressed in terms of plane wavgghere

with a continuous distribution of in-plane wave vectgs.

The displacement of the membrané#, ¢) generates a KeT 1
curvature and consequently a deflection of the local mem- (lupml®= B 5 (8)
brane normal away from its average orientation in the radial K (1+2)(I=1)(°+1+0)

direction(Fig. 1). The unit vectom=(n,,n,,n,), represent-

ing the instantaneous direction of the local membrane norand

mal, corresponds to the well-known director in thermotropic

liquid crystals. If the amplitudes of fluctuations are small and B 7RS (21+1)(21%+21-1)

only the leading terms up to the first order u{o,¢) are = I+ D)1 +2)(I—1)(12+1+0) ©
retained, the components, and n,, of the normal can be

expressed in terms of the radial displacements through  ere 4 is the viscosity of water and denotes an effective

lateral tension related to the excess akedt is interesting to
b= M 6= i M. (4) note that Eq(8), though evaluated for a simple model, does
90 sind  d¢o not change for the more elaborated models of vesicle fluc-
tuations[1]. Taking into account that lateral molecular diffu-

Since the onentgtlona_l fluc_tuat|ons of Fhe normal_gresion is much slower than collective membrane dynamics,
equivalent to collective orientational fluctuations of the lipid J(w) is calculated by inserting Eq&7)—(8) into Eq. (6) and

molecules, their effect on the spin relaxation is described b . . .
the spectral density functidi®,15,21,22 Yntegratlng over the timg24]. This leads tal(w)

I ] . Tt Sy T '2 I(1+1)(21 +1) 27
J(w)—Reﬁx [(ng(0)nG (1)) +(n4(0)n%(1))]e ' 'dt. (0)= 77— 2 2l v ) (Lrwir)
6) (10)
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FIG. 3. Frequency dependence of the spectral density function
J(w) for a quasispherical vesiclesolid line), a freely undulating
planar membrane Witth: nd/qu (dotted ling, and a freely un-
dulating planar membrane witlnqL:47;/qu (dashed ling The
long wavelength cutoff of the planar membrane fluctuationsRg 2
in both cases. Other parameters used in the plot &g:
=500 nm, x=4%x102J, 5=6.5x10* Ns/n?, ¢=0, d
=4 nm, andT=313 K.

J(®) [ps]

o [Hz] Nevertheless, it is interesting to compare flf®) disper-
sion profiles calculated founilamellar vesicleswith those

FIG. 2. Frequency dependence of the spectral density functioghtained for planar fluctuations with a given long wave-
J(w): (a) for three different radiiR, of the vesicle andk=4 length cutoﬁ)\|=27-r/qil. For simplicity,\, was set equal to

x1072° J: (b) for three different values of the bending elastic the di £ th icle. Th . . dqi
modulusk andRy=500 nm. Other parameters used in the plot are: e lameter of the vesicle. 1Neé comparison 1S p_resent_e n
7=6.5x10"4 Ns/n?, o=0, andT=313 K. Fig. 3. The two curves, referring to planar fluctuations, differ

in the dispersion relation for the mode relaxation timﬁe.

In Fig. 2, the frequency dependence of the spectral derFirst, J(w) was calculated forqu= nd/qu, whered de-

sity function, given by Eq(10), is depicted for different notes the thickness of the membrane. Such a dependence of
vesicle sizes(upper panel and for different values of« 7q, ONd, is characteristic of thermotropic liquid crystals,

(lower pane). One sees thal(w)—and consequently the but has also been used for bilayer membrd®ekl,14. The

nuclear spin relaxation rates—depend linearlywon' over a resultingd() turns out to be frequency indepen’deéﬁjla-

wide frequency range. Notably, within this linear dispersionteau,, valug in the whole kHz rangédotted ling. Second

regime, the magnitude af( ) is independent of the size of J(w) was calculated using, —4ylkq? , that haé been dé-
. ,

the vesicleR,, the effective lateral tensiom, and the viscos- o L .
ity of the surrounding mediury, leaving the bending elastic rived by taking into account the hydrodynamic interaction of

modulusk as the only relevant parameter. On the other handiN€ Pilayer membrane with the surrounding medi28,26.
R, o, 7, and x determine the frequency at which o) With this dispersion relation]( ) levels off at a cutoff fre-

levels off to assume a constant “plateau” value independenflu€ncy that is at least two orders of magnitgde smaII.er than
of w. Our results show that for vesicles with a radRs= in the first casddashed ling Notably, in the linear regime,
~0.4 um, the linear dispersion extends down @ the spectral density function for planar fluctuations, derived

~10* Hz regardless of the small variations in viscosity andith 7q, =47/kq? , assumes the simple form
lateral tension that might occur in practice.

A linear dependence al(w) was predicted earlier for J(w):kB_T (11)
relaxation due to undulations of a free planar membi&nhe 6rkw’
It was also pointed out that in this ca3éw) only depends
on the bending elastic modulus In reality, however, it is  which is identical with that obtained for quasispherical fluc-
difficult to estimate the conditions under which free mem-tuations in the same frequency rangelid line).
brane undulations occur in a multilamellar stack, since this Finally, it should be noted that the kHz frequency range of
requires knowledge of the compression modWysvhich is  calculatedJ(w) is well accessible by present NMR tech-
extremely scarce. According to a previous conjectiBe, niques. The method of detergent dialysis enables preparation
might be large enough to restrict the linear dispersion regimef unilamellar vesicle dispersions with a narrow distribution
of J(w) to MHz frequencieq14]. Evidently, unilamellar  of vesicle size$27]. The proportionality coefficient between
vesiclesrepresent better-defined model systems, since ththe measured relaxation rate ah@dv) can exactly be deter-
low cutoff frequency depends entirely on the relaxationmined by measuring simultaneously the relaxation rate and

time of the slowest mode as long as the magnetic dampinthe splitting of the NMR spectrui28]. This coefficient de-
is negligible. pends also on the position of the probe nucleus in the
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vesicle, a procedure has been developed to extract separatebgime, wherex is the only adjustable parameter. This could

the relaxation rate for particular orientatiof@9]. In prin-  be relevant to studies of the modulation of the membrane
ciple, one might expect that lateral translational diffusion ofrigidity by different membrane constituents, such as choles-
lipid molecules could average the relaxation rates of differenterol or proteins. In addition, the new technique could pro-
parts of the vesicle. In reality, however, the diffusion with ayide the experimental basis for a crucial test of molecular-
coefficient of D~5x10"** m?s is too slow for such an gynamics simulations of bilayer membranes in the
effect in vesicles larger than a few hundred nanometergyesoscopic rangk82]. Finally, we showed that even in pla-

[30,31. It is also too slow to contribute significantly to the 5 membranes, NMR relaxometry might give a notion on
relaxation process in the kHz ranf7]. For the same rea- e gispersion relation for the mode relaxation time, since it

son, contributions from Brownian motion of the vesicle as adrastically affects the low-frequency cutoff of the spectral
whole can be neglected. (iiensity function
¢ .

On the basis of the above arguments we can be reasonab
sure to predict that the nuclear-spin-relaxation rates fromWe thank Dr. D. Frezzat@University of Freiburg for help-
unilamellar quasispherical vesiclesre governed by shape ful discussions and advice. Financial support by the Deut-
fluctuations for at least a few frequency decades in the kHache Forschungsgemeinsch&BFB 428; D2 and by the
range. Values for the bending elastic modulus of the memMinistry of Science and Technology of Slovenia is grate-
brane might easily be extracted from the linear dispersioriully acknowledged.
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