
Anomalous Diffusion in a Gel-Fluid Lipid Environment: A Combined
Solid-State NMR and Obstructed Random-Walk Perspective
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ABSTRACT Lateral diffusion is an essential process for the functioning of biological membranes. Solid-state nuclear magnetic
resonance (NMR) is, a priori, a well-suited technique to study lateral diffusion within a heterogeneous environment such as the
cell membrane. Moreover, restriction of lateral motions by lateral heterogeneities can be used as a means to characterize their
geometry. The goal of this work is to understand the advantages and limitations of solid-state NMR exchange experiments in
the study of obstructed lateral diffusion in model membranes. For this purpose, simulations of lateral diffusion on a sphere with
varying numbers and sizes of immobile obstacles and different percolation properties were performed. From the results of these
simulations, two-dimensional 31P NMR exchange maps and time-dependent autocorrelation functions were calculated. The
results indicate that the technique is highly sensitive to percolation properties, total obstacle area, and, within certain limits,
obstacle size. A practical example is shown, namely the study of the well-characterized DMPC-DSPC binary mixture. The
comparison of experimental and simulated results yielded obstacle sizes in the range of hundreds of nanometers, therefore
bridging the gap between previously published NMR and fluorescence recovery after photobleaching results. The method could
also be applied to the study of membrane protein lateral diffusion in model membranes.

INTRODUCTION

Since the initial paradigm of the fluid mosaic model (Singer

and Nicolson, 1972), our view of cellular membranes has

considerably evolved. Techniques such as fluorescence

recovery after photobleaching (FRAP) or more recently

single-particle tracking have shown that membrane constit-

uents and especially proteins diffuse laterally in complex

ways. Proteins and lipids cannot only be confined to

particular small lateral domains but can also undergo

directed diffusion (Jacobson et al., 1995). These complex

motions are induced by protein-protein interactions, protein-

lipid interactions, or contacts with the actin-based membrane

skeleton or the extracellular matrix (Fujiwara et al., 2002). In

certain cases, the diffusion process may be altered by the

presence of lateral heterogeneities, a subject of considerable

studies and controversy (Edidin, 2003; London, 2002). The

initial model in which lipids and proteins could freely diffuse

has changed toward a ‘‘dynamic, yet structured’’ cell

membrane model (Vereb et al., 2003).

Lateral diffusion in such a heterogeneous environment has

been described as ‘‘lateral diffusion in an archipelago’’ and

extensively studied theoretically by Saxton (1982; 1989).

Model systems of this type have also been studied

experimentally, initially by fluorescence methods (Eisinger

et al., 1986; Vaz and Almeida, 1991; Vaz et al., 1985, 1989)

and more recently by combining FRAP and atomic force

microscopy (AFM) (Ratto and Longo, 2002). These studies

clearly demonstrate the strong interrelationship between the

heterogeneous structure of the membrane and the complex

motions in such an environment. In fact, these studies either

aim at understanding the structure of the model membrane

from lateral diffusion measurements or at characterizing and

predicting the motions within a given heterogeneous en-

vironment.

Solid-state nuclear magnetic resonance (NMR) is a power-

ful nonperturbing technique which can be used to study

motions within soft and highly disordered materials such as

biological membranes or polymers (Schmidt-Rohr and

Spiess, 1994). In particular, two-dimensional exchange

NMR is a well-established technique to study slow motions

(Schmidt-Rohr and Spiess, 1994). More specifically, Fenske

and Jarrell proposed the 31P NMR exchange experiment

to study lateral diffusion in lipid membranes (Fenske and

Jarrell, 1991) and this technique was further used to study the

effect of a membrane protein on lipid lateral diffusion (Picard

et al., 1998). In these experiments, two-dimensional maps

are obtained which correlate the orientations of a molecule at

the beginning and at the end of an exchange time (texch). In
contrast to FRAP, the most widely used technique to

measure lateral diffusion, two-dimensional exchange experi-

ments provide a geometrical description of the reorientation

process (Favre et al., 1998; Spiess, 1991). In addition, these

experiments allow the calculation of time-dependent auto-

correlation functions which are analogous to fluorescence

recovery curves obtained by FRAP and complementary to

the geometrical information obtained from the two-di-

mensional maps. To our knowledge, obstruction to lateral

diffusion has only once been studied by NMR exchange

experiments (Dolainsky et al., 1997). In this work, the

authors solved the spherical diffusion equation with a special
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boundary condition that models the presence of a single

domain on a sphere. However, the effect of varying sizes and

number of domains cannot be addressed by this approach,

and a model in which various domains hinder diffusion is

necessary.

The goal of the present study is to understand the

possibilities, advantages, and limitations of solid-state NMR

exchange experiments in the study of complex lateral motions

in biological membranes and, in particular, to examine the

effect of domain sizes and percolation. For this purpose, lipid

lateral diffusion on a heterogeneous curved surface was

simulated by random walks on a sphere. The effect of

membrane heterogeneities was recreated by placing on the

sphere obstacles to the random walk process with various

sizes and yielding ensembles with different percolation

properties. From the results of these simulations, two-

dimensional correlation maps were generated and the dif-

fusion process characterized by calculating time-dependent

orientation autocorrelation functions. A practical example

is given using awell-known binary lipidmixture composed of

dimyristoylphosphatidylcholine (DMPC) and distearoyl-

phosphatidylcholine (DSPC). This model system was chosen

since it has been extensively characterized. More specifically,

the temperature composition phase diagram is established

(Foster and Yguerabide, 1979; Knoll et al., 1981; Shimshick

andMcConnell, 1973) and the sizes and shapes of the domains

have beenmeasured by various experimental techniques such

as electron spin resonance (Sankaram et al., 1992), neutron

diffraction (Gliss et al., 1998), and more recently visualized

by two-photon fluorescence microscopy (Bagatolli and

Gratton, 2000) and AFM (Giocondi et al., 2001; Leidy et al.,

2002). Additionally, this system has been modeled theoret-

ically using diverse approaches (Jørgensen and Mouritsen,

1995; Michonova-Alexova and Sugár, 2001; Smorodin and

Melo, 2001). Since NMR is sensitive to reorientations with

respect to a fixed magnetic field, a precise knowledge of

the vesicle radius is necessary to relate rotational and lateral

diffusion. For this reason, the studied model membrane is

composed of an equimolar DMPC-DSPC bilayer adsorbed on

silica beads with a defined radius. Before the 31P NMR

experiments, the gel-fluid proportions will be determined

by 2H NMR.

THEORY

Random walks on a sphere in the presence
of obstacles

Lipid lateral diffusion within the spherical-supported bilayers

was simulated by a series of random walks on a sphere

according to a modified version of the algorithm described by

Dolainsky et al. (1993; 1995) for the case of unrestricted

diffusion. To account for the presence of gel domains acting

as obstacles, circular domains were placed on the sphere. To

place the centers of the domains isotropically on the sphere,

a problem equivalent to the Thomson problem (see, for

example, Altschuler et al., 1997, and references therein), we

used the REPULSION algorithm developed by Bak and

Nielsen (1997). The radius of the obstacles was calculated to

yield a total obstacle area that accounts for the number of

lipids in the gel phase as determined by 2H NMR. This radius

can be calculated according to

Rdom ¼ R 3 cos
�1ð1� 2c=ndomÞ; (1)

where Rdom is the obstacle radius, R is the sphere radius, c is
the gel area fraction, and ndom is the number of obstacles.

The lipids followed during the simulation were then

randomly placed on the remaining surface of the sphere.

Each of these lipids were then subjected to a series of random

jumps with a step angle d related to the free lateral diffusion

coefficient according to Dolainsky et al. (1993),

d ¼ ð4D0DtÞ1=2=R; (2)

where D0 is the free lateral diffusion coefficient, Dt is the

dwell time, and R is the radius of the beads. The polar and

azimuthal angles defining the orientation of the lipid after the

step (u2,f2) (see Fig. 1) are related to the ones before the step

(u1,f1) (Brannan et al., 1998), by

u2 ¼ cos
�1ðcos u1 cos d1 sin u1 sin d cosaÞ; (3)

f2 ¼ f1

1 cos
�1ðcos d� cos u1cos u2Þ=sin u1sin u2
a 2 ½0;p½

�cos
�1ðcos d� cos u1 cos u2Þ=sin u1 sin u2

a 2 ½p; 2p½
;

8>><
>>:

(4)

FIGURE 1 Angles used in the random-walk-on-a-sphere calculations.
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where a is a random angle between 0 and 2p. Due to the

rapid rotation of the lipid molecules around an axis

perpendicular to the bilayer surface, the polar angle can be

used as a measure of the relative orientation of the 31P

chemical shift anisotropy (CSA) tensor with respect to the

magnetic field and will therefore be used to calculate the

spectra. The program keeps track of the position of the lipids

at each step and if the jump moves the lipid into an obstacle,

then d ¼ 0, leaving the lipid unmoved until the next step.

Lateral diffusion on a sphere versus lateral
diffusion in a plane

The effect of obstacles on lateral diffusion is often evaluated

by plotting the mean-square displacement (MSD) as a

function of time (Saxton and Jacobson, 1997). In a plane,

and in the case of unobstructed diffusion, the MSD increases

linearly with time according to

Ær2æ ¼ 4D0t; (5)

where r is the distance between the initial and the final

position at time t of the diffusing particle and D is the lateral

diffusion coefficient. The presence of obstacles will have the

effect of reducing the lateral diffusion coefficient and

the motion is defined as hindered diffusion. Eventually, the

MSD might become proportional to ta and the motion is

defined as anomalous diffusion (anomalous subdiffusion if

a , 1) (Saxton and Jacobson, 1997).

In the case of lateral diffusion on a sphere, the distance

traveled by a diffusing probe is limited and the MSD deviates

from linearity at long diffusion times. The diffusive motion

on a sphere can therefore be more conveniently quantified in

terms of time-dependent orientational autocorrelation func-

tions (Schmidt-Rohr and Spiess, 1994),

CLðtÞ ¼ ÆPLðcosuð0ÞPLðcosuðtÞÞæð2L1 1Þ; (6)

where L denotes the order of the Legendre polynomials,

PL(cosu), and u(t) is the angle between a defined axis of the

diffusing particle and an external fixed direction. In 31P

NMR spectra of lipids, the resonance frequency behaves as

a second-order Legendre polynomial and one can introduce

the second-order time-dependent autocorrelation function

C2ðtÞ ¼ Ævð0ÞvðtÞæ=Æv2ð0Þæ; (7)

with v(t) the resonance frequency at time t. This quantity can
be extracted from the experimental two-dimensional corre-

lation maps according to Schmidt-Rohr and Spiess (1994),

C2ðtexchÞ ¼ 5=d
2

ZZ
dv1dv2Sðv1; v2; texchÞv1v2: (8)

Here, S(v1, v2; texch) is the two-dimensional correlation map

obtained when the lipids are allowed to diffuse during a time

interval equal to texch. It is important to note that C2(texch) can
be directly calculated from the polar angles obtained in the

random walk simulations.

In the case of pure rotational diffusion (characterized by

a single correlation time td), C2(texch) will decrease expo-

nentially according to Picard et al. (1998),

C2ðtexchÞ ¼ expð�texch=tdÞ: (9)

The rotational correlation time td is related to the lateral

diffusion coefficient and the vesicle radius by

td ¼ R
2
=6D0: (10)

2H NMR second spectral moment analysis

When two different lipid phases are present simultaneously,

such as the gel and fluid phases, their relative amounts can be

determined by a spectral moment analysis of 2H NMR

spectra (Davis, 1979; Jarrell et al., 1981). Within the gel and

fluid coexistence region, and assuming that the gel and fluid

phases are in slow exchange on the 2H NMR timescale, the

spectrum is a superposition of the gel and fluid state spectra.

The total nth spectral moment of a spectrum with lineshape

g(v�v0) defined by Abragam (1961) as

Mn ¼
Z 1N

�N
ðv�v0Þngðv� v0Þdv=

Z 1N

�N
gðv� v0Þdv

(11)

will then be equal to

Mn ¼ fM
fluid

n 1 ð1� f ÞMgel

n ; (12)

where Mn is the total spectral moment, f and Mfluid
n are the

lipid fluid fraction and spectral moment, respectively, and

Mgel
n is the spectral moment of the lipid gel fraction. In

principle, all the spectral moments can be used; however,

higher moments become less reliable when the signal/noise

ratio becomes poor. In our case, the second spectral moment

(n¼ 2) was used since it appeared to be more sensitive to the

presence of lipids in the gel phase than the first spectral

moment.

MATERIALS AND METHODS

Materials

1,2-dimyristoyl-sn-glycero-phosphocholine (DMPC), 1,2-di-d27-myristoyl-

sn-glycero-phosphocholine (DMPCd54), 1,2-distearoyl-sn-glycero-phospho-

choline (DSPC), and 1,2-di-d35-stearoyl-sn-glycero-phosphocholine

(DSPCd70) were obtained from Avanti Polar Lipids (Alabaster, AL) and

used without further purification. The uniform silica beads with a defined
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radius of 320 nm (standard deviation ,10%) were purchased from Bangs

Laboratories (Fisher, IN) and lyophilized before use.

Sample preparation

In a first step, the two lipids were dissolved in chloroform and the solvent

evaporated under vacuum overnight. Twice the amount of lipids required to

cover the beads with a lipid bilayer was weighted. The dry mixture of lipids

was then rehydrated in Millipore water and the samples containing 2% by

weight of lipids were heated above the gel-to-fluid phase transition

temperature of the high melting component and frozen in liquid nitrogen.

This freeze-thaw process was repeated five times to obtain multilamellar

vesicles. Small unilamellar vesicles were prepared by sonicating the

multilamellar vesicles with a rod sonicator (Heat System-Ultrasonics,

Plainview, NY) until the dispersion was optically clear (10–15 min using

200-W output power in pulse mode with 60% duty cycle). During the

sonication process, the temperature of the sample was kept at 60�C using an

external bath. The small unilamellar vesicles were then poured onto uniform

hydrophilic silica beads at room temperature and heavily vortexed for at

least 2 min. The sample was then kept above the high melting component

transition temperature for 24 h and vortexed for 1 min every 2 h except

overnight. Finally, the excess lipid was eliminated by centrifuging the

sample for 1 min, discarding the supernatant, rehydrating and vortexing the

sample five times. No water was added the last time. The sample was then

placed into a 7-mm Bruker MAS rotor and sealed with parafilm.

NMR experiments

The NMR experiments were performed on a Bruker ASX-300 spectrometer

(Bruker Biospin, Milton, ON) operating at frequencies of 121.5 MHz for 31P

and 46.2 MHz for 2H. One-dimensional 2H NMR spectra were recorded

using a phase-cycled quadrupolar echo pulse sequence (Davis et al., 1976)

with a 7-mm MAS double-resonance Bruker probehead. The 2H 90� pulse
length was 4.5 ms and 2048 complex points were acquired with a dwell time

of 2 ms and an interpulse delay of 60 ms. The recycle delay was 500 ms and

up to 16,000 scans were collected. All 2H NMR spectra were symmetrized

before the moment analysis.

The two-dimensional 31P exchange spectra were acquired with

a homebuilt static probehead with a 7-mm coil and using the NOESY pulse

sequence with TPPI to give quadrature detection in both dimensions (Ernst

et al., 1990). High-power continuous wave 1H decoupling was applied

during the evolution and detection periods, with a radiofrequency amplitude

of 50 kHz. The 31P 90� pulse length was 4.5 ms. The data sets contained 512
points in the F2 dimension, recorded with a dwell time of 20 ms, and 64

points in the F1 dimension, zero-filled to 512. 1024 scans were recorded for

each serial file with a recycle delay of 2 s. The 31P NMR chemical shifts were

referenced relative to external H3PO4 85% (0 ppm) and the temperature was

calibrated and fixed with a precision of 60.1�C for both the 31P and the 2H

NMR experiments.

Numerical simulations

The random walk on a sphere simulations were written in C11 following

the algorithm described in Theory, above. Knowing the initial and final polar

and azimuthal angles of the lipids, two-dimensional exchange spectra and

their corresponding autocorrelation functions were calculated. The whole

ensemble was reoriented in all possible directions to eliminate the effect of

the initial obstacle orientation and simulations with various initial

orientations were performed to verify that our results were independent of

the latter. The final spectra and autocorrelation functions, also calculated in

C11, were obtained by summing 540 ensemble orientations. Simulations

which recorded the reorientation of different numbers of mobile molecules

were performed, and thus, the minimum number of lipids to correctly

simulate the obstructed motion determined. Although the simulated spectra

and autocorrelation functions appeared to be unchanged above the 2500

molecules followed, the simulations recorded the diffusive motion of 10,000

lipids. The step duration was fixed to 5 3 10�2 ms which corresponds to

a step length of 9 Å, close to the in-plane intermolecule distance in a lipid gel

phase. All the calculations were performed on a personal computer using the

C11 pseudo-random number generator and a complete series of random

walks for a given ensemble could be calculated in ;2 h.

MATLAB was used to visualize both the simulated and experimental

spectra. The experimental time-dependent autocorrelation functions were

extracted from the experimental exchange spectra according to the method

described by Picard et al. (1998) and references therein, and fitted with

SigmaPlot.

RESULTS

Determination of anomalous lipid lateral diffusion
by two-dimensional 31P NMR

Simulated 31P NMR two-dimensional exchange maps

In the presence of lipid diffusion, two-dimensional exchange

experiments yield exchange maps with spectral intensity on

the diagonal and increasing off-diagonal intensity as the

diffusion process takes place. We have simulated the effect

of different parameters on the two-dimensional exchange

maps. Two cases were considered, namely the presence of

gel obstacles in a fluid matrix and fluid disconnected

discoidal fractions in an immobilized matrix. In Fig. 2 A
are plotted simulated exchange maps in the presence of point

obstacles for three different gel-fluid proportions. The

FIGURE 2 Two-dimensional correlation maps after a 12-ms exchange

time for (A) different concentrations of point obstacles, (B) different obstacle

radii (total obstacle area fraction¼ 0.5), and (C) different fluid domains radii

(total obstacle area fraction ¼ 0.5), D0 ¼ 4 3 10�12 m2 s�1.
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concentration of obstacles appears to have a dramatic effect

on the correlation maps. A concentration of only 30% of

obstacles is sufficient to change the practically complete

exchange map obtained for unobstructed diffusion after 12

ms to one where a majority of the intensity remains on the

diagonal. When 60% of the surface is covered with

obstacles, practically no exchange is observed, and the lipids

appear as nearly immobile on the time- and lengthscales

probed. It is interesting to note, however, that some exchange

can still be detected.

The effect of the size of the gel obstacles on the exchange

maps is shown in Fig. 2 B at a total immobile concentration

of 0.5. The presence of large obstacles has a small but

perceptible effect on the exchange correlation maps as can be

seen from the comparison with the unobstructed case (Fig. 2

A I). Although differences in the horizontal and vertical

ridges (corresponding to the 90� orientation of the lipids) are
difficult to distinguish, a higher intensity can be found on the

diagonal in the presence of large immobile domains. Only

slight changes occur when the size of the obstacle radius is

reduced to;100 nm. Below this value, the greatest variation

occurs on the diagonal where the intensity increases with

decreasing obstacle radius. The differences on the exchange

maps are subtle and for this particular case, the effect of the

size of obstacles will be better quantified by the autocorre-

lation functions which are described in the next section.

Fig. 2 C presents correlation maps for the case of a mobile

discoidal fraction disconnected by an immobile matrix. This

case is of particular interest even at low obstacle areas since as

little as 20% of gel phase has been shown by FRAP to

disconnect the fluid phase (Vaz et al., 1989). The spectra were

obtained for a constant obstacle area fraction of 0.5, but for

varying numbers (and therefore sizes) of fluid domains. For

this topology, the most important effect is observed when the

diameter of the fluid domain becomes smaller than pR/2. If
this is the case, the maximum reorientation angle is smaller

than p/2, which for symmetry reasons is the maximum

reorientation angle observable by 31PNMR, and can therefore

be deduced from the spectrum. It should be noted that

although the maximum reorientation angle is readily observ-

able from the spectra, this angle becomes more difficult to

determine as it decreases and the spectra become similar to the

ones obtained for an immobile population (see, for example,

the spectra with fluid domain radii of 80 nm, Fig. 2 C III).

Autocorrelation functions

To further characterize the average reorientation due to

diffusion on a curved surface, second-order time-dependent

autocorrelation functions (C2(texch)) can be extracted from

the two-dimensional spectra. Three different parameters

need to be considered to explain the behavior of these

autocorrelation functions: the total gel area, the number and

size of the domains and the percolation properties of the

system. The effect of these parameters on lateral diffusion

was studied by considering three series of models. The first

series was composed of systems in which the total number of

obstacles was fixed and the total immobile area varied, thus

probing the effect of the total obstacle area. The effect of the

number and sizes of the domains was examined by con-

sidering models composed of a fixed total gel area and vary-

ing the number of domains. Two distinct situations can be

considered for the latter case: lipids diffusing in a fluid

matrix in which immobile obstacles are placed or lipids

diffusing within domains confined by an immobile matrix.

The differences in diffusion within these two topologically

different systems illustrate the effect of percolation.

Effect of the total gel area. The natural logarithms of the

autocorrelation functions as a function of exchange time for

a system composed of 32 domains and total obstacle areas

ranging from 0 to 90% are shown in Fig. 3 A. It can be

observed that the slope of the autocorrelation functions is

reduced as the total gel area increases, revealing a more

restricted diffusion. The effect of increasing the obstacle sizes

is not monotonous: for example, changing the gel area

fraction from 0.8 to 0.9 reduces the loss of correlation much

more than from 0.5 to 0.6. As in the case of the two-

dimensional maps, the effect of the obstacles becomes more

important at longer mixing times. Interestingly, the autocor-

relation functions give no indication of confined diffusion

after 12ms. In the considered timewindow (texch#12ms), the

autocorrelation functions can be reasonably approximated

FIGURE 3 Evolution of autocorrelation

functions with exchange time for (A) 32

discoidal domains and different total obstacle

areas, (B) different numbers of discoidal

immobile domains and a constant obstacle area

fraction of 0.5, and (C) different numbers of

fluid discoidal areas with a constant obstacle

area fraction of 0.5.
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by an exponential decay to yield an effective diffusion

coefficient Deff. To quantify the deviation from the un-

obstructed case, a relative diffusion coefficientDrel¼Deff/D0

can be introduced. The evolution of this relative diffusion

coefficientwith gel area and for different numbers of discoidal

obstacles is plotted in Fig. 4 A. As seen in this plot, below

a total gel area of 0.7, Drel decreases almost linearly as

predicted by computer simulations in a plane (Saxton, 1987;

Schram et al., 1994). It is worth noting that the ability to slow

down diffusion (reduction of Drel) increases as the obstacles

become smaller. Above an immobile area fraction of 0.7,Drel

decreases drastically. This abrupt change of behavior can be

related to the percolation properties of the system which will

be described in a following section.

Effect of the number and size of domains. A given total gel

area can be composed of different numbers of obstacles with

sizes that decrease as the number of obstacles increases. The

effect of the number (and therefore size for a constant total

gel area) of the domains on the autocorrelation functions is

shown in Fig. 3 B. As predicted by Eisinger et al. (1986) and
Saxton (1989) from Monte Carlo calculations and observed

experimentally by Ratto and Longo (2002) using FRAP,

lateral diffusion is reduced as the number of obstacles

increases. The decay of the autocorrelation can again be

reasonably fitted by an exponential decay to obtain Deff and

subsequently calculate Drel. The effect of the obstacle size on

Drel is shown in Fig. 4 B for three different total obstacle

areas. As the radii of the domains are reduced, Drel slowly

decreases initially until a radius of;100 nm. Below 100 nm,

the lateral diffusion is reduced drastically with decreasing

domain radius. These results are in excellent agreement with

the FRAP results of Ratto and Longo (2002) obtained on a

planar surface of a similar lipid system. In addition, Fig. 4 B
shows that the ability to obstruct diffusion increases with

total immobile area.

Percolation properties. The first simulated system is

composed of disks uniformly placed on a sphere. For this

particular system, the percolation concentration is not defined

in the standard way but as equal to the obstacle area fraction

belowwhich the interdomain distance is longer than twice the

radius of the obstacles. As a consequence, the obstacles do not

overlap. Above this concentration, the interdomain distance

becomes shorter than twice the domain radius, the obstacles

merge, the fluid area becomes disconnected, and the effective

lateral diffusion coefficient is greatly reduced. According to

this definition, disks have been shown to percolate at an area

fraction of 0.82 in a plane (Berryman, 1983) and, for a large

number of obstacles, between 0.866 and 0.874 on a sphere

(Schreiner and Kratky, 1982). Our results are in good

agreement with this latter result.

The definition given above describes a change in the

percolation properties of a fluid matrix in which discoidal

obstacles are placed and explains the drop in Drel in Fig. 4 A
when the total obstacle area is .0.7. A symmetrical system

composed of fluid disks in a gel matrix can be constructed.

The evolution of the autocorrelation functions with exchange

time in such a case is plotted in Fig. 3 C. These results

indicate that the effect of domain size is even more drastic

than for the connected fluid and the behavior of the

autocorrelation functions can no longer be approximated

by a single exponential decay. As intuitively expected, the

diffusion appears to be more restricted as the domain radius

decreases (increasing number of domains). For a fluid

domain diameter of 380 nm (six domains with a total im-

mobile area fraction of 0.5), the confinement of the motion

can already be detected after 6 ms since the autocorrelation

function becomes constant.

Determination of experimental fluid and gel lipid
fractions by 2H NMR

2H NMR spectra

As shown in the previous section, the ability to hinder

diffusion strongly depends on total obstacle area fraction.

Experimentally, this parameter can be determined by 2H

NMR. Spectra of the binary mixtures DMPCd54-DSPC and

DMPC-DSPCd70 adsorbed on silica beads at different

temperatures are shown in Fig. 5. These spectra are similar

to those obtained for multilamellar vesicles made of lipids

with deuterated acyl chains (Davis, 1983). However, they

differ in two aspects: a broadening of the lines and the

presence of an isotropic peak. The broadening of the lines,

leaving all the methylene groups unresolved except for the

terminal methylene groups at certain temperatures, has been

attributed to an increase in the transverse relaxation rate,

possibly due to lateral diffusion of the lipids along a surface

with a higher curvature (Bayerl and Bloom, 1990). The

presence of the isotropic peak can be explained by the

presence of regions with high curvature such as ripples

which would be due to a mismatch between the bilayer and

the bead surface (Bayerl and Bloom, 1990). It should be

noted that this isotropic feature appeared for both systems

FIGURE 4 Evolution of Drel as a function of (A) total immobile fraction

for different numbers of domains and (B) as a function of domain radius for

different immobile fractions.
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(with deuterated DMPC or with deuterated DSPC), therefore

indicating that there is no preferential localization of DMPC

or DSPC in these high curvature regions.

By carefully examining the 2H NMR results, the biphasic

region can be identified. Above 45�C, both the spectra

obtained with DMPCd54-DSPC and DMPC-DSPCd70 are

characteristic of a pure liquid-crystalline phase. In the two

cases, the CD2 groups close to the headgroup region yield

resonances with quadrupolar splittings of ;23 kHz. It is

interesting to note that although the 90� edges of the spectra
have a reduced intensity compared to spectra obtained with

multilamellar vesicles, this effect is less important in the

case of the mixture containing DSPCd70. Below 17.5�C,
the spectra are characteristic of a gel phase, with broad

unresolved shoulders up to 120 kHz. Between these two

temperatures, the spectra are a superposition of two sub-

spectra with characteristics that can be attributed to fluid and

gel phases. The solidus line, where the first fluid lipids

appear, can be more easily identified by observing the

spectra obtained with the low melting deuterated lipid

DMPCd54 and conversely, the liquidus line, where the last

gel lipids disappear, by observing the behavior of the high

melting component DSPCd70. Interestingly, the quadrupolar

splittings of the fluid and gel subspectra in the biphasic

region remain almost constant as a function of temperature.

This indicates that the assumption that the spectral moments

of each of the subphases remain constant in the biphasic

region (implicit in Eq. 12) is a good approximation.

Second spectral moment analysis

The visual examination of the spectra presented in Fig. 5

only allows a qualitative description of the system and a more

quantitative analysis can be done by studying the spectral

moments. Whereas previous studies of this system by 2H

NMR were based on difference spectroscopy (Morrow et al.,

1991; Sankaram and Thompson, 1992), which requires the

acquisition of spectra at different molar ratios, we used

a simple study of the second spectral moment which only

requires one sample. The evolutions of the 2H second

spectral moments of the DMPCd54-DSPC and DMPC-

DSPCd70 systems as a function of temperature are plotted

in Fig. 6. It can first be observed that both second spectral

moments undergo a drastic increase when going from the

fluid to the gel phase in the biphasic region (indicated by

the dotted lines). The DSPCd70 spectral moment abruptly

increases when entering the gel-fluid coexistence region

(,45�C) and continues to increase with approximately the

same trend down to 22�C, although with a slight decrease

of the slope as the temperature is reduced. In contrast, the

DMPCd54 second spectral moment slowly increases down to

27�C where the slope suddenly changes to a larger value that

stays almost constant until the end of the biphasic region

(17.5�C). From these results it can be determined that the gel

phase at high temperatures is mainly composed of DSPC and

that there is a change of slope in the solidus line as the

temperature is decreased. This change of slope indicates that

FIGURE 6 2H NMR total second spectral moments (M2) of DMPCd54-

DSPC and DMPC-DSPCd70 spherical-supported single bilayers as a function

of temperature.

FIGURE 5 2H NMR spectra of (A) DMPCd54-DSPC and (B) DMPC-

DSPCd70 at different temperatures.
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the enrichment in DMPC of the gel phase is strongly

increased, which is equivalent to a more ‘‘horizontal’’

solidus line. These results are in good qualitative agreement

with phase diagrams determined by electron spin resonance

(Shimshick and McConnell, 1973), small angle neutron

scattering (Knoll et al., 1981), Monte Carlo simulations

(Jørgensen and Mouritsen, 1995), and a combination of

differential scanning calorimetry (DSC) and Monte Carlo

simulations (Sugar et al., 1999). The temperatures between

which the two lipid phases coexist, 17.5�C and 45�C, are in
good agreement with the starting and ending temperatures

(45 and 16.5�C) of DSC isotherms determined by Brumm

et al. (1996) for spherical-supported single bilayers. It should

be noted that the coexistence regions differ in the DMPCd54-

DSPC system (17.5�C to 40�C) and in the DMPC-DSPCd70

system (22�C to 45�C), as was already noted by Sankaram

and Thompson (1992).

From the global spectral moments, the gel and fluid

fractions of DMPC and DSPC can be determined (Eq. 12)

and the results are shown in Table 1. From these results, the

total gel and fluid lipid areas can be calculated using values

of 48 and 52 Å2 for the gel phase areas of DMPC and DSPC

molecules, respectively (Dolainsky et al., 1995), and 65 Å2

for the fluid phase area of both DMPC and DSPC (Petrache

et al., 2000). Relative gel areas can be calculated from the

DMPC-DSPC phase diagram; however, certain corrections

need to be applied to account for the effect of reducing the

curvature radius of the bilayer with respect to multilamellar

vesicles. As described by Brumm et al. (1996), this reduction

results in a lowering of the solidus and liquidus points with
a greater shift in the solidus point. Dolainsky et al. (1995)

calculated the relative gel areas for an analogous system to

the one studied in the present work taking into account the

high curvature effect. The relative gel areas determined for

our system are systematically lower by ;30% as compared

to the ones reported by these authors. This could be

attributed to 1), the deuteration of the lipid acyl chains,

which is known to lower the gel-fluid transition temperatures

(Wang and Chen, 1993) and thus, leads to an underestima-

tion of the gel-fluid proportions at a given temperature and

2), the fact that the fluid and the gel second spectral moments

were assumed to remain constant in the coexistence region.

This assumption might loose its validity as the domains

become smaller, since their mobility might increase and

exchange of lipids between the fluid and the gel phases might

take place.

Experimental determination of lateral diffusion
by 31P NMR

One-dimensional spectrum

In a first step toward the characterization and simulation of

the exchange spectra, the one-dimensional spectrum of the

single DMPC-DSPC spherical-supported bilayer was re-

corded and simulated. This spectrum at 30�C, together with
the simulated spectrum, corresponding to a spherical

distribution of lipids with a CSA Ds ¼ 36 ppm (Ds ¼
sII�siso) and Gaussian line broadening of 150 Hz, is shown

in Fig. 7. The lineshape reflects the distribution of all

possible orientations of an axially symmetric averaged CSA

tensor with respect to the magnetic field (Seelig, 1978).

There are some differences between the spectra of multi-

lamellar vesicles and the spectra obtained for the single

bilayer on silica beads. In the case of MLVs, the spectral

intensity ranges from;�20 ppm to125 ppm. In the case of

the spherical-supported bilayer, the powder pattern shows

singularities at �13 ppm for the 90� orientation and 23 ppm

for the 0� orientation. The single bilayer spectrum also shows

a higher intensity shoulder at 20 ppm and a slower decrease

of intensity at the edges of the powder pattern. These

characteristics all reflect motional averaging of the 31P NMR

spectra as described elsewhere (Burnell et al., 1980;

Dolainsky et al., 1993).

TABLE 1 Gel lipid fractions and total gel areas in

DMPCd54-DSPC and DMPC-DSPCd70 spherical-supported single

bilayers as determined by the spectral moment analysis

T (�C)
DMPCd54

gel fraction

DSPCd70

gel fraction

Total

gel fraction

Total

gel area

45 0 0 0 0
42 0.02 0.17 0.07 0.06
40 0.10 0.15 0.12 0.10
38 0.10 0.33 0.20 0.16
37 0.04 0.27 0.16 0.13
34 0.13 0.51 0.32 0.27
32 0.12 0.57 0.34 0.29
30 0.22 0.67 0.44 0.39
28 0.20 0.83 0.52 0.46
26 0.38 0.72 0.55 0.49
22 0.51 0.86 0.68 0.63
20 0.73 0.94 0.84 0.80
18 1 1 1 1

FIGURE 7 31P NMR experimental (solid line) and simulated (dotted line)
spectra of a single DMPC-DSPC bilayer adsorbed on silica beads at 30�C.
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Two-dimensional exchange maps

Experimental exchange maps of the adsorbed DMPC-DSPC

bilayer at 30�C for different exchange times are shown in

Fig. 8 A. Interestingly, we can observe that already after 500

ms, some off-diagonal intensity appears, and as expected it

increases with the exchange time. However, this increase is

rather slow as compared to the case of unrestricted diffusion

(results not shown) and even after 12 ms, the exchange map

remains far from a total exchange map (see Fig. 2 A I for

comparison). Additionally, even at long exchange times, the

spectral intensity on the diagonal remains high, revealing the

presence of a slow diffusing component. The simulated

spectra which gave the best fit with the experimental spectra

at 30�C are also shown in Fig. 8, columns B and C. The
spectra presented in column B of Fig. 8 were obtained with

discoidal obstacles and those of column Cwith fluid domains

within an immobile matrix. The simulated spectra at 24, 30,

and 37�C (results at 24 and 37�C not shown) were calculated

with the gel area fractions determined by 2H NMR and the

free diffusion coefficients reported by Orädd et al. (2003).

The gel fraction was simulated using a spherical distribution

of immobile lipids. Considering the simplicity of the model,

the spectra are in good agreement especially at long

exchange times. Almost no exchange was observed at

24�C and the best agreement was obtained for a model

composed of ;4000 discoidal obstacles of 16 nm in

diameter, or four confined fluid domains of 200 nm in

diameter. At 30�C the best fit was obtained for 32 immobile

obstacles with diameters of 140 nm, or two fluid domains

with diameters of 760 nm. Finally at 37�C, although the fit

was rather poor, the best results were obtained for 64

immobile domains of 60 nm in diameter, or four fluid

discoidal regions with 620 nm in diameter. The small dis-

crepancies found after an exchange time of 500 ms might

be due to zones with high curvature resulting from a small

mismatch between the bilayer and the silica bead, yielding the

isotropic peaks on the 2H spectra and allowing reorientation

even at short mixing times. An additional refinement of these

results can be obtained by analyzing the autocorrelation

functions, as will be described in the next section.

Autocorrelation functions

The natural logarithm of the experimental time autocorrela-

tion functions for three different temperatures are shown in

Fig. 9. To estimate the fluid and gel proportions and their

relative diffusion coefficients, it is interesting, in a first step,

to fit the experimental C2(texch) with a biexponential function
of the type

f ðtexchÞ ¼ pfast exp texch=t
fast

d

� �
1 pslow exp texch=t

slow

d

� �
; (13)

where (pfast) and (pslow) are the fast and slow diffusing

contributions to the autocorrelation function decay and tfastd

FIGURE 8 Best fit of experimental 31P NMR exchange spectra of

a DMPC-DSPC bilayer adsorbed on silica beads at 30�C. (A) Experimental

spectra, (B) simulated spectra with 32 discoidal obstacles with diameters of

140 nm, and (C) two confined fluid areas with diameters of 760 nm.

Exchange times are 500 ms (I), 3 ms (II), and 12 ms (III).

FIGURE 9 Evolution of autocorrelation functions with exchange time

at different temperatures (points) and best-fit simulated autocorrelation

functions (disk obstacles, continuous lines; disconnected fluid domains,

dotted lines).
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and tslowd their characteristic correlation times. The best fits

yielded slow diffusing proportions of 0.71 and 0.61 at 24 and

30�C, respectively, which lie close to the gel and fluid

proportions calculated from the DMPC-DSPC phase dia-

gram proposed by Knoll et al. (1981), but suggests that our
2H NMR results overestimate the fluid proportion. Possible

explanations for this overestimation are proposed in

Discussion, below. The lateral diffusion coefficients ob-

tained at these two temperatures indicate the presence of an

essentially immobile fraction (D , 10�20 m2 s�1), which

supports the model of immobile obstacles, and a fast dif-

fusing fraction with lateral diffusion coefficients of 0.82 3
10�12 m2 s�1 and 2.42 3 10�12 m2 s�1 at 24 and 30�C,
respectively. These values are on the same order of

magnitude as the free diffusion values but still considerably

slower, indicating obstruction and/or confinement of the

lateral motion at these temperatures. The results of the fit at

37�C (pslow ¼ 0.8, Dslow ¼ 0.363 10�12 m2 s�1, and Dfast ¼
10.99 3 10�12 m2 s�1) appear to be in disagreement with

both the phase diagram and our 2H results. The slow

component seems to diffuse much faster than at lower

temperatures and can no more be considered as immobile.

The possibility of gel obstacles diffusing as patches in the

fluid matrix will be examined in Discussion, below.

By comparing the time-dependent autocorrelation func-

tions extracted from our simulations with the experimental

ones, the validity of our simulations can be evaluated, the

results refined, and ambiguities eventually eliminated. The

simulated autocorrelation functions which yielded the best

agreement with the experimental results are shown in Fig. 9

as solid lines. Both at 24 and 30�C, a better fit was obtained
for the case of immobile discoidal obstacles in a fluid matrix

than for the topologically symmetric system composed of

confined fluid domains (the autocorrelation functions

corresponding to this case are plotted with dotted lines on

Fig. 9). The higher proportion of gel phase at the lower

temperature appears to be obtained by greatly increasing the

number of gel domains which become smaller. At 37�C, the
autocorrelation functions obtained with both models yielded

a poor agreement with the experimental results. The higher

mobility of the slow diffusing component, which was ob-

tained by fitting the biexponential function, might be an indi-

cation that a model composed of immobile obstacles is no

longer valid at this temperature.

DISCUSSION

Simulations of lateral diffusion and
two-dimensional 31P NMR correlation maps

General results and potential applicability of the technique

The aim of this work was to determine the advantages and

limitations of NMR exchange spectroscopy in the study of

obstructed diffusion in membranes. For this purpose, the

lateral motion of a diffusing particle in the presence of

obstacles was simulated by random walks on a sphere. The

analysis of the calculated exchange maps shows that a change

in the total obstructed area has a dramatic effect on both the

spectra and the autocorrelation functions. As predicted by

Monte Carlo simulations (Eisinger et al., 1986; Saxton,

1982) and more recently observed by FRAP (Ratto and

Longo, 2002), the ability to hinder diffusion appears to

increase when decreasing the size of the obstacles as

determined from the time-dependent autocorrelation func-

tion analysis. The effect of domain size on the two-

dimensional maps is, however, more subtle, at least for

low total obstacle areas. In the above-mentioned FRAP study

(Ratto and Longo, 2002), the authors observed that the

ability to hinder diffusion becomes much stronger when the

average radius of the obstacles is below 100 nm and is almost

constant for bigger obstacles. Our simulated results show

a similar trend; however, the observed diffusion coefficient

Drel still varies with obstacles above 100 nm.

Both the correlation maps and the autocorrelation

functions show a dramatic dependence on the connectivity

of the mobile fraction. The eventual confinement of motion

can readily be detected by examining the decay of the

autocorrelation functions and a maximum reorientation angle

is directly observable on the correlation maps if it is smaller

than p/2 (corresponding to a length of�500 nm for a vesicle

radius of 320 nm). If diffusion is confined but the maximum

reorientation angle is .90�, the autocorrelation functions

will have to be calculated to determine the confinement of

the motion. A careful adjustment of the experimental ex-

change times should allow the detection of confined

motions for typical distance scales between nanometers

and micrometers. It should be noted that a model composed

of various domains is necessary to examine percolation

effects. As shown in Fig. 4, a drastic decrease of the lateral

diffusion coefficient is observed at the percolation concen-

tration, in contrast with the continuous decrease of the lateral

diffusion coefficient predicted by a single-domain model

(Dolainsky et al., 1997).

These results clearly show the great advantage of analyzing

the complementary results obtained from the correlationmaps

and the autocorrelation functions. For instance, at 24 and

30�C, the comparison between the experimental and

simulated autocorrelation functions was necessary to choose

between the two simulated models. In certain cases, however,

one of these results may be sufficient; for instance, if

a maximal reorientation angle is sought. The strong de-

pendence of the results on the total obstructed area indicates

that a precise knowledge of this parameter is necessary.

One of the great advantages of solid-state NMR is its

flexibility in terms of the timescales that can be studied. In

particular, lateral diffusion can be probed on microsecond

timescales. Therefore NMR stands as a complimentary

technique to the widely used FRAP method which probes

longer timescales on the order of seconds. In particular,

NMR should be adequate to study a more local structure
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than FRAP and can bridge the results obtained by this

technique and those obtained by single-particle tracking. An

interesting problem which can be addressed by exchange

NMR and not by the aforementioned techniques is the effect

of the radius of curvature on lipid heterogeneities and

domain formation.

Comments on the simulated membrane models

Clearly, our simulations carry a series of assumptions and

simplifications. Geometrically, discoidal obstacles with

a unique radius and perfectly reflecting boundaries were

considered. One can expect a much higher ability to hinder

diffusion when the perimeter/area ratio of the obstacles

increases, the two extreme cases being discoidal and fractal

obstacles. In the case of lipid heterogeneities, varying

domain shapes have been observed from discoidal domains

with smooth edges to fractal-like structures (Bagatolli and

Gratton, 2000; Baumgart et al., 2003; Muresan et al., 2001;

Scherfeld et al., 2003). It is possible to simulate such shapes

and we believe that an approach combining direct observa-

tion of the obstacle structure and lateral diffusion measure-

ments is necessary. Similarly, size distributions and a more

progressive change of viscosity which is likely to exist in the

vicinity of lipid domains (Almeida et al., 1992; Ratto and

Longo, 2002) could be implemented.

A second assumption concerns the distribution of the

obstacles. In this work, the obstacles were uniformly placed

on the sphere, in contrast to other models in which they are

placed randomly and allowed to overlap. This assumption

will have a drastic effect on the percolation properties of the

system since randomly placed overlapping disk obstacles

will disconnect the fluid matrix at a much lower concentra-

tion than uniformly placed disks (see, for example, Xia and

Thorpe, 1988, for the case of randomly placed disks).

The last assumption concerns the mobility of the obstacles

themselves.MonteCarlo simulations have shown the effect of

this mobility, particularly on percolation phenomena, which

disappear in the case of mobile obstacles (Saxton, 1987). This

effect could also be implemented in our simulations. The

mobility of the domains is probably one of the first re-

finements of the model that needs to be considered. Indeed,

as the domains become smaller, their mobility will increase

and therefore their effect on diffusion will be reduced. This

will set the lower limit of the domain size that can be detected

by our approach which is otherwise fixed, for the immobile

obstacle case, to the surface area of one lipid.

Experimental study of lateral diffusion by
solid-state NMR

Experimental exchange spectroscopy results

As shown by the simulations, a major advantage of the

exchange NMR approach is the fact that both geometrical

features and a time-dependent autocorrelation function can

be extracted from the two-dimensional maps to characterize

the motion. The information contained in the correlation

maps and the autocorrelation functions are complementary.

The experimental two-dimensional correlation maps were

compared to simulations obtained with our two obstructed

diffusion models (discoidal obstacles or discoidal domains

where diffusion can take place) constructed with the gel

areas determined by 2H NMR. Discoidal immobile obstacles

with diameters of 16, 140, and 60 nm or fluid regions with

diameters of 400, 760, and 620 nm at 24, 30, and 37�C,
respectively, yielded the best agreement between experi-

mental and simulated spectra. The experimental and

simulated autocorrelation functions agreed better for the

case of immobile discoidal obstacles at the three considered

temperatures. At 37�C, however, the agreement of both the

spectra and the autocorrelation functions was unsatisfactory

and it would be of interest to compare our experimental

results with a model in which the obstacles can also undergo

lateral diffusion.

Domain sizes for DMPC-DSPC bilayers reported in the

literature cover an extremely broad range, from the

nanometer scale (Gliss et al., 1998; Sankaram et al., 1992),

to the micrometer scale (Bagatolli and Gratton, 2000). To our

knowledge, the most direct observations are probably by

AFM (Giocondi et al., 2001; Leidy et al., 2002). The first

AFM study (Giocondi et al., 2001) reports gel obstacles of

irregular rounded shapes with sizes of the order of 400 nm

at 37�C, which corresponds to 30�C in our case considering

the lowering of the transition temperatures due to the high

curvature and deuteration of the lipids (Brumm et al., 1996).

The second AFM study (Leidy et al., 2002) focuses on the

presence of ripples in the second adsorbed bilayer. On some

of the published AFM images, domains in the first bilayer are

visible and display angular shapes and sizes of hundreds of

nanometers. We believe that considering the simplicity of

our model, our results are in relatively good agreement with

these observations, especially since angular- or irregular-

shaped domains will obstruct diffusion more efficiently than

disks, and thus a model composed of disks will un-

derestimate their sizes (since the ability to hinder diffusion

increases with decreasing obstacle size). It is interesting to

note that a relatively good agreement between the experi-

mental and fitted spectra at 24 and 30�C was also obtained

with the model of discontinuous fluid domains with di-

ameters of 400 and 760 nm, respectively (see, for example,

Fig. 8 C). Although the autocorrelation functions seem to

indicate that the bilayer is composed of discoidal obstacles,

considering the simplicity of our models and the rather low

signal/noise ratio in our experiments, we believe that the

possible occurrence of a symmetric system of confined fluid

regions cannot be ruled out.

By fitting the autocorrelation function decay with

a biexponential decay described by Eq. 13, proportions of

slow and fast diffusing lipids and their lateral diffusion
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coefficients can be determined. The agreement between the

gel fractions obtained by 2H NMR and the results of the fit

are relatively good for 24 and 30�C and in both cases an

immobile fraction seems to be present which supports the

assumption of immobile obstacles in the diffusion simu-

lations. The study of the DMPC-DSPC system at 37�C is of

interest. At this temperature, the slow diffusing component

can no longer be considered as immobile. Whether this

indicates that the presumably smaller gel domains at this

temperature start to diffuse as a whole is unclear. If this is the

case, the analysis of the two-dimensional maps will un-

derestimate the obstacle size.

Exchange NMR to probe lateral diffusion

Exchange experiments are ideally suited for the study of

slow motions on the NMR timescale. In the case of 31P NMR

applied to biomembranes, the characteristic NMR timescale

is �10�4 s. For vesicles with a radius of 320 nm and typical

lateral diffusion coefficients of the order 10�12 m2 s�1, the

correlation times are of the order of milliseconds. From these

calculations, one can wonder if the lateral diffusion corre-

lation times are long enough for the motion to be considered

as slow since a reorientation of ,1 radian can still alter the
31P NMR signal. This effect, together with the reduction in

transverse relaxation associated with a small vesicle radius

(Dolainsky et al., 1993), can make the analysis of the ex-

perimental results less quantitative. Care must therefore be

taken in correctly choosing the vesicle radius depending on

the studied motion. It should be noted that the use of other

nuclei such as 2H or 13C gives access to a large range of

correlation times; this can be necessary to study the confined

motions of membrane proteins, for example.

A major drawback of exchange NMR experiments is their

duration, since a whole set of two-dimensional maps with

different exchange times needs to be obtained to fully char-

acterize the motion. An interesting alternative to circumvent

this problem, particularly crucial when small amounts of

sample are available, is the exchange experiment under slow

magic-angle spinning (for reviews see Hagemeyer et al.,

1989 or Luz et al., 2002).

CONCLUSIONS

In this work, we demonstrate the possibility of using solid-

state NMR to study obstructed lateral motions in biologi-

cal membranes. A refined picture of the dynamics within

a structured environment can be obtained by analyzing both

the exchange spectra and the time-dependent autocorrelation

functions. The technique shows a strong sensitivity to

percolation properties, total obstacle area, and, within certain

limits, obstacle size. In particular, by using a model

composed of various domains, the increasing hindrance of

diffusion with decreasing obstacle size and the decrease of

the apparent diffusion coefficient at the percolation concen-

tration can be predicted. In addition, simulations of random

walks on a sphere provide a means of further analyzing

autocorrelation functions, usually fitted by multi or extended

exponentials which are often difficult to interpret.

A practical example of this approach is given which

consists of the study of a single DMPC-DSPC supported

bilayer. The presence of domains with sizes of the order of

a few hundred nanometers was evidenced, hence reducing the

gap between previously published solid-state NMR results,

obtained with a single-domain model, and those obtained by

other techniques. Although some ambiguities remain in the

interpretation of our results, this example shows how solid-

state NMR can yield information on nanometer-scale

membrane structuring. The approach is better suited for cases

where only one diffusing species is monitored and can be

applied to probe the motion of membrane proteins.

Finally, our simulations provide results describing the

effect of obstacles on lateral diffusion in a curved environ-

ment, which corresponds to the real state of biological

membranes. Further refinements of the membrane models

should allow the study of the shape and mobility of

membrane domains. The method can be used not only in

NMR-based experiments but also in recent promising

techniques such as fluorescence correlation spectroscopy

(Schwille, 2001).
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