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Abstract In this paper we show that FRAP experiments
at variable beam radii provide an experimental approach
for investigating membrane organization and dynamics,
with great potential for identifying micrometer-sized do-
mains and determining their size and the diffusion coeffi-
cient of thelipid and protein moleculesthey contain. Monte
Carlo simulations of FRAP experiments at variable beam
radii R on models of compartmentalized membranes have
allowed us to establish the relationships (i) between the
mobile fraction M of adiffusing particle and the size r of
the domains, and (ii) between the apparent diffusion co-
efficient Dy, and the real diffusion coefficient D, of this
particle inside the domains. Furthermore, in its present
stage of development, this approach allows us to specify
whether these domains are strictly closed or not. This
approach was first validated on an experimental model of
a strictly compartmentalized membrane consisting of a
monolayer of apposed spherical phospholipid bilayers
supported by silica beads of known radius (0.83 um). To
prevent fusion between the spherical bilayers5 mol% of a
polymer-grafted phospholipid was added to the lipids.
Analysis of the M versus R data yielded a radius r of
0.92+0.09 pmfor the spherical bilayers, closeto that of the
supporting silica beads. When applied to the experimental
data available for lipids and proteins in the plasma mem-
brane of living cells, this approach suggests the existence
of domains within these membranes with aradius of about
0.4-0.7 um for the lipids and 0.25 um for the proteins.
Thesedomainsare not strictly closed and they are believed
to be delineated by fluctuating barriers which are more or
less permeable to lipid and protein molecules.

Based on apresentation at the EBSA European Biophysics Congress,
Orléans, France, July 1997.

L. Salomé - J.-L. Cazeils - A. Lopez (=) - J.-F. Tocanne
Institut de Pharmacologie et Biologie Structurale,

118 Route de Narbonne, F-31062 Toulouse Cedex, France
e-mail: lopez@ipbs.fr

Key words Lipid and protein lateral diffusion -
Mobile fraction - Membrane lateral organization -
Spherical and planar supported bilayer -
Polymer-grafted phospholipid - Numerical simulations

Introduction

Biological membranes are far from being homogeneous
mixtures of their lipid and protein components (Jacobson
etal. 1995). It is now well established that small scale
heterogeneities arise in the lateral distribution of lipids
(De Bony et al. 1989; Tocanne 1992; Welby et a. 1996;
Mouritsen and Jorgensen 1997) and proteins at sites of
enzymatic pathways (Sweet and Schroeder 1988) and that
larger scale lateral heterogeneities corresponding to the
existenceof micrometer-sized domainsal so haveto becon-
sidered (Welti and Glaser 1994; Tocanne et a. 1994 a).

Micrometer-sized domains have been directly revealed
during the study of thelateral motion of transferrin and o.-
macroglobulin receptors in the plasma membrane of cul-
tured normal rat kidney fibroblastic cells using a single
particle tracking (SPT) technique coupled with laser
tweezers (Sako and Kusumi 1994, 1995). This approach
showed the presence of “fences’, probably proteic in na-
ture, delineating domainsin which the receptor molecules
were free to diffuse laterally, and with the possibility of
slow intercompartmental movements. These observations
led to the proposal of a new model of a membrane of the
‘confined’ type (Sako and Kusumi 1995; Kusumi and Sako
1996). If the notion of closed domains has been borne out
for certain membrane proteins (Sako and Kusumi 1994,
1995; Simson et al. 1995), the same kind of lateral com-
partmentalization has not yet been directly detected for
lipids, and the origin of the heterogeneities observed in the
lateral distribution of these molecules remains to be iden-
tified.

The technique of Fluorescence Recovery After Photo-
bleaching (FRAP) haslong been recognized as a powerful
tool for investigating the long range lateral motion of lip-



392

ids and proteins in membranes (Axelrod et al. 1976; Vaz
et al. 1982; Edidin 1993; Tocanne et al. 1994 b). Two pa-
rameters are obtained: D, the lateral diffusion coefficient
and M, the mobile fraction of the diffusing species. When
the radius R of the illuminated areais small compared to
theradiusry of the diffusion area (r4/R>5, condition of an
infinite reservoir) and for freely diffusing species, M must
beequal to 1 (Lopez et al. 1988). Infact, most of the FRAP
data reported so far for lipids and proteins in biological
membranes (with the condition of an infinite reservoir be-
ing satisfied) shows the existence of an immobile fraction
which can be considered as a strong indication that the
membrane is structured laterally (Tocanne et al. 1994 b).
We recently published numerical simulations of FRAP ex-
periments in which a membrane lipid |eaflet was modeled
using a triangular lattice of diffusing tracers obstructed
with immobile obstacles of various sizes and surface con-
centrations (Schram et al. 1994). These simulations were
designed to study the influence of proteins on the lateral
diffusion of lipids. Interestingly, and for point obstacle sur-
face concentrations above the percolation threshold, it was
shown that an increase in R was accompanied by an in-
crease in D and adecrease in M, associated with the exis-
tence of closed domains whose average size and diffusion
parameters could be determined (Schram et a. 1994). In
the plasma membrane of human fibroblasts (Yechiel and
Edidin 1987), and hepatoma cells (Edidin and Stroynow-
ski 1991), the D and M values measured for proteins and
lipids with increasing R had been reported to increase and
decrease respectively, thus suggesting the existence of
closed diffusion domains in these membranes (Schram
et al. 1994). However, for proteins it has recently been
shown that the detection of an immobile fraction may re-
flect not only a microcompartmentation of the diffusion
area but possibly an anomalous translational diffusion of
the molecules (Feder et al. 1996). Because the FRAP tech-
nique enables the long range translational motion of both
proteins and lipids to be studied, we decided to further
investigate the potential of FRAP experiments at variable
illumination beam radius R in detecting membrane do-
mains and in characterizing their size and diffusion prop-
erties. To this end, Monte Carlo simulations of FRAP
experiments at variable beam radius R were performed
on membranes represented by a 150x150 site triangular
|attice obstructed by fences delineating hexagonal closed
or slightly open diffusion areas of different sizes. From
the dependence of M and D on R, we show that it is pos-
sible to demonstrate the presence of strictly closed or
slightly open domainsin amembrane and to evaluate their
average size and the true diffusion coefficient of the par-
ticles which freely diffuse within these domains. This
approach was validated using an experimental model of
compartmentalized membrane consisting of a monolayer
of apposed spherical phospholipid bilayers supported by
silicabeads of known radius, and then applied to the above
mentioned FRAP data obtained for proteins and lipidsin
the plasma membrane of human fibraoblasts (Yechiel and
Edidin 1987), and hepatoma cells (Edidin and Stroynow-
ski 1991).

Materials and methods
Materials

Eggyolk phosphatidyl choline (eggPC) and N-(7-nitrobenz-
2-oxa-1,3-diazol-4-yl)-phosphatidylethanolamine ~ from
eggPC (NBD-egg-PE) in powder form, and polyethylene-
glycol (Mw=5000 Da) covalently linked to a phosphatid-
ylethanolamine (1-pal mitoyl-2-oleoyl-sn-glycero-3-phos-
phoethanolamine-N-[poly(ethylene glycol)] (PEG5000-
eggPE)) in chloroformic solution were purchased from
Avanti Polar Lipids Inc. (Alabaster, AL). The silica beads
were monodisperse in size and spherical with a radius of
0.83 um, they were kindly supplied by Dr. C. Guénoun-
Amiel (Laboratoire de Physicochimie des Biopolymeéres —
CNRS, Thiais). Ultra-pure water was used (Milli-Q Plus
quality from Millipore). Solvents and salts were of analyt-
ical grade.

Preparation of small unilamellar vesicles

They were prepared as described in Bayerl et a. (1990).
Chloroformsolutionsof givenlipidsweremixedto achieve
the desired molar ratio. (In al cases, the NBD-eggPE to
host phospholipid molar ratio was kept constant and equal
t02%). The solvent was evaporated at 40 °C under astream
of nitrogen and then in vacuum for 30 min. The dry lipids
were dispersed in 1 ml of a 100 mm NaCl solution by
vigorous vortexing and the dispersion was sonicated for
15 min using a Branson tip sonifier (30 W output power,
pulsed mode with 50% duty cycle, Branson Sonic Power
Co., Danbury, CT). During sonication the sample was im-
mersed in awater bath in order to keep itstemperature be-
low 50°C. The vesicle suspensions so obtained were used
immediately for the preparation of spherical supported
lipid bilayers.

Preparation of spherical supported lipid bilayers

Firstly, single phospholipid bilayers were adsorbed on
spherical silica beads using the procedure described by
Bayerl et al. (1990) with slight modifications. Silicabeads
(2 mg) were washed twice in methanol (1 ml), then four
times in water (0.5 ml) and finally once in 100 mm NaCl
(0.5 ml). At each step, the beads were dispersed in the
washing solution by vigorous vortexing. If aggregates
remained in the dispersion, they were eliminated by a
sonication step in a sonication bath. After each washing
step, the beads were centrifuged in a desktop centrifuge
(1000 rpm, 3 min) and the supernatant was discarded.
After the last washing step, 100 mm NaCl (100 ul) was
added to the beads. Then, the SUV (1 ml suspension at a
concentration of 0.3 mg/ml) were added and the mixture
was placed in a sonication bath for 5 min before being
vigorously vortexed for 2 min. The SUV adsorbed at the
surface of the beads and fused to form a continuous single
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Fig. 1 Schematic representation of a monolayer of apposed spher-
ical silica-bead-supported lipid bilayers. Theinset showsthe* hairy”
lipid bilayer with the polymer-grafted and head-labeled phospho-
lipids, adsorbed at the bead surface

phospholipid bilayer on each, thusleading to spherical sup-
ported lipid bilayers (SSB) (Fig. 1). The SSB were rinsed
three times in 100 mm NaCl (1 ml) by centrifugation.
Direct observation in a fluorescence microscope showed
that under these conditions the beads were uniformly la-
beled and that the excess SUV, which did not participate
intheformation of spherical supported bilayers, wereelim-
inated.

Secondly, a monolayer of SSB was prepared by depos-
iting 1 pl of the SSB suspension (without aggregates)
between a slide and a coverslip (18x18 mm?) and press-
ing them between two magnets in order to force the sus-
pension to spread over thewhole space available with are-
produciblepressure. Before observation inthemicroscope,
the preparations were sealed with fingernail polish. The
silicabeads had amean diameter of 1.66 pm. In the micro-
scope, adistance of ~3 umwas measured between the slide
and the coverdlip, less than twice the diameter of a SSB,
thus indicating the absence of multilayers of SSB.

Preparation of planar supported lipid bilayers

Planar supported lipid bilayers were formed on cleaned
coverslips mounted on a small tank adapted to the micro-
scope stage (see Fig. 2 for a schematic representation of
the sample cell). The cleaning procedure of the coverslips
was of great importance with respect to the formation of
the bilayer. Coverslipswerefirst sonicated in methanol for
5 min, dried in an oven for 15 min at 110°C, immersed in
sulfochromic acid for 1 h and then rinsed extensively with
water (15 times in a large volume of water). These clean
coverslipswere kept in water (replaced daily) for no more
than 5 days. Just before use, a coverslip was taken out of
water and placed on the top of the sample cell. The cell
was filled with the SUV suspension (diluted to a concen-
tration of 0.2 mg/ml), up to contact of the water phase with
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Fig. 2 Schematic diagram of the sample cell used for FRAP experi-
ments on supported planar lipid bilayers

the coverslip. The whole set up was then immersed in a
sonication bath for 5 min. SUV adsorbed at the surface of
the coverslip and fused to form a single planar supported
lipid bilayer within a few minutes (Kalb et al. 1992).
After 30 min, the cell was washed for 1 h with a 100 mm
NaCl solution using a peristaltic pump, at a flow rate of
65 ml/h. Finaly, the cell wasfurther kept at rest for 1 h be-
fore starting FRAP experiments.

FRAP experiments

FRAP experiments were carried out under conditions of
constant incident light intensity and uniform disk illumi-
nation, in an epifluorescence microscope (Ortholux I,
Leitz) equipped with aconventional mercury arc lamp and
a correct combination of a dichroic-mirror and optical fil-
ters for the NBD fluorophore. Both the apparatus and the
experimental procedure have been described elsewhere
(Lopezet a.1988). A x63/1.3 oil-immersion objectiveand
a set of diaphragms allowing the radius R of the observa-
tion areato be varied between 1.05 pm and 8.75 pm were
used. Experiments were performed at room temperature
(~20°C), with a bleaching time not exceeding 10% of
the characteristic diffusion time. For each R value tested,
30 recoveries were recorded at different locations in the
sample under study.

Numerical simulation of FRAP experiments

The computer generation of simulated FRAP experiments
has already been described in detail (Schram et al. 1994).
In this report, we will just consider the features which are
important with respect to the specific case we studied. The
membraneis represented by a 150x150 site triangular | at-
tice. Each site can be empty or bear an immobile obstacle
or atracer. Lateral diffusion of tracers is followed by se-
guential reading of all the matrix sites. One reading of the
matrix defines a time-step, the time unit of the system.
When a tracer is found on a site, a jump direction, from
this site to one of the six closest neighbors, is chosen at
random. Because tracers are considered as being indepen-
dent, two tracers or more are allowed to occupy the same
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site. Therefore, if the site chosen for the jump is free or
occupied by atracer, the jump can occur. If the site under
consideration bears more than onetracer, the processisre-
peated until all tracers have been examined. If the site cho-
senisoccupied by an obstacle, thenthejumpisnot allowed
to occur and the tracer staysin itsinitial site until the next
time-step. Owing to the finite size of the matrix, periodic
boundary conditionswere used for tracers. In order to gen-
eratearecovery curve, point obstacleswereintroduced and
arranged in the matrix in a honeycomb network defining
juxtaposed strictly closed or slightly open hexagonal do-
mains of side h (in lattice spacing units, I.s.). In the fol-
lowing, the size of the hexagons will be referred to as the
radiusr of the circul ar disk of equivalent area(r =0.909 h).
The position of the hexagon network in the matrix was cho-
sen at random and changed from one simul ation to another.
Then, 4000 point tracers were distributed randomly on the
lattice. In each closed domain, tracers were free to diffuse
laterally. For the simulation of FRAP experiments, a cir-
cular area of observation, of radius R, was introduced at
the center of the matrix. The initial fluorescence intensity
o was determined by computing the average number of
tracers present inside the observation area over 100 time-
steps. To simulatethe bleaching step, all thetracers present
in the observation area were suppressed. For the recovery
step, the fluorescence intensity | (t) was evaluated by cal-
culating at each time-step the number of tracers which had
returned to the observation area, and that over anumber of
time-steps sufficient for a complete re-equilibration of
tracers to be reached. Thus, from 400 to 1800 time-steps
were required when increasing r from 4.5 |.s. to 36.4 |.s.
For the various r and R values tested, it was important to
achieve good sampling of the system. This condition was
satisfied by testing all possible configurations of the hex-
agon network with respect to the observation area. Thus,
250 to 750 FRAP experiments were accumulated and
averaged to build the corresponding recovery curvel (t)/lo.

Fig. 3A—C Simulated FRAP experiments with closed domains.
Snapshots are shown illustrating three steps of the simulation:
A before bleaching, B immediately after bleaching, C during the
recovery process. The tracers are indicated by the yellow dots. The
radius observed (red circle) was R=25 |.s. (lattice spacing) and
the size of hexagons (delimited by the blue site-obstacles) was
r=9.09 |.s. (Seetext for details)

We checked that the D and M solution values remained
unchanged upon further accumulation of FRAP experi-
ments. In these FRAP simulations D is given in units
u=(l.s.)’/time step.

Analysis of FRAP data

With the exception of the monolayers of spherical sup-
ported bilayers which will be discussed later, the diffusion
coefficient D and the mobile fraction M were obtained
by fitting classical equations of diffusion to the experimen-
tal and simulated recovery curves, as already described
(Lopez et al. 1988). A minimization algorithm coupled to
statistical analysis of the data was used which, from a set
of accumulated recovery curves, provides the solution
value for D and M and their maximum (D ., M max) @nd
minimum (D i, M i) values for a certain degree of con-
fidence (Lopez et al. 1988). In the present work, D and M
are given at a 95% confidence level.

The determination of theoretical mobile fractions
through image analysis of simulated and real FRAP ex-
periments was carried out with the Adobe Photoshop soft-
wareversion 2.5.1 of Adobe Systems|ncorporated (USA).

Results

Numerical FRAP experiments on simulated
partitioned membranes

Figure 3 shows snapshots illustrating three steps of the
simulated FRAP experiments: before bleaching, just after
bleaching and during the recovery process. The diffusion
of the tracers was restricted to the inside of the hexagonal
domainswithinwhichthey had fallen during theinitial ran-
dom distribution of the tracers. After the bleaching step,
only the remaining tracers belonging to those domains
which straddl e the observation areacould contribute to the
“fluorescence” recovery inside the bleached area. During
thediffusion processthesetracersredistributed themselves
inside their respective domain, leading to the presence of
acertain fraction of them inside the observation area after
equilibrium was reached.
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Fig. 4 Simulated FRAP experiments with closed domains. Open
squares: recovery curve averaged from one hundred simulations per-
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Fig. 5A, B Simulated FRAP experiments with closed domains. In-
fluence of the hexagon sizer on A, the mobile fraction M and B, the
apparent diffusion coefficient D, for various values of the beam
radiusR. Rwas121.s. (4), 161.s. (O) and 251.s. (). Also shown are
the D, values calculated from D, values according to Eq. (10), (+)
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To establish a general rule for the behavior of the dif-
fusion parameters D and M, simulations were performed
in which the size of the domains varied (r varied from
451.s.t036.41.s.) and for three values of the beam radius
(R=121.s,161.s.and 251.s.). In all cases, and in partic-
ular for the smallest hexagons, good fits of the simulated
recovery curves to the diffusion equations were obtained,
thus enabling the mobile fraction M and the apparent
diffusion coefficient D,,, to be determined accurately.
The quality of data fitting is shown in Fig. 4 for the case
r=9.09 I.s. and R=16 I.s. The M and D, values so ob-
tained are reported in Figs. 5A and 5B. The main result,
which will be analyzed in detail for each parameter, isthat
for agivenvalueof R, M increased while D decreased with
increasing r.

Mobile fraction

For the three R valuestested and as shown in Fig. 5A, the
mobile fraction M was observed to increase linearly (cor-
relation coefficient r>0.997 in all cases) with increasing r
up to acertain valuer;,, of r (r;,=13.6.s. for R=121.s;;
Nim=16.41.s. forR=161.s; r;,,=23.6l.s. for R=251.s.).
These three linear plots can be assembled in Fig. 6 on a
master straight line (r=0.998) leading to the relationship:

M-R=A-r-B 1)
with A=0.634+0.004 and B=0.709+0.043 | s.

From this equation, it is seen that M is zero for
r,=1.118 I.s,, a radius close to the theoretical one of
0.909 |.s. calculated for the smallest hexagon which could
be used in the simulation experiments. The hexagon, 11.s.
in side, contains only one obstacle-free site and therefore
cannot show fluorescence recovery after the photobl each-
ing step. From this, it is seen that Eq. (1) can be rewritten
in the more general form:

M-R=A-(r-rg) (2)
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Fig. 6 Simulated FRAP experiments with closed domains. Plot of
M xR values versus the hexagon size r. These values were obtained
from the linear part of the plotsM versusr in Fig. 5A. Rwas 12 |.s.
(4), 161.s. (o) and 25 1.s. (O)
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Fig. 7A, B Simulated FRAP experiments with closed domains. In
A and B the continuous circle of radius R delineates the observation
area. InA, thedotted circlesdelineatethecrown of inner radius(R—r)
and outer radius (R+r) (seetext). Thetracers, which belong to those
hexagons which intersect the crown (light gray) but do not straddle
the contour of the observation area, do not participate to the recov-
ery process. In B, one considers only the hexagons which straddle
the contour of the observation area, i.e. those which contribute to
the recovery process. The redistribution of the non-bleached tracers
present in the outer surface S, ; (dark gray) of the hexagons occurs
over thewhole surface S, + S, ;=S of the hexagons. S, isshown in

light gray

in which rqy designates the radius of the smallest domain
which can be identified in the membrane system studied.
Applying this equation to the simulation data yielded the
expected sizefor thevarioushexagonstested (Standard de-
viation=3.6%).

Equations (1) or (2) differ from previous analytical
approximations (Yechiel and Edidin 1987; Schram et al.
1994) in which A wastaken as equal to 1. The calculation
developed by Schram et al. (1994) was based on the as-
sumption that, statistically, the peripheral closed diffusion
areas have half of their area intersecting the observation
area and consequently 25% of all the tracers contained in
the crown of inner radius (R—r) and outer radius (R+r)
contribute to the recovery. In fact, this leads to an overes-
timation of M. Indeed, and as can be seen in Fig. 7A the
tracers which belong to the hexagons which intersect the
crown (inside and outside the observation area) but do not
overlap the contour of the bleaching area do not take part
in the recovery. Their relative proportion is not negligible
but cannot be calculated in a simple manner so no analyt-
ical formulation for the constant A could be found. How-
ever, the constant A is ageometric factor whose value can
be evaluated through computational image analysis of the
various surfaces to be considered (Fig. 7B). The mobile
fraction M is defined as:

M =N,,/N, ()

inwhich N,, and Ny arethefinal andinitial number of trac-
ers inside the observation area, respectively. Taking the

surface concentration of the tracers asbeing equal to 1, N
isgiven by:

No= § S+ S Si 4)
internal peripheral
domains domains

As aready mentioned, only the hexagons which straddle
the observation area contribute to the tracer recovery and
therefore N, is given by:

Sn |$0Ut

N, =
peripheral S
domains

(%)

In these equations, Sisthe areaof one hexagon. S, and
Sout Fefer to the peripheral hexagons and are the areas of
their surfaces which areinside and outside the observation
arearespectively (S,+ S, =S). For each condition tested,
defined by the coupler and R, 40 different positions of the
observation areawith respect to the hexagon network were
analyzed. This yielded a value of 0.67+0.05 for the con-
stant A, similar to the value of 0.634 deduced from thesim-
ulated FRAP experiments. In addition, the determination
of M by image analysis was extended to closed cavities of
various geometry. Provided the cavities displayed central
symmetry, results were as above: Eq. (1) was valid up to
the same values ry;,, of r and the constant A showed little
dependency on the shape of the cavities. Thus, A increased
by only 25% for cavities in which the ratio of the longest
to the shortest dimension was as large as 5.

For the analysis of the mobile fractions obtained by
FRAP on cell membranes, Eqg. (2) isto be used. The small-
est domainswhich can be found in amembrane correspond
to one molecule of lipid or of protein surrounded by its
neighbors whose the size is negligible compared to that of
the presumed micron-sized domains. Therefore, and for a
membrane composed of strictly closed domains of sizer,
the changesin M with R will fit an equation of the type:

M=A.r/R with M -0 for /R-0 (6)

From another point of view and on account of recent
observations which suggest the existence of fluctuating
barriers (Kusumi and Sako 1996, Sheets and Jacobson
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Fig. 8 Simulated FRAP experiments with slightly open domains.
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1997), the membrane may be seen as being composed of
domains which are not strictly closed but of the open type
(“corrals” withopen barriers). In this case, the mobilefrac-
tion is expected to be the sum of two terms: (i) a perma-
nent one Mp, related to the particles which may move over
long distancesand whichisindependent of R; (ii) theother,
related to those particles which remain confined in the
domains during the observation time, and which depends
on R. To test this hypothesis and as a first approach, open
corrals were simulated with hexagons of sizer=8.18 |.s.
(h=91.s.) opened, on the average, as follows:. 5 doors of
size 2 sites (5d-2s), 5 doors of size 1 site (5d-1s), 3 doors
of size 1 site (3d-1s), and 2 doors of size 1 site (2d-1s).
FRAP experiments were simulated with R=12, 16 and
25 |.s. Because long range diffusion now occurred in the
total diffusion area, 1o was corrected for the number of
bleached tracersin the observation area with respect to the
total number of tracers. In al cases, and for the simulation
time of 1500 time-steps used, M was observed to increase
linearly withincreasing /R (r >0.995) (Fig. 8). For /R - 0,
theselinear plotsextrapolated at M p valuesof 0.333, 0.456,
0.561 and 0.770, for the configurations 2d-1s, 3d-1s,
5d-1s and 5d-2s, respectively. For the strictly closed
hexagonal domain of size 8.18 |.s., extrapolation gave an
Mp value of 0.019, close to zero as expected.

The increase in Mp with increasing barrier permeabil -
ity was accompanied by aprogressive decreaseinthe slope
of the straight lines. This is due to the fact that analysis
now concerns only afraction of the diffusing species, i.e.,
those which stay within the domains. From these results,
the changes in M with R can now be accounted for by an
equation of the type:

M=A(rgp—To)/R+Mp with M - Mp for 1/R-0 (7)
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whichyields an apparent valuer,, for the radius of the do-
mains. This value is slightly under-estimated as compared
to the real value r introduced in the simulations. For ex-
ample, the slope of the line extrapolating at Mp=0.333in
Fig. 8, yieldsanr,,, valueof 7.261.s., which differsby only
11%fromthereal valuer=8.181.s. used in the simulations.

Diffusion coefficient

The diffusion coefficients plotted in Fig. 5B were calcu-
lated with the assumption that the diffusion of the tracers
occurred al over the observation area S, which is obvi-
ously not correct and, in fact, leads to an apparent diffu-
sion coefficient D,,. However, if thereal diffusion areais
known, the real ditfusion coefficient D, inside the closed
cavities can be obtained from the data. Obviously, D
should be independent of r and R. Since the diffusion of
all the tracers is reduced to the domain to which they
belong, the real diffusion area S is half that of a closed
cavity. Indeed, the domains which overlap the observation
areaarecentered statistically onitsperimeter, which means
that 50% of the surface of these domains are observed in-
side the observation area. The characteristic time of diffu-
sion 1, which characterizes the dynamics of the recovery
processis given as:

1o, =0°14 D (8)

in which %Cis the mean square displacement. Therefore,
one can write:

Tp = Sops/4 Dapp = Siiti/4 Do 9
In our case, Sps=TR? and Sy =1/2 71r* which leads to:
Do=1/2 D, (1/R)? (10)

The D, values calculated from the datain Fig. 5B with
the help of Eq. (10) are shown in the same figure. They
were found to be independent of r and R and equal to
0.362+0.039 u. This value was close to that of 0.326+
0.007 u, previously obtained for an obstacle-free lattice
and using the same numerical simulations (Schram et al.
1994), thus demonstrating the validity of Eq. (10).

For membranes strictly composed of closed domains,
the various fluorescence recoveries recorded for lipidsand
proteinsfor various R values are expected to be accounted
for by one diffusion coefficient D, and these D, values
are expected to show a quadratic dependence on R and to
yield, with the help of Eq. (10), the real diffusion coeffi-
cient Dg inside the domains. For membranes composed of
dlightly open domains, the fluorescence recoveries are ex-
pected to be fitted with two diffusion coefficients: (i) one,
independent of R and corresponding to the particleswhich
diffuse over long distances; (ii) another one, showing a
guadratic dependence on R and corresponding to the par-
ticles inside the domains. Accordingly, the simulated re-
coveries obtained for the open domains of various size ex-
amined were well fitted with two diffusion coefficients,
one exhibiting the expected independence of R and the
other the quadratic dependence on R (data not shown).
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Monolayers of silica beads supporting
a“hairy” phospholipid bilayer

Theformation of SSB monolayerswas checked first by di-
rect observation in the fluorescence microscope. Several
regions exhibiting hexagonal packing of the spheres could
befound onthe slides and FRAP experiments were carried
out on these well organized regions only.

Monolayers of silica beads coated with a phospholipid
bilayer constitute a good experimental model of a mem-
brane organized in strictly closed lipid domains provided
the bilayers on adjacent beads are independent of each
other. In other words, this means the lateral diffusion of
lipidsisrestricted to the surface of each bead and no long
range diffusion from bead to bead occurs.

Surprisingly, without addition of PEG5000-eggPE to
thelipids, long range diffusion was observed. With abeam
radiusof 4.2 um, muchlarger than theradiusof silicabeads
(0.83 um), adiffusion coefficient of 0.620.1 108 cm? st
and a mobile fraction of 100% were measured, indicating
that extensivefusion had occurred between adjacent spher-
ical bilayers. This observation is consistent with that of
Helm et al. (1989) who showed that fusion occurs sponta-
neously between amphiphilic bilayers once their surfaces
come within one nanometer. A diffusion coefficient of
1.2+0.2 108 cm? st and a mobile fraction of 100% were
measured on planar supported bilayers with the same lipid
composition. Asalready discussed in the case of microvilli
of the surface of plasma membranes (Aizenbud et al.
1982), the factor of ~2 between the two D values may be
explained by the fact that for SSB, analysis of the fluores-
cencerecovery curvesiscarried out by considering not the
real area 27rr? of the hemi-spherical bilayers in contact
with the beads but their planar projection 77r2,

To prevent fusion between the spherical bilayers, a
spacer was used, namely PEG5000-eggPE and SSB were
prepared with increasing concentrations of this lipid
(1 mol% increments). To check whether the absence of
fusion was satisfied, manual photobleaching experiments
were carried out using the field diaphragm of the micro-
scope. In the absence of long range diffusion, (i) the area
in which bleached probes can be found should not extend
beyond the observation area, even for long illumination
times, and (ii) fluorescencerecovery should not be detected
at the center of the bleached area, at least within 15 min
after ashort bleaching period. To avoid artifacts, thesetests
were performed on well organized regions of great size (at
least 5 times the size of the observation aread). In this way
long range diffusion indicative of membrane fusion was
observed up to 4 mol% PEG5000-eggPE, and ceased at a
concentration of 5 mol%. Inthiscondition and with abeam
radiusof 4.2 um, no significant fluorescence recovery was
observed. In contrast, with a small observation radius of
1.05 um, a significant fluorescence recovery was meas-
ured, indicating that lateral diffusion of lipidsstill occurred
around the beads. To check whether PEG5000-eggPE did
not strongly alter the lateral diffusion of the host lipid,
FRAP experiments were carried out on planar supported
bilayers with the same lipid composition (5 mol%

PEG5000-eggPE plus 2 mol% NBD-eggPE in eggPC). A
diffusion coefficient of 0.5+0.1 108 cm? s* and amobile
fraction of 100% were measured, indicating that at the con-
centration of 5 mol%, PEG5000-eggPE only slightly re-
duced the lateral diffusion rate of the host lipids. From
these experiments, it can be concluded that in the presence
of 5 mol% PEG5000-eggPE, the lateral diffusion of lipids
was restricted to the spherical bilayers around the beads,
as expected. Several preparations were needed to perform
the whole study and the above mentioned control FRAP
experiment were repeated for each of them.

Taking into account the radius r =0.83 pum of the silica
beads and the sensitivity of our FRAP apparatus (for mo-
bile fractions less than 20%, the signal to noise ratio be-
cametoo low for acorrect analysisof therecovery curves),
three values of the observation radius were used in the
interesting range R>r, i.e. R=1.05um, 1.45pum and
1.95 um. For each value of R, the 30 fluorescence recov-
eries recorded showed a hoise comparable to that encoun-
tered with any FRAP experiment and accounted for bidi-
mensional diffusion. However, when the bleaching spot
was moved, great dispersion in the asymptotic value of M
was observed from one recovery to the other (£60%). This
was due to changes in the relative position of the bleach-
ing areaand the SSB network. For that reason and for each
R valuetested, the 30 recovery curves were averaged. The
resulting curves are shown in Fig. 9. Because of the sphe-
ricity of the lipid bilayers, it was difficult to analyze the
FRAP data using the diffusion equations which have been
derived for planar systems. M was determined graphically
as the asymptotic value of the averaged recovery curves
(Fig. 9) and the apparent diffusion coefficient D, wases-
timated from thefluorescencerecovery half timet,,, meas-
ured on these curves and using the relation D =0.22 R?/t,,
(Axelrod et a. 1976). Results are reported in Fig. 10 and
Table 1.
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Fig. 9 Experimental FRAP experiments. Fluorescence recovery
curves obtained on monolayers of spherical supported “hairy”
phospholipid bilayers (SSB) for three different observation radius
R:1.05 pm (&), 1.45 um (g) and 1.95 um (). Each curve is the
average of 30 measurements
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Fig. 10 Experimental FRAP experiments. Plot of the mobile frac-
tion M versusthereciprocal of the beam radius R measured by FRAP
experiments on monolayers of spherical supported “hairy” phospho-
lipid bilayers (SSB) labeled with NBD-eggPE

Tablel Mobile fractions and diffusion coefficients obtained by
FRAP experiments on monolayers of silicabeads supporting an egg-
PC bilayer containing 5 mol% PEG5000-eggPE, for various values
of the beam radius R. Also shown are the mobile fractions deter-
mined by image analysis (see text)

M calculated D

R (Hm) M experimental app DO
(108 cm?s™?) (108 cm?sY)

1.05 0.55+0.02 0.52+0.06 0.32+0.06 0.23+0.07
1.45 0.36+0.03 0.42+0.04 0.46+0.07 0.21+0.05
1.95 0.30+0.03 0.32+0.02 - -
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corresponded to planar projections of spherical surfaces.
Using simple geometric cal cul ations, the area of these pla-
nar surfaceswas converted into the area of the correspond-
ing real spherical surfaces. As can be seenin Table 1, the
M valuescalculated in thisway arein good agreement with
the experimental ones.

With respect to the diffusion coefficient, and if one re-
ferstothenumerical simulations, D, shouldincreasewith
increasing R. Thiswasindeed the casefor R=1.05 pm and
1.45 um (Table 1). Unfortunately, D, could not be deter-
mined accurately for R=1.95 um because the signal to
noise ratio was too low in this case.

To evaluate the diffusion coefficient Dy from D apps the
averagefraction F;,, of theareaof the peripheral SSB which
isinside the observation radius was determined. F;, values
of 0.29+0.03 and 0.35+0.03 were found for R=1.05 pm
and 1.45 pm, respectively. The real diffusion area Syj¢; is
Sqits = Fin 4 11r? which leads to the following expression for

Do:
Do=4 Fiy,  Dgpp (1/R)? (11)

Consistently, and within the limits of the accuracy of
our experiments, the two calculated values of D, were
found to be identical and equal to 0.2-10% cm? s*
(Table 1). Takinginto account the differencesin natureand
curvature between the supports and the way the diffusion
coefficients were calculated, this value of D, compares
well with the diffusion coefficient of 0.5-10% cm? s
found for planar supported bilayers of the same composi-
tion.

As can be seen in Fig. 10, the mobile fraction M de-
creased with increasing R. It should be stressed that FRAP
experiments were carried out with a x63/1.3 oil-immer-
sion objective whose depth of focus of =1.5 um (Dupou
et al. 1988) was comparable to the diameter of the spheri-
cal bilayers. Inthese conditions, themeasured fluorescence
intensities accounted for all the fluorescent probes present
in the spherical bilayerswhich wereincluded in the obser-
vation area. Thedatain Fig. 10 fallson astraight line with
the equation M =(0.58+0.08)/R—(0.01+0.07) (r=0.984).
Asexpected for such asystem, thiscorrespondsto an equa-
tion of the type of Eq. (5), with amobile fraction extrapo-
lating at O for 1/R - 0O, indicating strictly closed diffusion
areas. From the slope, a radius of 0.92+0.09 um was cal-
culated for the spherical bilayers which compared well
with the radius of 0.83 um given for the supporting silica
beads. As acontrol experiment, the mobile fractions were
calculated by image analysis as described above. Images
of lattices of disks with the same arrangement as in SSB
monolayers were generated and the theoretical values of
M were determined for the three r/R ratios used. In each
case, 10 different positions of the observation areawith re-
spect to the lattice were considered. The images observed

Discussion

The above numerical simulations of FRAP experiments at
variable observation radius R on compartmentalized mem-
branes allowed us to establish the relationships which ex-
ist between (i) the mobile fractions M and the size r of
membrane domains, and (ii) the apparent diffusion coeffi-
cient Dy, and the real diffusion coefficient Dy inside the
domains. According to these simulations, the existence of
domains in membranes can be inferred from FRAP meas-
urements at variable beam radii by plotting M versus 1/R.
A linear relationship between M and 1/R, at low values of
VR, together with a quadratic increase of D, with R are
the signature of the presence of such domains. If the lin-
ear part of the plot extrapolates at M =0 for 1/R - 0, the
domains can be considered as being closed, at least over
the time scale of the FRAP experiments. If extrapolation
indicates a permanent mobile fraction Mp, then the do-
mains are not strictly closed. In all cases, the average size
r of the domains can be determined with the help of Eq. (6)
or (7) from the slope of the linear part of the M versus 1/R
plots. For closed domains, the diffusion coefficient Dy in-
side the domains can be deduced from the changes of D,
with R using Eqg. (10). The validity of this approach was
tested through the analysis of the experimental FRAP data
obtained with amodel of acompartmentalized membrane.
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It should be stressed that despite its complex geometry, the
system consisting of monolayers of silica beads support-
ing a “hairy” phospholipid bilayer, proved to be a good
model of amembrane partitioned into closed lipid domains
and quite useful for testing our theoretical predictions. On
this membrane model system, our approach indicated the
presence of strictly closed domains whose size was as ex-
pected. It isalso worth noting that an extensive fusion was
observed between adjacent spherical bilayers and that a
relatively high PEG5000-eggPE mole fraction of 5% was
necessary to hinder thefusion process. Thisvalueishigher
than that which corresponds to the limit of overlapping of
the PEG polymer chains and which can be evaluated at
=2% from literature data (Kuhl et al. 1994, Janzen et al.
1996). This means that in our case, the PEG chains were
in the strongly-overlapping “brush” regime in which the
chains are elongated (de Gennes 1988). The fact that both
this chain conformation and a relatively high PEG5000-
eggPE concentration were required to achieve an efficient
steric barrier between adjacent lipid bilayers corroborates
the conclusion of Kuhl et al. (1994) stating that agood pro-
tection of the lipid surface in liposomes requires not only
aminimum thickness of the polymer layer (after the tran-
sitiontothebrush regimethethickness of the polymer layer
increases abruptly beyond the Flory radius of a chain) but
also a dense polymer layer.

Experimental FRAP data at variable beam radii on liv-
ing cellsis scarce but fortunately concerns both lipids and
proteins, which makes a comparison between the behav-
ior of the two classes of molecules possible. The up-to-
date available mobile fraction data obtained for lipids and
proteinsin the plasmamembrane of human skinfibroblasts
(Yechiel and Edidin 1987) and mouse hepatoma cells
(Edidin and Stroynowski 1991) are plotted versus 1/R in
Figs. 11A and 11B respectively. For both lipids and pro-
teins M is seen to increase linearly (0.827<r<0.98) with
1/Rintheregion of low 1/R values and to extrapolate to a
value of Mp~0.2 for 1/R - 0. Consistently, analysis of
these plots with Eq. (7) suggests the presence of micron-
sized domains (Table 2), which are not strictly closed but
of the open type. In agreement with the existence of do-
mains, D,,, was observed to increase with R. Unfortu-
nately, thereal diffusion coefficient D, cannot be obtained

Table2 Radiusr of the closed domainsidentified through the anal-
ysiswith Eq. (7) of FRAP data obtained at variable beam radii, for
proteins and lipids in the plasma membrane of various cellular

0,8
0,6 F

04 |

Mobile Fraction M

0,2 ¥

1/R (1/pm)

04 |

oz b1

Mobile Fraction M

1/R (1/pm)

Fig. 11A, B Experimental FRAP experiments. Plot of the mobile
fraction M versus the reciprocal of the beam radius R measured for
different probesin various plasmamembranes. A lipid analog NBD-
PC (0) in the plasma membrane of human skin fibroblasts (Yechiel
and Edidin 1987); lipid analog NBD-PC (o) in the plasmamembrane
of mouse hepatoma cells (Edidin and Stroynowski 1991). B FI-Fab
labeled proteins (@) in the plasma membrane of human skin fibro-
blasts (Yechiel and Edidin 1987) and FI-Fab labeled H-2Db protein
(m) in the plasma membrane of mouse hepatoma cells (Edidin and
Stroynowski 1991). Thestraight lineswhichfit the experimental data
at low 1/R values were those used to calculate the size of the do-
mains (see text and Table 2)

systems. Also given are the correlation coefficient (r) qualifying the
plots M vs /R in Figs. 11A and 11B, and the permanent mobile
fraction Mp obtained for 1/R - 0 (seetext and Figs. 11A and 11B)

Cells Lipids Proteins

r (um) Q) Mp r (um) Q] Mp
Human skin fibroblast 0.74+0.20 0.95 0.23+0.05 0.25+0.10 0.83 0.18+0.05
(Yechiel and Edidin 1987)
Mouse hepatoma 0.41+0.20 0.92 0.19+0.05 0.25+0.10 0.92 0.16+0.05

(Edidin and Stroynowski 1991)




from this data. Indeed, and because of the presence of a
permanent mobile fraction Mp, calculation of Dy would
have required an analysis of the fluorescence recovery
curves with two diffusion coefficients. These curves were
not published.

In the plasmamembranes of human skin fibroblasts and
mouse hepatoma, domains probed by lipids exhibit an ap-
parent radius of around 0.7 and 0.4 um respectively
(Fig. 11A, and Table 2).

With respect to proteins, the FRAP data obtained for
human skin fibrobl asts and mouse hepatoma can be assem-
bled on the sameline (Fig. 11B) and indicates domains of
about 0.25 pm in radius. Thisisin agreement with recent
results obtained by analyzing the lateral motion of trans-
membrane proteins (principally membrane receptors) at
the surface of various cell types using a Single Particle
Tracking (SPT) technique (Saxton and Jacobson 1997) and
which accounts for domains with radii in the 0.1—-0.5 pm
range (Sheetset al. 1995). More precisely and to make the
comparison with fibroblastic cells, domains of 0.26 um
and 0.36 pm in radius have been identified in the plasma
membrane of rat kidney fibroblasts by tracking the move-
ments of transferrin and a,-macroglobulin receptors re-
spectively (Sako and Kusumi 1994). Domains of 0.16 pm
in radiuswere observed by tracking the GPI-anchored pro-
tein Thy-1 at the surface of C3H fibroblasts (Sheets and
Jacobson 1997).

With respect to the structure of membrane domains, one
current opinion isto consider that confinement of proteins
in domains is principally due to interactions of the cyto-
solic part of these molecules with membrane skeleton
and/or cytoskeleton elements (Kusumi and Sako 1996).
Owingtothermal fluctuationswhich modul atethedistance
between the membrane and the skeleton meshwork, pro-
teins can move from one domain to the next or undergo
random or directed long-range motions (Kusumi and Sako
1996). In this model, the barriers to protein diffusion are
located outside the membrane, not within the membrane.
In the absence of intra-membrane barriers, membrane pro-
teins may be assumed to behave like randomly distributed
obstacles to the lateral motion of lipids. A slowing down
of the lateral diffusion rate of lipids is expected, not are-
striction of their long-range motions, aswas observed with
reconstituted proteoliposomes (Cherry 1979, Schram et al.
1994). Infact, the existence of lipid domainsin membranes
whose size is comparable to that of protein domains im-
plies the presence of intra-membrane barriers. More than
likely, membrane proteins are the origin of these barriers
(Edidin 1993, Tocanne et al. 1994a) and in addition to
interactions with the membrane skeleton, attractive inter-
protein interactions may contribute to the stabilization of
fences (Abney and Scalettar 1995). Today membranes can-
not be seen as static structures (Edidin 1993). Instead, a
dynamic model of membranes consisting of a network of
fluctuating and size-selective barriers may be proposed.
The concept of fluctuating barriersis sustained by theoret-
ical simulations of protein distribution in membranes (Ab-
ney and Scalettar 1995), and experimentally by SPT ex-
perimentswhich show residence times of proteinsin given
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domains in the range 3—30 s (Sheets et al. 1995; Saxton
and Jacobson 1997). Note that 3—30 s is the typical time
scale of FRAP experiments which consistently indicate an
absence of long-range diffusion for the proteins. Because
of thermal fluctuations, the barrier network islikely to de-
pend on local fluctuations in the distribution and surface
density of lipid and protein molecules (Abney and Scal et-
tar 1995). On the average, and taking into account the rel-
ative size of the diffusing species, the barriers are expected
to be more permeableto lipids as compared to proteins. In
agreement with our simulation experiments, fluctuating
barriers may explain the existence of a permanent mobile
fraction M p which accounts for the possibility that a frac-
tion of proteinand lipid moleculesmay undergo long-range
lateral diffusion. Size selective barriers may explain why
domains probed by lipids and proteins differ in sizewithin
the same membrane. Accordingly, it isworth stressing that
in the plasma membrane of fibroblasts and mouse hepat-
oma, domains were of greater radius when probed by lip-
ids(0.4—0.7 um) than when probed by proteins (0.25 pm).
It should be observed that if these membranes were com-
posed of strictly closed and juxtaposed domainsthen, pro-
teins and lipids which are free to diffuse laterally within
these domains would report the same size. Finally, and at
its present stage of development, the simulation data sug-
gests that the permanent mobile fraction of 20% observed
in cellswould account for only avery low extent of open-
ing of the barriers. Thus, an Mp value of 33% was found
for hexagons of size r=8.18 I.s. with (on the average)
2 doors of 11.s. which represent only =5% of the hexagon
perimeter.

Conclusion

The FRAP technique is of considerable interest for inves-
tigating the lateral organization of membranes because it
can be used to study the cell surface mobility of both lip-
ids and proteins. We have demonstrated here that perform-
ing arun of experiments at variable beam radii givesin-
formation on both the dynamics and structure of mem-
branes. It provides evidence of compartmentalization if it
exists, and allows for the determination of the size of the
domains and the diffusion coefficient inside the domains.
Thenext step isto consider the dynamics of the system and
to introduce the concept of barriers which are fluctuating
and selectivein size with respect to lipid and protein mole-
cules. Thiswork isin progressin our |aboratory.
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