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ABSTRACT: Fluorescence recovery after photobleaching (FRAP) has recently been used to examine the 
percolation properties of coexisting phases in two-component, two-phase phosphatidylcholine bilayers [Vaz, 
W. L. C., Melo, E. C. C., & Thompson, T. E. (1989) Biophys. J .  56,869-8761, We now report the use 
of FRAP to study two additional problems in similar systems. The first is the effect of solid-phase obstacles 
on the lateral diffusion in the fluid phase. The second is the question of whether or not, in a single bilayer, 
solid-phase domains in one monolayer are exactly superimposed on solid domains in the apposing mono- 
layer. To address the first problem, the lateral diffusion of N-(7-nitrobenzoxa-2,3-diazol-4-yl)- l-palmitoyl- 
2-oleoylphosphatidylethanolamine (NBD-POPE), a probe soluble only in the fluid phase when solid and 
fluid phases coexist, has been studied in the mixture N-lignoceroyldihydrogalactosylceramide (LigGalCer)/ 
dipalmitoylphosphatidylcholine (DPPC). Percolation of the fluid phase occurs a t  a high mass fraction of 
solid phase. This indicates that the solid domains have a centrosymmetric shape, a characteristic which 
makes this a good experimental system to test theoretical simulations of diffusion in an archipelago. It is 
shown that agreement between theory and experiment is poor, a result that had already been observed when 
the obstacles were integral membrane proteins. We develop an effective-medium model for diffusion in 
two-phase systems which explains both our results and those obtained with integral proteins. The distinctive 
feature of the model is the consideration of an annular region around the obstacles where the lipids are more 
ordered than in the bulk fluid phase. The diffusion coefficient is then calculated by extending the free area 
model to two-phase systems, taking these annuli into account. The second question, the organization of 
the solid-phase domains across the lipid bilayer, is examined in the systems LigGalCer/DPPC and dimyris- 
toylphosphatidylcholine (DMPC)/distearoylphosphatidylcholine (DSPC) by comparing the diffusion of a 
fluid-phase-soluble, gel-phase-insoluble lipid derivative which spans the two monolayers of a bilayer (NBD- 
membrane-spanning-phosphatidylethanolamine, NBD-msPE) with that of a probe which is restricted to 
a single monolayer. In LigGalCer/DPPC, 20:80, the distribution of solid domains in one of the monolayers 
is independent of the distribution in the apposing monolayer. In contrast, in DMPC/DSPC, 5050, the solid 
domains in one monolayer are exactly superimposed upon the solid domains existing in the apposing mono- 
layer. 

Phospholipid bilayers composed of two or more lipid species 
have been shown to exhibit phase separations into a solid or 
gel phase and a liquid-crystalline or fluid phase, in a wide 
range of temperatures, at constant pressure (Shimshick & 
McConnell, 1973; Wu & McConnell, 1975; Mabrey & Stur- 
tevant, 1976). An important questionconcerning thestructure 
of the bilayer is the topology of the phases in equilibrium. One 
aspect of this problem is the lateral organization of the domains 
of the two phases and their connectivity properties. If a lipid 
binary mixture, originally in the fluid state, is cooled down 
into the coexistence region, solid phase will be formed. As the 
temperature is further decreased, the fraction of solid increases. 
Eventually, a point is reached where the solid phase forms a 
continuous cluster in the plane of the lipid bilayer, thereby 
disconnecting the previously continuous coexisting fluid phase 
into isolated domains. This is the percolation threshold of the 
bilayer (Stauffer, 1985; Saxton, 1982, 1987). At tempera- 
tures below this point, for molecules soluble only in the fluid 

phase, translational diffusion in the whole plane of the bilayer 
is no longer possible. The solid-phase clusters act as barriers 
for the diffusion of fluid-soluble particles, and once these 
clusters make the fluid phase discontinuous, diffusion is 
possiblyonly within the limited regions of this phase that have 
become isolated from each other. It has recently been shown 
that the technique of fluorescence recovery after photobleach- 
ing (FRAP)' can be used to detect the point of percolation 
in phospholipid mixtures (Vaz et al., 1989, 1990; Bultmann 
et al., 1991). In this work, we have employed thesamemethod , 
to examine the binary mixture of N-lignoceroyldihydroga- 
lactosylceramide (LigGalCer) and dipalmitoylphosphatidyl- 
choline (DPPC) using the fluorescent lipid probe N47- 
nitrobenzoxa-2,3-diazol-4-yl) 1 -palmitoyl-2-oleoylphos- 
phatidylethanolamine (NBD-POPE). We have observed that 
this mixture exhibits a large temperature interval of solid/ 
fluid coexistence where the fluid phase is continuous. When 
the point of percolation occurs at high mass fractions of solid, 
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Diffusion and Percolation in Lipid Bilayers 

the solid domains probably have a centrosymmetric shape 
(Xia & Thorpe, 1988). This feature makes the LigGalCer/ 
DPPC mixture a good test system for evaluating the appli- 
cability to lipid bilayers of theoretical treatments of diffusion 
in an archipelago (Saxton, 1982, 1987, 1989). The results 
reported in this paper agree only qualitatively with Monte 
Carlo simulations (Saxton, 1987, 1989). We have therefore 
developed a theoretical effective-medium treatment which 
considers the existence of a boundary layer around each solid 
domain where diffusion of fluid lipid particles is slower than 
in the bulk fluid phase. This model not only explains our 
results but also accounts for the discrepancy between theory 
and experiment in the magnitude of the reduction of the 
apparent diffusion constant observed in the presence of integral 
membrane proteins (Saxton, 1987; Blackwell & Whitmarsh, 
1990). 

Another important topological problem concerns the or- 
ganization of the solid domains across the lipid bilayer. The 
question is whether or not solid domains in one of the mono- 
layers of a bilayer are necessarily exactly superimposed upon 
solid domains in the apposing monolayer. The FRAP 
technique provides a unique method for investigating this 
problem. We make use of the fluorescent lipid probe NBD- 
membrane-spanning-phosphatidylethanolamine (NBD-msPE), 
which has two NBD-derivatized glyceroethanolamine head 
groups linked by two complex alkyl chains via two ether bonds 
on each side (Vaz et al., 1985a). In the LigGalCer/DPPC 
mixture, we compared the diffusion of this molecule with the 
diffusion of NBD-POPE. The analysis is conceptually very 
simple: if the solid-phase domains are necessarily superim- 
posed upon each other in the two monolayers of a bilayer, the 
diffusional paths of the two probes will be identical; if no 
superposition exists, the transmembrane lipid will sense more 
domains in its path and its diffusion will therefore be more 
restricted. We have also examined this question in a 50:50 
mixture of dimyristoylphosphatidylcholine (DMPC) and dis- 
tearoylphosphatidylcholine (DSPC) by extending a previous 
study which had used the lipid derivative NBD-dilauroylphos- 
phatidylethanolamine (NBD-DLPE) as a probe (Vaz et al., 
1989). 

Biochemistry, Vol. 31, No. 31, 1992 7199 

was modified to allow scanning at  a constant rate. The scan 
rate used was 10 OC/h, in the heating mode. Preliminary 
scans were started at 25 OC and ended at  90 OC to ensure that 
there would be no unnoticed ceramide-rich fraction melting 
at  a high temperature. The final scans were terminated about 
10 OC above the completion of the transition. 

Lipid concentrations in the hydrated samples were deter- 
mined by phosphate assay (Bartlett, 1959). 

FRAP Experiments. Multibilayers were prepared as 
previously described (Vaz et al., 1989), with minor modifi- 
cations. Aliquots (2-3 mg) of lipid were mixed with the NBD 
probe (at a probe to lipid molar ratio of 1 : 1000 or 1 :2000 for 
NBD-POPE and NBD-msPE, respectively) in chloroform 
solution and allowed to stand for 30 min at about 40 OC because 
of the lower solubility of the ceramide in chloroform. The 
solvent was then evaporated to a volume of about 0.1 mL and 
the solution deposited on a siliconized microscope slide at  80 
OC, making a lipid film deposit of about 1 cm2. The microscope 
slide was placed in a vacuum desiccator over anhydrous calcium 
chloride granules for 4 h and then warmed to 90 OC in an oven 
for 10 min. Hydration was performed at this temperature by 
depositing a 75-pL drop of 10 mM phosphate buffer, pH 7.5, 
containing 50 mM KC1,0.02% NaN3, on the microscope slide 
and forcing it to spread over the lipid film with the aid of a 
cover slip. The samples, now in excess water, were then 
incubated for 2 h at a temperature above which the lipid 
mixture is completely in the liquid-crystalline state and finally 
cooled slowly to room temperature over about 4 h. The edge 
of the cover slip was sealed with a silicone paste (Bayer AG, 
Leverkusen, FRG) to prevent water evaporation. Samples 
were left in the dark for 2-1 5 days before measurements. The 
multibilayers used for FRAP experiments were selected by 
inspection with polarization microscopy. The FRAP mea- 
surements were made using a circular beam profile with a 
radius of 3 pm, with the 488-nm line of an argon ion laser. 
The laser output of 200 mW was split into a monitoring a 
bleaching beam with an intensity ratio of 10-4. A Zeiss Neo- 
fluar 10/0.3 objective was used in these experiments. The 
temperature of the sample was controlled by a Peltier tem- 
perature control unit (Cambridge Thermionic Corp., Cam- 
bridge, MA) built into the microscope stage; the temperature 
control is accurate to about f0.15 OC. Further details of the 
apparatus can be found in a previous publication (Vaz et al., 
1989). The measurements were begun at a temperatureabove 
the liquidus line in the phase diagram for the composition 
examined. The samples were cooled by changing the tem- 
perature in the control unit by 1-2 OC and waiting for a period 
of at  least 30 min at that final temperature before each 
measurement. After 2 days, the measurements were repeated 
on the same sample in the heating mode under the same 
conditions. The bleaching times were of the order of 30-60 
ms. The fluorescence recovery was monitored for a period of 
30 s to 2 min as appropriate, and the data were collected in a 
total of 1000 channels. Care was taken to avoid bleaching by 
the monitoring beam by measuring the fluorescence intensity 
for a period of time equivalent to the one of an actual 
experiment, but without the bleaching pulse. The recovery 
curves were fitted to the theoretical equations (Soumpasis, 
1983) using the Simplex algorithm (Quantum Chemistry 
Exchange Program, Chandler, J. P., Oklahoma State Uni- 
versity, Stillwater, OK). When there were more than one 
diffusing component, the slow components were approximated 
by a linear ramp as described elsewhere (Vaz et al., 1989). 

Theory. On the basis of free-volume theory for diffusion 
in liquids and glasses (Cohen & Turnbull, 1959) and its 

MATERIALS AND METHODS 

DMPC, DPPC, and DSPC were purchased from Avanti 
Polar Lipids, Inc. (Alabaster, AL). LigGalCer was obtained 
from Sigma Chemical Co. (St. Louis, MO). The purity of 
the lipids was confirmed by thin-layer chromatography. All 
lipids were used without further purification. Chloroform 
solutions of the lipids were prepared and stored at -20 OC. 
NBD-POPE and NBD-msPE were prepared as described 
before (Vaz & Hallmann, 1983; Vaz et al., 1985a). 

Calorimetry. Multibilayer vesicles in excess water were 
prepared by mixing the two components together in chloroform 
solution and evaporating the solvent in a rotary evaporator at 
60 OC. The samples were then dissolved in toluene/ethanol, 
5:  1, lyophilized, and redissolved in chloroform. After at least 
30 min, the evaporation step was repeated and the samples 
were placed under high vacuum for 4 h, at room temperature. 
Hydration of the samples was done at 100 OC with 10 mM 
HEPES buffer, pH 7.6 (at 20 "C), 50 mM KC1,l mM EDTA, 
0.02% NaN3. The dispersions were then stirred for a short 
period at 90-95 OC, rapidly cooled to 60 "C (70 OC in the case 
of the 5050 mixture) and then cooled at  less than 5 OC/h to 
room temperature, and incubated for about 24 h. 

The heat capacity curves were determined using a differ- 
ential scanning calorimeter (Suurkuusk et al., 1976) which 
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extension to a free-area theory for diffusion of lipids in bi- 
layers, modeled as pseudo-two-dimensional systems (Vaz et 
al., 1985b;Clegg & Vaz, 1985), we havederivedanexpression 
for the diffusion coefficient in the region of solid/fluid 
coexistence of a two-component lipid mixture (see Appendix). 
In our model, solid domains are composed of units which are 
obstacles for the diffusion of fluid-phase-soluble lipid particles. 
The units, or obstacles, are assumed to be disks of uniform 
radius. They also affect the fluid-phase lipids in their 
neighborhood by increasing their orientational order, in a 
manner similar to the proposed effect of proteins on adjacent 
lipids (Marklja, 1976; Owicki et al., 1978; Owicki & Mc- 
Connell, 1979; Jlhnig, 1981) [for a review and further 
references, see Abney and Owicki (1985)l. We obtained the 
following expression for the relative diffusion coefficient of 
a lipid in the neighborhood of a solid domain obstacle: 
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D*(r)=g=exp[(:)(l-L)] DO u(r) (1) 

where Do is the diffusion coefficient in the unperturbed bulk 
fluid phase; the relative free area, u(r) = af/af,,, where af is 
the free area per molecule and af, is the free area per molecule 
in the bulk fluid phase; and a, is the area per lipid in the solid 
phase. Note that u = 0 in the solid and u = 1 in the fluid. 
In the neighborhood of the obstacles, u changes as an 
exponential decay function with a coherence length 5 (see eq 
A1 and Figure 9); 5 should have a value of about 15 A (Jlh- 
nig, 1981). 

When solid and fluid phases are present, the relative 
diffusion coefficient ( D )  (see Appendix for definition) becomes 
an average of D*(r) over the different regions that compose 
the entire system: solid disks, annular regions, and bulk fluid. 
The expression for ( 0 )  is given by eq A1 1 (Appendix). In 
the analysis of the LigGalCer/DPPC mixture, we have 
assumed the radius of the obstacles to be constant. We fit the 
diffusion data to eq A12, which is the numerical form of eq 
A1 1. Allowing for a variable radius as a function of tem- 
perature resulted in no improvement of the fit. The coherence 
length 5 of the obstacle-induced perturbation was kept constant 
(see Appendix for a discussion of this aspect). 

RESULTS 

Calorimetry and Area Fractions of Solid and Fluid Phases. 
In order to evaluate the amounts and areas of solid and liquid 
phases coexisting at a given temperature in the LigGalCer/ 
DPPC system, we have recorded the curves of the heat capacity 
as a function of temperature. These curves are shown in Figure 
lA, for mole fractions of ceramide of 0.10, 0.20, 0.33, and 
0.50. A partial phase diagram was generated and is shown 
in Figure 1 B. The onset and completion temperatures were 
determined by arbitrarily leaving out 5% of the total heat, at 
each side. The reason for this option is the fact that some of 
the curves have extremely long tails which renders the solidus 
and liquidus lines impossible to determine without some 
assumption regarding the onset and completion temperatures 
of the transitions. The methods most often used consist of 
extrapolating the heat capacity curves from some region close 
to the baseline, which is also arbitrary, and correcting for the 
finite width of the transition, which has no meaning in cases 
where the transition obviously occurs over a wide range of 
temperatures (Maggio et al., 1985a). The particular choice 
of onset and completion temperatures does not affect our results 
because the mass fractions of solid and fluid phases coexisting 
at each temperature were calculated by direct integration of 
the heat capacity function. This is possible in the case of the 
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FIGURE 1: (A) Calorimetric scans of several compositions of the 
binary mixture LigGalCer/DPPC: mole ratios (from top to bottom) 
10:90, 20:80, 33:67, and 50:50. (B) Partial phase diagram of the 
same mixture: F, fluid phase; S, solid phase. The onset (0) and 
completion (0) temperatures of the transition are indicated. The 
curves are smooth lines drawn through the points. The apparent 
percolation points determined with NBD-POPE and NBD-msPE 
(see text) are indicated in (A) by the solid and dashed arrows, 
respectively, and in (B) by V and V. 

LigGalCer/DPPC mixture because the enthalpy of the main 
transition is very similar for both lipids: 8.7 kcal/mol for 
DPPC (Mabrey & Sturtevant, 1976) and 7.3 kcal/mol for 
LigGalCer (Maggio et al., 1985b). We have estimated the 
bias affecting the calculated mass fractions of solid and fluid 
phases by decomposing the heat capacity curve into several 
transitions each corresponding to a given composition (the 
enthalpy being a weighted average of the enthalpies according 
to the composition). The effect is extremely small, the two 
methods giving results that are indistinguishable within the 
experimental uncertainty. No transitions were observed above 
70 OC in any of the samples examined. All values of the total 
enthalpy of the transition fall in the range of 8.7 f 0.9 kcal/ 
mol. No consistent trend with change in composition was 
detectable for the mixtures examined (LigGalCer/DPPC 10: 
90,20:80,33:67, and 50:50). This further supports thevalidity 
of using direct integration to evaluate the masses of phases 
in equilibrium. The fractional areas of each phase were 
calculated by using a value of 45 A2 for the area of a solid- 
phase lipid molecule (Wiener et al., 1989) and 63 A2 for a 
fluid-phase molecule, regardless of the composition of the 
phases. These area assumptions are not rigorous, but there 
is no information available for the areas per molecule in two- 
component phases. These values are accurate to about f 2  A2 
for DPPC. They can be calculated from a knowledge of the 
thickness and thevolume of the lipid bilayer. [See, for sources 
of pertinent information, Wilkinson and Nagle (1978), Lewis 
and Engelman (1983), Sankaram and Thompson (1990), and 
Almeida et al. (1992)l. The temperature dependence of the 
molecular areas in a given phase is weak and was not taken 
into account in our calculations. 

FRAP Experiments. Both NBD-POPE and NBD-msPE 
partition essentially exclusively into the fluid phase when solid 
and fluid phases coexist in a lipid bilayer, as estimated by 
fluorescence polarization spectroscopy (W. L. C Vaz, un- 
published observations), and also in monolayers (R. Tillmann, 
H. E. Gaub, and W. L. C. Vaz, manuscript in preparation). 
We use NBD-POPE in the LigGalCer/DPPC mixture instead 
of the previously employed NBD-DLPE because we are 
dealing here with relatively long-chain lipids, and their 
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FIGURE 2: Typical recovery curves in a FRAP experiment in LigGalCer/DPPC, 20:80. A-C were obtained in one cooling scan with NBD- 
POPE; D-F were obtained in one cooling scan with NBD-msPE. The temperatures and fit parameters are as follows: (A) 56.0 OC, T =: 0.268 
s, slope = 0.0 counts/s, recovery 99.5%, xz = 1.1; (B) 44.0 OC, T = 1.060 s, slope 0.7 counts/s, recovery 97.0%, x2 = 1.1; (C) 38.0 OC, 7 = 
0.445 s, slope 2.7 counts/s, recovery 22.0%, x2 = 1.0; (D) 56.0 "C, T = 0.474 s, slope 1.4 counts/s, recovery 100.6%, x2 = 1.2; (E) 44.0 OC, 
T = 12.1 s, slope 0.0 counts/s, recovery 89.8%, x2 = 1.7; (F) 40.0 OC, u = 0.752 s, slope counts/s, recovery 4.2%, x2 = 1 .1 .  The values of 
T indicated are not corrected by the exact radius of the laser spot in each individual experiment; normalization to a 3-rm spot would lower 
each value by about 10% in these two particular cooling experiments. The horizontal lines on the left side of each panel indicate the limiting 
value of the recovery (time - a). The bottom panels show the weighted residuals in units of standard deviations. 

interactions with a short-chain probe may be poor even in the 
fluid phase, possibly leading to phase separation of the probe 
or desorption from the bilayer. 

Figure 2 shows some typical fluorescence recovery curves 
recorded on multibilayers formed from LigGalCer/DPPC, 
20:80, at three different temperatures, for both probes, NBD- 
POPE and NBD-msPE. When the system is entirely in the 
fluid phase, a rapid and complete recovery is observed (Figure 
2A, D). At 44 OC, in the mixed-phase region, diffusion is 
considerably hindered as shown by the slower recovery time 
(Figure 2B, E), the effect being more pronounced with NBD- 
msPE than with NBD-POPE in the fluid phase, in this system. 
It is apparent that the fit is not perfect in the beginning of the 
curve in Figure 2E. This probably reflects the existence of 
a small fraction of fast-recovering components corresponding 
to diffusion in small fluid areas that have already become 
isolated from the main fluid phase by solid-phase clusters. 
Below 41.5 OC, a very limited recovery is observed in the case 
of NBD-POPE (lo-25%) and almost no recovery occurs with 
NBD-msPE (Figure 2C, F, respectively); the recovery time 
of this small fraction, however, is relatively fast, though 
impossible to determine with certainty in the case of NBD- 
msPE. 

Percolation and Variation of the Recovery Time (7 )  with 
Temperature: Diffusion of NBD-POPE. When a sample of 
multibilayers is cooled from a temperature at  which the whole 

system is in the fluid state down into the mixed-phase region, 
two important changes occur. First, the recovery ceases to 
be loo%, and second, 7 increases more rapidly as the tem- 
perature is decreased. This is shown in Figure 3 for diffusion 
of NBD-POPE in LigGalCer/DPPC, 20:80, where the points 
corresponding to two cooling and two heating curves are 
represented. The process has virtually no hysteresis, which 
strongly suggests that the system is at equilibrium at each 
point in temperature. It is apparent, moreover, that a unique 
point exists where the precent recovery precipitously drops 
from almost 100 to about 15% and the recovery time T increases 
abruptly, reaching a maximum at about 41.5 OC. We interpret 
this point as identifying the percolation threshold (Stauffer, 
1985; Saxton, 1982,1987) in the plane of the lipid bilayer and 
shall refer to it as such in this paper. The problems involved 
in this interpretation will be further developed in the Discussion. 
The points of percolation were also determined in LigGalCerl 
DPPC, 33:67 and 50:50; they are indicated in Figure 1 on the 
heat capacity curves (A) and on the phase diagram (B). The 
percolation thresholds occur at very high area fractions of 
solid phase, in all case: 0.71, 0.74, and 0.75, for the 20:80, 
33:67, and 50:50 mixtures. 

Domain Organization across the Lipid Bilayer: Diffusion 
of NBD-msPE. In the two mixtures examined in this work, 
LigGalCer/DPPC and DMPC/DSPC, the lipid probe NBD- 
msPE diffuses slower than NBD-POPE and NBD-DLPE by 
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FIGURE 3: Percent recovery and recovery time as a function of tem- 
perature in LigGalCer/DPPC, 20:80, measured with NBD-POPE: 
0, 0, cooling scans in two different samples; A, V, heating scans in 
two different samples. The points represent averages of four 
measurements, and the error bars are the corresponding standard 
deviations. For the lowest four points in the upper panel and the 
corresponding points in the lower panel, fewer measurements were 
made; for this reason, for some of these points the standard deviations 
were estimated on the basis of other observations in the same region 
of the plot. The dashed line in the recovery time plots represents the 
behavior expected for a hypothetical system with the same compo- 
sition, but where no solid formation would occur (reference state, so). 
It was obtained by extrapolation of the behavior of T in the fluid 
state. Its slope results simply from the temperature dependence of 
the diffusion coefficient in the fluid phase. The apparent activation 
energy of 7.0 kcal/mol is very close to the 6.5 kcal/mol calculated 
for pure DPPC from the data of Vaz et al. (1985b). For temper- 
atures higher than that of the percolation threshold, the solid line 
was calculated from the fit to eqs All/A12 and the baseline (ro); 
below this temperature it is a line drawn through the points. 

a factor of 2 when the systems are completely in the fluid 
state. Figure 4 shows the variation of 7 and the percent 
recovery as a function of temperature in the mixture Lig- 
GalCer/DPPC, 20:80. When compared to the diffusion of 
NBD-POPE (Figure 3), it is apparent that a qualitative 
difference exists: the value of 7 rises abruptly at approximately 
44OC insteadofat 41.5 O C .  Thisabrupt increasein ridentifies 
the apparent percolation point of the system as sensed by 
NBD-msPE. It occurs at a solid area fraction of 0.45 and 
0.65 in the 20:80 and 5050 mixtures of LigGalCer/DPPC, 
respectively. The percent recovery does not show a major 
change before 41.5 OC. However, below 44 OC, the fits are 
not very good and the value of T obtained may represent another 
process or combination of processes and not only the diffusion 
of lipid molecules. Another aspect to be considered is that the 
solid domains are probably smaller at 44 "C than at 41.5 "C, 
the percolation point determined by NBD-POPE; their 
mobility is therefore expected to be higher. The obstacles 
must be immobile in the time scale of the measurement for 
percolation to be observed (Saxton, 1987). Nevertheless, the 
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different points are essentially overlapping at the three highest tem- 
peratures. In the calculation of the solid line, the solid fraction used 
is the effective solid area fraction sensed by the transmembrane probe 
(see Discussion). 

percent recovery does show an abnormal behavior at 44 OC, 
with a slight decrease in its value and an increase in the 
dispersion. 

We have also examined the behavior of the probe NBD- 
msPE in the binary lipid mixture DMPC/DSPC with a 5050 
molar composition. This system had previously been studied 
with NBD-DLPE (Vaz et al., 1989). Figure 5 shows the 
cooling and heating scans for the dependence of the percent 
recovery on temperature for each probe. Two aspects are 
evident: the cooling curves are essentially the same for the 
two probes whereas the heating curves are different, and there 
is considerable hysteresis in the experiment with NBD-msPE, 
but not with NBD-DLPE. The values of T obtained with 
each probe coincide in the solid/fluid coexistence region in 
the cooling scan (data not shown), except for a factor of 2 
corresponding to the intrinsic difference in diffusion of the 
two probes. With NBD-msPE, the values of 7 are slightly 
higher in the heating than in the cooling scan, but the difference 
is probably not significative (the standard deviation ranges 
overlap). In order to determine which was the equilibrium 
curve, we cooled the system in steps of 2 OC and, at 39 OC, 
followed the change in percent recovery with time. Then the 
sample was cooled again in steps of 2 OC into the solid phase. 
After 8 days at 20 OC, the process was repeated in the heating 
mode and stalled at 39 OC. Again we followed the change in 
percent recovery with time. No change occurred in the percent 
recovery when the measurements were performed upon stalling 
in the cooling mode, but the recovery continuously changed 
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GalCer/DPPC, 20230, it occurs at a solid area fraction of 
0.7 1. According to continuum percolation theory (Xia and 
Thorpe, 1988) this probably means that the units constituting 
the solid phase are nearly circular. Note, however, that the 
actual solid domains are composed of several of these units 
and may have an irregular shape. The percolation point 
predicted for random overlapping disks in a continuum occurs 
at an area of disks of 0.67 (Xia & Thorpe, 1988). It is 
important to keep in mind, however, that there is no a priori 
guarantee that this lipid mixture can be treated as a random 
quenched system; the lipid domains cannot physically overlap 
although the shape of irregular domains can in principle be 
described by the use of overlapping circles. We would therefore 
prefer to keep the interpretation in a qualitative or a semi- 
quantitative frame. Above the percolation threshold (higher 
temperatures), as the temperature decreases 7 increases 
because the solid domains formed act as barriers to diffusion 
in the fluid phase (Saxton, 1982,1987). In this temperature 
region a lateral diffusion coefficient (D)  can be calculated 
from D = w2/47 (Soumpasis, 1983), where w is the radius of 
the bleached spot. Below the percolation point (lower tem- 
peratures), r decreases again because the fluid phase is no 
longer completely continuous, and diffusion only takes place 
within small (isolated) fluid domains and not over the whole 
plane of the bilayer. Within these domains diffusion is fast, 
as would be expected. The small recovery amplitude occurs 
because some of these fluid-phase domains are located across 
the circumference of the bleached spot and are therefore only 
partially bleached. Below the percolation threshold, thevalues 
of 7 are not related to the diffusion coefficient in a simple way. 

Solid-Phase Domains and Integral Proteins as Obstacles 
for Lipid Diffusion: Comparison of Theory with Experiment. 
If the shape of solid domains can be approximated by 
juxtaposition of nonoverlapping randomly distributed circles, 
this lipid mixture provides us with an experimental system 
that can be used to test available models describing diffusion 
in an archipelago (Saxton, 1982, 1987, 1989). The mixture 
LigGalCer/DPPC, 20:80, is also attractive because the 
coexistence region of fluid and solid phases extends over a 
large temperature interval (about 12 "C), allowing measure- 
ments at a number of different solid fractional areas. Saxton 
(1989) studied the dependence of the diffusion coefficient of 
a test particle moving in a two-dimensional triangular lattice 
on the size of hexagonal impenetrable obstacles. His Monte 
Carlo simulations show that the diffusion coefficient of the 
test particle decreases with decreasing size of the obstacles, 
at a constant obstacle area. On the basis of these simulations, 
it is possible to calculate the average size of the solid domains. 
In Figure 7 is represented the observed dependence of the 
diffusion coefficient on the solid area fraction in LigGalCer/ 
DPPC, 20:80. Using the results for immobile obstacles at 0.3 
obstacle area fraction [Figure 5 of Saxton (1989)], we 
determined the size of the hexagons that corresponds to a 
reduction in the diffusion coefficient identical to that which 
we observe experimentally. With a solid-phase molecular area 
of 45 A2, this gives 14 solid-phase lipid molecules per obstacle, 
or 8 A of radius if the obstacles are modeled as circles with 
an equal area. If this number were correct, the lifetime of the 
solid domains would probably be too short in the time frame 
of the lipid diffusion for the observation of its effects as 
obstacles on the percent recovery and 7 in a FRAP experiment. 
The mobility of such small domains would also be very high, 
in the same range as observed for integral membrane proteins 
formed by a single a-helix (Clegg & Vaz, 1985). These two 
aspects combined would probably have the effect of abolishing 
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FIGURE 5 :  Percent recovery as a function of temperature in the 
mixture DMPC/DSPC, 1:l: (A) Cooling scans; (B) heating scans. 
Points correspond to experiments using NBD-msPE (A) and NBD- 
DLPE (V). Each point is an average of at least eight measurements 
in two (NBD-msPE) or five (NBD-DLPE) different samples. The 
curves are smooth lines drawn through the points. Data correspond- 
ing to NBD-DLPE are from Vaz et al. (1989). 
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FIGURE 6: Fractional recovery as a function of solid area fraction 
in LigGalCer/DPPC, 20230, using the probe NBD-POPE. Thedata 
are replotted from Figure 3 using the solid- and liquid-phase areas 
per molecule given in the text. The points represent averages of four 
measurements and corresponding to two cooling and two heating 
scans. Error bars are standard deviations. The curve is a fit to the 
equation Recovery = 1 /( 1 + exp[ k(c - c,)]),  where cp is the apparent 
percolation point, c is the solid area fraction, and k is a constant. 
Whereas this equation may have no theoretical significance, it 
describes the data quite well and allows for a calculation of the 
inflection point, c, = 0.70. 

with time at 39 OC in the heating scan (data not shown). The 
equilibration process has an apparent half-time of at least 7 
h, if we analyze it as a simple exponential function. We 
conclude therefore that the curve corresponding to equilib- 
rium is the cooling scan. 

DISCUSSION 

General Interpretation of the Diffusion of NBD-POPE in 
LigGalCerlDPPC. The study of diffusion in the LigGalCer/ 
DPPC mixture has revealed the existence of a unique point 
which is apparent as an inflection in the function describing 
the change of the percent recovery with the solid fractional 
area (Figures 3 and 6) and as a maximum in the curve 
representing 7 as a function of temperature (Figure 3). We 
have identified this point with the percolation threshold of the 
system (Stauffer, 1985) in the plane of the bilayer. In Lig- 
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the plane of the bilayer as described by Saxton. The 
fundamental modification we introduce is that a boundary 
area exists around each obstacle, extending more than just 
one lipid layer into the fluid, where the order of the lipid 
molecules is increased compared to that in the bulk fluid phase 
(Figure 9). That this might play an important role in diffusion 
in lipid bilayers has also been recently suggested by Sperotto 
and Mouritsen (1991). In the present treatment, this effect 
is emphasized because of the exponential dependence of the 
diffusion coefficient on free area, as predicted by free-volume 
theory. The obstacles are assumed to have a constant radius, 
and their number is increased as more solid phase is formed. 
This assumption does not mean, however, that the solid 
domains do not grow as the temperature is lowered. The 
disks are to be interpreted as the building blocks of the actual 
solid domains; the latter will grow with increasing obstacle 
density. The model is scale-invariant, the only true parameter 
being the reduced radius R / t .  Therefore, in the quantitative 
analysis of our diffusion results, the radius R of the solid- 
phaseobstacles was determined in units of the coherencelength 
4. We fit eqs A1 1 /A12 to the experimental data for diffusion 
of NBD-POPE LigGalCer/DPPC, 2090, using a nonlinear 
least-squares analysis. The value R / t  = 8.1 f 0.4 was 
obtained. For example, a value of E = 10 A would lead to a 
radius of 80 A corresponding to about 400 lipid molecules per 
obstacle. The actual domains would then contain up to a few 
thousand molecules. Although an exact calculation of the 
size of the solid domains is impossible, our results require the 
existence of solid clusters over the entire range of solid/fluid 
coexistence and are incompatible with any model which 
assumes the solid to be essentially one bulk phase. This is the 
only way of explaining the magnitude of the reduction observed 
in the diffusion coefficient with increase in solid fraction. 

We have used the model to inpret the data on the effect of 
proteins on the lateral diffusion of lipid particles in bilayers 
(Blackwell & Whitmarsh, 1990). The agreement with the 
experimental results is good, as judged by the best fits of eqs 
A1 1/A12 to the data (Figure 8). The radii of the proteins 
were calculated from the cross-sectional area of the proteins 
(as indicated by the authors), assuming a circular shape. The 
results of the fits are given in the legend of Figure 8. For the 
first five proteins (A-E) they lead to t = 22.4 f 1.6 (average 
f SD). In striking contrast, for gramicidin (F) 5 = 1. These 
results are not too surprising given the peculiar structure of 
gramicidin, which has virtually nothing in common with the 
other integral proteins studied. Gramicidin has a molecular 
mass of 2 kDa whereas the other proteins range from 33 to 
250 kDa (Blackwell & Whitmarsh, 1990). Thismuchsmaller 
mass may decisively hamper the ability of gramicidin to induce 
order in the adjacent lipids. Accordingly, its obstruction of 
diffusion is in good agreement with Saxton's (1987) simu- 
lations, which take into account only hard core repulsions. 
Another feature of gramicidin is that it does not have an 
aqueous domain. It is possible that in the other integral 
proteins this extramembraneous domain also plays a role in 
the ordering of adjacent lipids. This would explain why the 
value of 5 obtained is slightly higher than we had expected. 
The experiments of Blackwell and Whitmarsh were performed 
at room temperature so that E should be larger than in our 
experiments, which were carried out at 40-50 "C, but this 
would only account for about 2-A difference in 5 (Appendix). 

An important question is the effect of obstacle mobility on 
tracer diffusion. In Monte Carlo simulations (Saxton, 1987, 
1988, 1989, 1990), mobile obstacles are less effective in 
restricting diffusion of a tracer. While the diffusion coefficient 
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FIGURE 7: Relative diffusion coefficient (D) as a function of solid 
area fraction in LigGalCerIDPPC, 20:80, using the probes NBD- 
POPE (0) and NBD-msPE (0). This diffusion coefficient is a ratio 
of the observed value (D) to the hypothetical value which would be 
observed in the same system if no solid formation would occur (Do). 
(D) = ro / r  = DID,,, where T~ is the baseline in Figures 3 and 4 for 
NBD-POPE and NBD-msPE, respectively. The solid area fractions 
corresponding to the pointsobtained with NBD-msPE are the effective 
solid areas sensed by this probe, assuming complete randomness for 
the transbilayer organization of the solid domains (see text). The 
solid line is the best least-squares fit of eqs A1 1lA12 to the points 
corresponding to NBD-POPE and gives R/[ = 8.1 f 0.4. The 
percolation threshold given by the model, Le., the intercept at (D) 
= 0, is c = 0.71. The dashed line is calculated using the conductivity 
eq 28 of Xia and Thorpe (1988) with t = 1.3. 

the percolation threshold (Harrison & Zwanzig, 1985; Sax- 
ton, 1987), whereas our experimental results indicate it exists. 
Moreover, if the obstacles are mobile, their effect on diffusion 
of a lipid molecule is smaller (Saxton, 1987). It thus becomes 
necessary to invoke even smaller obstacles to explain the 
magnitude of the reduction observed in the diffusion coefficient 
of a lipid (Saxton, 1989). 

The prediction of domains of such a small size probably 
reflects an underestimation of the effects of obstacles by the 
Monte Carlo simulations. This problem has already been 
pointed out by Saxton (1 987) and more recently by Blackwell 
and Whitmarsh (1990), whocompared thepredictionsof three 
available theoretical models (Pink et al., 1981; Saxton, 1987; 
O'Leary, 1987) with the measurements of the effect of integral 
membrane proteins on the diffusion of the lipid particle plas- 
toquinone. All models predict effects that are about 1 order 
of magnitude smaller than experimentally observed (except 
when the protein used is gramicidin, where the agreement is 
good). An explanation sometimes proposed is an increase of 
the bulk viscosity the lipid bilayer caused by the proteins. 
This cannot be the sole reason because, within the classical 
treatment (Einstein, 1926), the increase in the viscosity of a 
suspension is independent of the size of the particles dispersed 
in it. This prediction is not in agreement with what we have 
observed in lipid systems, where the reduction of the diffusion 
coefficient with increase of solid phase is different in different 
lipid systems having the same fractions of solid and fluid 
[compare Vaz et al. (1989), Bultmann et al. (1991), and this 
study], and with the results obtained with proteins (Blackwell 
& Whitmarsh, 1990), where a dependence on the protein size 
is observed. In Einstein's theory, no interactions between the 
solvent molecules and the suspended particles are considered. 

We present here a new theoretical model (Appendix) which 
accounts for the effects of solid-phase obstacles on the diffusion 
of lipids (Figures 3 and 7). The solid-domain obstacles are 
modeled as disks which constitute obstacles for diffusion in 
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FIGURE 8: Relative diffusion coefficient of the lipid-soluble molecule 
plastoquinone, as a function of protein area fraction, for four different 
integral membrane proteins. The reference state is a bilayer without 
proteins having the same lipid composition. The points were taken 
from Blackwell and Whitmarsh (1 990) and correspond to reaction 
centers from Rhodobocter sphaeroides (A), cytochrome bcl from 
beef heart mitochondria (B), cytochrome bf from spinach chloro- 
plasts (C), cytochrome oxidase from beef heart mitochondria (D), 
cytochromeffrom spinach chloroplasts (E), and gramicidin D (F). 
Using the cross-sectional areas given by Blackwell and Whitmarsh 
and assuming circular cross-sectional shapes, the protein radii were 
calculated giving (in A) R = 24.6 (A), 24.0 (B), 21.0 (C), 22.2 (D), 
5.35 (E), and 8.0 (F). The lines are best fits of eqs A1 1/A12 to the 
data. They correspond to R/F = 1.1 (A), 1.0 (B), 1.04 (C), 1.03 (D), 
0.221 (E), and 8.5 (F). 
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FIGURE 9: Distance dependence of the relative free area u(r) (dashed- 
dotted curve) and the relative diffusion coefficient D*(r) (solid curve) 
away from a solid-phase obstacle (hatched area) in units of 4. The 
values are ratios to the corresponding quantities in the bulk fluid 
phase. F is the coherence length of the decay function describing the 
behavior of the free area. 6 is the length within which the influence 
of the obstacle is appreciably felt. See eqs A1 and A5 for exact 
definitions of u(r) and D*(r). For reference, the diameter of a phos- 
pholipid molecule is approximately [/2 (if 4 15 A). 
of large lipid domains can be expected to be small, the diffusion 
coefficients of integral proteins are not much smaller than 
those of lipids (Clegg & Vaz, 1985). Our treatment does not 
consider the problem of the mobility of the disks. However, 
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FIGURE 11: Dependence of the diffusion coefficient (D) on the 
obstacle area fraction for different obstacle radii. The points are 
calculated numerically from eq A1 1 and the lines are given by eq 
A12. The reduced radius R/E is 1.0 (0), 1.5 (O), 2.0 (V), 3.0 (V), 
5.0 (O), 8.0 (m), and 15.0 (A). For values of R/,$ smaller than that 
corresponding to the dashed line ( R / l =  1.17) the diffusion coefficient 
goes through a minimum before reaching zero (see text for a discussion 
of this aspect). 

we expect eq A1 1 to be a good approximation for (D) in a 
system where boundary effects are important, when diffusion 
in the corresponding system where only hard core interactions 
occur is described by ( D )  = 1 - c, for this is the limiting 
expression when 6 - 0 (see Appendix). In which cases is (D) 
= 1 - c a useful approximation for the hard core repulsion 
problem? The parameters that must be considered are the 
radius of the obstacles (R) and the ratio y of the mobility of 
a point tracer to the mobility of the obstacles. Monte Carlo 
simulations (Saxton, 1987) show that ( D )  = 1 -cis the correct 
expression for point obstacles when y - 0 (extremely mobile 
obstacles); it is also correct when y - 03 (immobile obstacles) 
and R is sufficiently large [see Figure 5 of Saxton (1 989)]-in 
practice, this means R > 10d, approximately, where d is the 
lattice constant. If these units are translated into real 
dimensions, the tracer being a fluid lipid, this corresponds 
approximately to R > 80 A, which is the size of the solid 
obstacles determined for LigGalCer/DPPC, 20:80. 

For obstacles of intermediate size, (0) = 1 - c if the mobility 
of the obstacles is also intermediate. This conclusion is based 
on Monte Carlo simulations of the dependence of the diffusion 
coefficient on the size of mobile hexagonal obstacles (Saxton, 
1988). If R = 3d, we find from those results that ( D )  = 1 
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the two phases be immobile (Harrison & Zwanzig, 1985; Sax- 
ton, 1987, 1990). Experimentally, the possibility of deter- 
mining such a point in a lipid mixture requires that the time 
scale of the mobility and the lifetime of the solid-phase domains 
be very large compared to lipid diffusion. The dynamic aspects 
of the solid clusters will shift the apparent percolation point-as 
determined by a FRAP experiment-to a higher fraction of 
solid, leading to uncertainty in its identification. Our 
interpretation lies therefore upon the assumption of essentially 
immobile and long-lived solid domains; whereas this was not 
a critical aspect in the interpretation of the behavior of the 
diffusion coefficient, it is important to realize that it becomes 
absolutely essential here, at least at thepercolation threshold. 
In the case of the mixture LigGalCer/DPPC, 20230, the 
available information argues in favor of the correctness of our 
interpretation. The high nonideality of mixing of the two 
components, as revealed by calorimetry, results in the 
formation of phases of very different composition. This in 
turn presumably leads to longer lifetimes for the domains 
because the molecules that constitute a solid domain have to 
diffuse physically to a certain extent out of a given region 
before this region can become fluid. Moreover, at the 
percolation threshold, an abrupt increase in T (T - a, D - 
0 )  is the behavior expected (Stauffer, 1985; Saxton, 1982, 
1987), and this is exactly what is observed experimentally. 

It became apparent to us, in the course of a discussion with 
Dr. Rodney Biltonen, that the increase in the dispersion around 
the mean values of the percent recovery and the recovery time 
observed in the region of the percolation threshold (Figures 
3,4 ,  and 6) may have a precise significance. The very small 
variances observed outside the percolation region indicate that 
the dispersion in this region is not an experimental problem 
but a property of the system. These large standard deviations 
probably arise because, in the multibilayer stack, each bilayer 
exists in one of two states: either above or below the percolation 
threshold. Note that both states would have the same fraction 
of solid phase, but different geometric configurations of this 
phase lead to different percolation states. Bilayers above the 
threshold contribute 1 to the ensemble percolation probability, 
and bilayers below the threshold contribute zero; there are 
essentially no bilayers contributing, say, 0.5. Alternatively, 
the variances could result from thermal fluctuations, which 
would in turn lead to fluctuations in the solid area. Using the 
curve shown in Figure 6 and the uncertainty in the temper- 
ature control, we have calculated the expected variances for 
this case; they are systematically lower than those experi- 
mentally observed, though more experiments are necessary to 
firmly establish this fact. 

Solid-Domain Topology across the Lipid Bilayer. The 
comparative study of diffusion using NBD-msPE and NBD- 
POPE (or NBD-DLPE) indicates that the arrangement of 
the solid domains across the bilayer in binary lipid mixtures 
is not the same in all mixtures. In DMPC/DSPC the solid 
domains are exactly superimposed upon each other in the two 
monolayers whereas in LigGalCer/DPPC they are not. 

In LigGalCer/DPPC, 20:80, the apparent percolation point 
determined with NBD-msPE-identified by the abrupt in- 
crease in 7-occurs at a lower solid fraction (higher tem- 
perature) than the percolation point in each monolayer 
(determined by NBD-POPE). This clearly indicates that solid 
domains are not superimposed across the lipid bilayer. In the 
solid/fluid coexistence region, the transmembrane probe 
simultaneously senses the distribution of solid domains in the 
two leaflets of the bilayer. If the solid domains in the two 
apposing monolayers were exactly superimposed upon each 
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FIGURE 12: Relative diffusion coefficient (D) (solid line) and its 
component terms, calculated for R/I = 3.0. The long dashed line 
is eq A10. The other lines are the correction terms in eq A1 1 .  The 
medium dashed curve is the integral of the overlap area (second term 
inside the first bracketed term in eq A1 1). The short dashed curve 
is the integral of D*(r) over the overlap area (second term inside the 
second bracketed term in eq A1 1). The dotted line (smallest term) 
is the integral of the modified D*mcrlap(r) over the overlap regions. 

- c if y N 1.3. The diffusion coefficient is not very sensitive 
to small changes in y; to give an idea of the effect, if y N 1.8 
and R = 3d, then ( D )  N (1 - c)/1.05. The case of R = 3d 
is interesting because it corresponds to protein obstacles with 
R N 24 A, which is the size of most proteins used by Black- 
well and Whitmarsh (1990). Assuming that it is correct to 
identify y of a Monte Carlo simulation with the ratio of the 
diffusion coefficients of lipid to protein, we have y N 1.8, 
corresponding to a protein of this size with D N 3.3 X 
cm2/s (Clegg & Vaz, 1985), and a lipid with D N 6 X 1 t 8  
cm2/s (Vaz et al., 1985b), at about 35 OC. This is clearly in 
the range where only about 5% error will result from using 
( D )  = 1 - c for the hard core problem. The same equation 
works reasonably well both for large, immobile lipid solid- 
phase obstacles and for mobile, integral protein obstacles 
because the diffusion coefficient of the obstacle decreases as 
the radius increases (though not necessarily linearly). 

In the model now proposed, several approximations were 
made in the derivation of the final expression (eq Al l ) .  
Moreover, the assumption of obstacles with a constant radius 
was also made, which may be incorrect in the case of lipid 
solid-phase domains. Unfortunately, the lack of precise 
knowledge of f diminishes the prediction capabilities of the 
model, which renders it more difficult to disprove. On the 
other hand, the calculated curves for the diffusion coefficient 
as a function of obstacle area are very sensitive to size (for 
small and medium sizes) once a value is chosen for f (Figure 
11). And if the idea of the existence of a boundary layer as 
described is correct, it is not reasonable to expect f to have 
values much outside the 10-20-A range. An independent 
measurement of domain size could be used to determine 4. In 
the case of the integral membrane proteins studied by Black- 
well and Whitmarsh (1990), the calculations lead to f N 22 
A for all proteins. The work presented here is a tentative 
resolution of the long-standing conflict between theory and 
experiment on the problem of diffusion in an archipelago (Sax- 
ton, 1987). However, it is clear that the model developed 
gives only an approximate solution for the problem. Im- 
provement in the theoretical derivation is certainly possible. 

Percolation in the LigGalCer/DPPCSystem. The existence 
of a percolation point requires that the clusters constituting 
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other, the diffusion of the two probes would be the same, once 
corrected for the intrinsic difference in the magnitude of the 
values of 7 in the fluid phase. However, if the positions of the 
solid domains in one monolayer are not correlated with their 
positions in the other monolayer, the effective number of 
domains sensed by the transmembrane probe is greater and 
the apparent percolation point occurs at  a lower fraction of 
solid. At this point, the system has reached a configuration 
where a snapshot would reveal the existence of a percolating 
cluster of solid obstacles if we count domains in both mono- 
layers. Moreover, at  temperatures above the percolation 
threshold, the values of the diffusion coefficient of NBD- 
msPE fall exactly on the curve describing the dependence of 
the diffusion constant on the solid fraction for NBD-POPE 
(Figure 7), if we assume that the position of the solid domains 
in the two apposing monolayers is completely random. In 
plotting the points corresponding to NBD-msPE on the curve, 
the solid area assigned to each value of the diffusion coefficient 
is the effective solid area fraction (teff) felt by the transmem- 
brane probe. This area fraction is given by teff = 1 -p2, where 
p is the actual fluid area fraction in each monolayer. This 
expression results simply from a binomial expansion: p 2  is the 
probability of having fluid superimposed onto fluid phase in 
the other monolayer, if the relative positions of the domains 
are random. The corresponding curve for 7 as a function of 
temperature was calculated and plotted in Figure 4. 

In DMPC/DSPC, 5050, at equilibrium, the curves of 7 

and percent recovery as a function of temperature are the 
same with NBD-msPE and NBD-DLPE, indicating that the 
solid domains are exactly superimposed upon each other across 
the lipid bilayer. A considerable hysteresis was observed in 
the cooling and heating curves when NBD-msPE was the 
probe used but not when NBD-DLPE was employed. One 
possible explanation for this behavior is that, in the heating 
scan, a state close to equilibrium is reached independently in 
each monolayer, but the system is still away from the global 
bilayer equilibrium. Two incoherent networks of solid domains 
could thus exist in each monolayer, and the relaxation to the 
more stable state where the solid phases are exactly super- 
imposed would be extremely slow (half-time greater than 7 
h). This interpretation, however, is probably inconsistent with 
the lack of hysteresis in calorimetry (R. L. Biltonen, personal 
communication), unless the transbilayer coupling of the 
domains would have a very small enthalpy associated with it. 
An alternative possibility is that, after prolonged incubation 
in the all-solid phase, the transmembrane probe gets trapped 
into solid domains, where it is essentially completely immobile. 
The smaller recovery observed in the heating scans would in 
this case be the result of bleaching of solid-phase areas 
containing the probe which would not recover. The values of 
7 are not significantly different in the cooling and heating 
scans, which argues in favor of this interpretation: the probes 
that do diffuse do so in the same fashion in both scaning 
modes. 

It is not completely clear to us why there is a difference in 
the transbilayer solid-phase topology in the these two mixtures. 
One possible reason is that the solid phase in DMPC/DSPC, 
5050, seems to be a Ps# phase, by freeze-etch electron 
microscopy (Rock et al., 1991), which must, by definition, be 
superimposed onto itself across the lipid bilayer. 

The transbilayer organization of domains may have sig- 
nificant consequences for biological membranes. The lipid 
composition of the inner and outer monolayers is very different 
in most cell plasma membranes (Rouser et al., 1968; Op den 
Kamp, 1979; Cullis & Hope, 1985). As a result, the structures 
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and the amounts of the solid phases which may occur at  a 
given temperature are also likely to be different. On this 
basis, it is expected that the phases in the apposing mono- 
layers will not necessarily be correlated. In addition, most 
membrane proteins span the lipid bilayer. In any physiological 
process requiring diffusion of these integral proteins, the 
obstructing effect of solid domains (from which they are 
generally excluded) will be very much enhanced if the phases 
are not correlated across the bilayer. This effect may manifest 
itself dynamically, in a reduction of the mobility of integral 
membrane proteins, or structurally, leading to compartmen- 
talization of these proteins in different pools, which will have 
important consequences for reactions occurring in the plane 
of the membrane (Thompson et al., 1992). 
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APPENDIX 

In this section, we derive an expression for the diffusion 
coefficient of a fluid-phase lipid molecule (hereafter also called 
a tracer) in a lipid bilayer in the presence of impermeable 
obstacles for diffusion. These obstacles can be solid-phase 
domains, where the tracer molecule is insoluble, or integral 
membrane proteins. The obstacles reduce the diffusion 
coefficient of a tracer (a) by hard core repulsion, preventing 
movement across them, and (b) by increasing the order of the 
fluid-phase lipids in their neighborhood. First, we consider 
the effect of one obstacle on the annulus of adjacent fluid 
phase. Second, we evaluate the diffusion coefficient of a tracer 
in a system containing a large number of these obstacles. 

Diffusion Coefficient in the Neighborhoodof aSolid-Phase 
Obstacle. The problem of the influence of an integral 
membrane protein on the orientational order parameter of 
adjacent lipid molecules has been the subject of experimental 
(Vaz et al., 1978; Marsh & Watts, 1982) and theoretical 
research (MarEelja, 1976; Owicki et al., 1978; Owicki & Mc- 
Connell, 1979; JSihnig, 1981; Sperotto & Mouritsen, 1991) 
[see also, Abney and Owicki (1985) and references cited 
therein]. The behavior of the lipid order parameter away 
from an obstacle is found to be well described by a simple 
exponectial decay function (Owicki et al., 1978). Here we 
treat a solid domain in the same fashion as a protein molecule 
or, more generally, simple as a cylindrical impermeable 
obstacle embedded in the membrane. The relative free area 
per lipid molecule can be written in terms of the function (see 
Figure 9) describing the change in the order parameter away 
from the obstacle 

u(r) = O  r <  R 

u(r) = 1 - (1 - u,) exp[-(r - R ) / [ ]  r L R (All  

where u(r) = af(r)/af,, is the relative free area, defined as the 
ratio of the free area at  a distance r - R from the obstacle 
boundary [a&)] to the free area in the bulk fluid phase (af,). 
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Note that according to this definition, u = 0 corresponds to 
order and u = 1 corresponds to disorder. The origin of the 
radial distance r is chosen at  the center of the obstacle of 
radius R. At the boundary, the relative free area has the 
value uo. This parameter reflects the interactions of the fluid- 
phase molecule with the obstacle. Its magnitude is discussed 
by Jiihnig (1981). For the case treated here, it should have 
a value between 0.0 and 0.5. We keep it constant with an 
intermediatevalue of 0.25, but this particular choice has little 
influence on the calculations. The obstacle influence decays 
with a coherence length 5 of approximately 15 A [Jlhnig 
(1981); see also comparison with the results of Marsh and 
Watts (1982) below]. We would expect it to vary between 
10 and 20 A, depending on the system. Strictly speaking, [ 
must also be a function of the absolute temperature (7'); a 
priori, 5 is expected to vary as 1 / T. However, for short tem- 
perature intervals (of the order of 10 "C), this variation is 
very small, so that most of the error in the estimation of 5 
arises from the initial value chosen. Therefore, we treat 5 as 
a constant in this work. The only true variable parameter in 
the model is the reduced radius R / [ .  For convenience and 
generality, we use 5 as the unit of length in all theoretical 
calculations. 

According to the free-area model for lipid diffusion (Galla 
et al., 1979; McCarthy & Kozak, 1982; Vaz et al., 1985b; 
Clegg & Vaz, 1985) based on the free-volume theory for 
diffusion in liquids and glasses (Cohen & Turnbull, 1959), 
the diffusion coefficient D depends exponentially on the free 
area. We use the modification for a two-dimensional system 
derived by McCarthy and Kozak (1982). In a homogeneous 
system, the diffusion coefficient is defined as an integral over 
the distribution of free area 

D = JmD(a)p(n)  a, da (A2) 

where D(a) is the diffusion constant inside a free area a, p(a) 
is the probability of finding a free area of size a, and a, is the 
critical free area; areas below us are useless for diffusion. In 
a two-dimensional system a, is the closed-packed area for 
disks; in a lipid system this is simply the molecular area in the 
solid phase. 

The probability density p(a) is given by 

P ( 4  = 1 /Of exp(-a/a,) (A3) 
where af is the average free area in the system, related to the 
total area/particle at by af = ut - us. Following Cohen and 
Turnbull (1959), D(a) is assumed constant and the expression 
for the diffusion coefficient becomes 

D = D(a) exp(-as/af) (A4) 

In a two-phase system, we define a normalized diffusion 
coefficient D* as the ratio of the diffusion coefficient at a 
given region to its value in the bulk fluid phase Do 
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The functions representing the relative diffusion coefficient 
and the relative free area in the neighborhood of an obstacle 
are represented in Figure 9 in units of the coherence length 
(5 ) .  The resulting curve for D* is in very good agreement 
with the results of Marsh and Watts (1982), which indicate 
that the first lipid molecule next to a protein is virtually 
immobilized, but the approach to the bulkvalue of the mobility 
is very rapid in the subsequent lipid layers. 

Diffusion Coefficient in a Lipid Bilayer in which Solid and 
Fluid Phases Coexist. We derive now an expression for the 
diffusion coefficient in a two-phase system. Strictly, the theory 
is applicable only to systems with more than one component, 
because fluctuations in a pure lipid system at the phase 
transition invalidate the assumptions of our model. The 
applicability of the model should be better the greater the 
nonideality of the mixture because of the concomitant decrease 
in fluctuations. The average relative diffusion coefficient ( D )  
is defined as the ratio of the diffusion coefficient measured 
in the composite medium to the diffusion coefficient that would 
be observed if the same system were entirely in the fluid state 
(no obstacles present). We treat the composite medium as 
a two-dimensional system composed of nonoverlapping solid- 
phase obstacles randomly distributed in a homogeneous matrix 
of fluid phase. The solid obstacles are modeled as impenetrable 
disks of uniform radius R, plus an annular region, determined 
by the coherence length [, which extends appreciably into the 
fluid phase within a length 6 (Figure 9). The annular regions 
can overlap to any extent including overlap with the core 
regions. The lifetime of solid-phase obstacles is assumed to 
be much longer than the characteristic time of lipid diffusion. 
As a simple result of a random distribution, the disks may 
"aggregate" to form the actual solid domains, the size of which 
will increase with increasing obstacle density. An alternative 
way of interpreting the model is as if the solid-phase regions 
were obtained by juxtaposition of disks of an appropriate size. 

Consider thus a two-dimensional system S of radius Rs >> 
R. In the absence of obstacles the relative diffusion coefficient 
(D) equals 1 by definition. We now place, at the origin of 
the system S, a disk of radius R and annulus of influeqce 6. 
The relative diffusion coefficient is still defined by an expression 
analogous to the case of a homogeneous system: 

Jtwo-phass2?Tr drp(r)  p ( a ) P ( a , r )  da 

J'fluidD(a)p(a) da 
(D) = ('46) 

In the two-phase system, p(a,r) becomes a function of the 
position of the disks. The probability densityp(a,r) is formally 
identical top(a) but now afdependsonr:af(r) = ufou(r), where 
u(r) is given by eq Al.  The disk density p = N/*RsZ, where 
N is the number of disks. For the moment we are considering 
the case N = 1,  sop = 1/rRsZ.  In eq A6, D(a) is a constant 
and drops out; the denominator is simply our result for the 
fluid phase, exp(-a,/af,). 

Now we integrate first over the free area. Using eqs A1 
and A5, we obtain, after some simple manipulations 

( D )  = Stwo-phass2~~(r)D*(r)r dr (A71 

where D*(r) is given by eq A5. The diffusion coefficient (07 
becomes simply an average of D*(r) over the different regions 
of the system. This integral has to be broken up into three 
regions: inside the disk 0 < r < R, within the annulus R < 

D*(r) = = exp[ ($( 1 - ')] (A5) 
DO 0) 

where ufo is the free area in the bulk fluid phase. The ratio 
a,/af, has a value of approximately 2.5 for saturated dia- 
cylphosphatidylcholines, corresponding to an area of about 
63 AZ for the fluid phase and 45 AZ for the lipid solid phase 
(Almeida et al., 1992; Lewis & Engelman, 1983; Wiener et 
al., 1989). It is weakly temperature dependent except very 
close to the main phase transition. We assume it to be constant 
in the present analysis. 
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r < R + 6, and in the bulk fluid r > R + 6 
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The limits of integration over s prevent overlap of the hard 
cores. The factors of ' 1 2  in the correction term for the area 
and in the integral of D*overlap(r) appear because the correction 
per obstacle is only half the correction per pair. However, in 
the correction term corresponding to D*(r) this factor is not 
included, because correction is necessary for each obstacle 
annulus in each pair. 

In the overlapping annular areas, the relative diffusion 
coefficient D*ovcrlap(r) is subject to the simultaneous influence 
of two neighboring obstacles. The form of D*ovcrlap(r) can 
only be given approximately. We define the free area in the 
overlapregions by uoverlap= u(r)u(s-r) andobtain thediffusion 
coefficient from eq A5. This form is similar to Schrder's 
equation (Abney & Owicki, 1985). In the regions of 
simultaneous influence of two obstacles the diffusion coefficient 
decreases quite dramatically, as shown in Figure 10 for s/[ 
= 10 and R/[ = 2. 

The probability function P(s) depends on the pair correlation 
function in two dimensions, which is not known exactly in 
analytical form (Berryman, 1983). This prevents an exact 
analytical evaluation of the integrals in eq A1 1. We use here 
the simplest approximation, P(s)  = 2rps. Even this approx- 
imation, we were unable to perform the integration in the last 
two correction terms analytically. Therefore, we evaluated 
( D )  as a function of the obstacle area fraction c from eq A1 1 
numerically. The calculation was repeated for several different 
values of R/[ and the numerical data were fitted to a second- 
order polynomial in the obstacle area fraction c, where the 
coefficients a and b are functions of the reduced radius R / [  
(no physical significance is attached to the numerical pa- 
rameters in these functions). 

( D )  = [ (2rD*(r)r dr + SRR+bZrD*(r)r dr + 

JRT62rD*(r)r dr] /rR; (A8) 

where the explicit form of p has been used. The first integral 
in eq A8 is zero because D*(r) = 0 for 0 < r < 1; this arises 
because a = as inside the solid. The second integral corre- 
sponds to the annular region. The third integral corresponds 
to the bulk fluid phase and can be evaluated because D*(r) 
= 1 for r > R + 6. Thus, for a system with one disk 

When a small enough number N of circles is present, there 
is no overlap between their annuli and the expression for the 
diffusion coefficient is a simple extension of eq A9; multiplying 
the second and third terms by N yields 

+ pJRR+*2rD*(r)r dr (A10) 

Notice that the densityp is related to the obstacle area fraction 
c by p = c/rR2. 

When more disks are added to the plane (in a random way, 
except that overlap of the hard cores is forbidden), some of 
their annular regions begin to overlap. At high disk densities 
multiple overlaps occur. We will ignore overlaps higher than 
pairs. However, at moderate obstacle densities, a correction 
for overlap of pairs of obstacle annuli can be obtained by 
adding three extra terms to (D) in eq A10. Consider again 
a circle with its center at the origin and let P(s)  be the 
probability that another circle is centered at point B, at a 
distance s from the origin. When s < 2(R + 6), the annuli 
will overlap in an area delimited by the outer radii of the 
annuliof the two circles. This area is the sum of two segments 
of circle (see, for example, CRC Standard Mathematical 
Tables), defined by the outer radius R + 6, and half the center- 
to-center distance s/2. This distance determines the angle a 
= cos-' s/[2(R + a)] defined by the lines and z, where 
I is the point of intersection of the outer radii R + 6 of the 
annuli of the two obstacles. To calculate the area, integration 
is performed over the polar coordinates r and 8; rvaries between 
rl = s cos 8 - [(R + - s2 sin2 and r2 = R + 6, and 
8 varies between -a and a. Equation A10 is thus modified 
to take into account annuli overlap in the following way. The 
second term in (A1 1) is corrected by subtracting from it, the 
overlap area. The third term in ( A l l )  is corrected by 
subtracting from it the integral of D*(r) over the overlap 
area. Finally, diffusion in the overlap area is added as the 
integral of a D*overlap(r), which will be defined below. We 
then obtain 

(D) = 1 - pr(R + 

J2y)P(s)JoLJrzD*(r)r  -a dr de ds] + 

( D )  = 1 + ac + bc2 

a = -1.208 - 24.3 exp(-1.763R/[) - 
2.408 exp(-0.3138R/[) (A12) 

b = 185 exp(-2.587R/[) 

The dependence of the relative diffusion coefficient on the 
obstacle area fraction is shown in Figure 1 1 for different values 
of R/[. If R/[ < 1.17 the curve of (D) reaches a minimum 
before going through zero. This minimum makes no physical 
sense and simply means that the approximations used break 
down for values of c greater than that corresponding to the 
minimum. As R/[gets smaller for a given c, the annuli become 
a comparatively higher fraction of the system. The overlapping 
areas thus increase and the error in the approximations 
becomes larger. It would then be necessary to take into account 
overlap between triplets of obstacle annuli which the model 
ignores. For R / [  > 3 the coefficient b in eq A12 can be set 
to zero, the linear equation (D) = 1 + ac being an excellent 
approximation for all purposes. The numerical expression 
should be used only for R / [  smaller than about 20. An 
expression extending to higher values could be given but would 
have to contain more numerical parameters. However, for 
large radii, the diffusion coefficient becomes insensitive to 
obstacle size, and the interest of a more general formula is 
rather limited. The reason for the linearity if R / [  > 3 can 
beunderstood with reference to Figure 12, where the different 
terms contributing to ( D )  are shown as functions of c. The 
integrals correcting for the annular overlap areas and for the 
diffusion coefficient D* (r) in these areas have opposite signs 
and similar magnitudes and therefore almost cancel out. The 
value of the modified D*overlap(r) is very small for most of the 
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range of c. We must keep in mind, however, that these results 
are obtained with an approximate form for P(s) and may not 
apply in general if the exact form were used instead. 

It is known that obstacle mobility affects the diffusion of 
a tracer in Monte Carlo simulations (Saxton, 1987). So far, 
nothing has been said about the mobility of the obstacles in 
our model; it does not enter the derivation. However, it is 
possible to assess the range of applicability of our result by 
making 6 - 0 in eq A l l ,  which yields the corresponding 
expression for a system where only had core repulsions exist 
(such as those simulated by Saxton). Taking the limit 6 - 
0, one obtains simply ( D )  = 1 - c. Thus, eq A l l  should 
approximate the solution of the problem involving annular 
regions as (D) 1 - c approximates the solution for the hard 
core interaction problem, in an otherwise identical system. 
According to Xia and Thorpe (1988), if the obstacles are 
embedded in a continuum, we have (D) = 1 - 2c, independently 
of obstacle size. In contrast, lattice Monte Carlo simulations 
indicate that the diffusion coefficient depends on the obstacle 
size (Saxton, 1989) and that, for mobile obstacles, (D) = 1 
- c is closer to the correct c-dependence of (D) than is ( D )  
= 1 - 2c. 
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