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ABSTRACT A new model for lateral diffusion, the milling crowd model (MC), is proposed and is used to derive the
dependence of the monomeric and excimeric fluorescence yields of excimeric membrane probes on their concentration.
According to the MC model, probes migrate by performing spatial exchanges with a randomly chosen nearest neighbor
(lipid or probe). Only nearest neighbor probes, one of which is in the excited state, may form an excimer. The exchange
frequency, and hence the local lateral diffusion coefficient, may then be determined from experiment with the aid of
computer simulation of the excimer formation kinetics. The same model is also used to study the long-range lateral
diffusion coefficient of probes in the presence of obstacles (e.g., membrane proteins). The dependence of the monomeric
and excimeric fluorescence yields of 1-pyrene-dodecanoic acid probes on their concentration in the membranes of intact
erythrocytes was measured and compared with the prediction of the MC model. The analysis yields an excimer
formation rate for nearest neighbor molecules of ~1 x 107 s™! and an exchange frequency of =2 x 107 s7},
corresponding to a local diffusion coefficient of greater than 3 x 107 cm?s™". This value is several times larger than the
long-range diffusion coefficient for a similar system measured in fluorescence photobleaching recovery experiments.
The difference is explained by the fact that long-range diffusion is obstructed by dispersed membrane proteins and is
therefore greatly reduced when compared to free diffusion. The dependence of the diffusion coefficient on the fractional
area covered by obstacles and on their size is derived from MC simulations and is compared to those of other theories

lateral diffusibility.

INTRODUCTION

Just as it is becoming apparent that the dynamical struc-
ture of proteins must be included in a complete description
of enzyme action, so a knowledge of the dynamical proper-
ties of lipid bilayers is necessary for an understanding of
the complex architecture and diverse functions of the cell
membrane. Recent experiments suggest, for example, that
the lateral diffusion of redox components limits and possi-
bly controls the rate of mitochondrial electron transfer (1).
Since the mobility of the various membrane components
depends on the fluidity of the lipid matrices, many workers
have during the past decade studied the rotational and
translational mobility of fluorescent (or spin-labeled) lipid
analogue probes in a variety of membrane systems. The
translational fluidity of model membranes and cells has
been measured principally by two experimental methods,
both of which employ fluorescent lipid analogue probes.
The first, and by far the most widely used method, is
fluorescence photo-bleaching recovery (FPR), in which the
diffusive motion of fluorescent membrane probes into a
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region (diameter = 1 um) that had previously been
bleached by means of a focussed laser beam, is measured
(2-4). In the second method, employed largely by Vander-
kooi, Sackmann, Galla and their coworkers (5-9), the
diffusion-limited rate of excimer (i.e. excited dimer) pro-
duction is measured for excimeric membrane probes. The
fluorophore of choice is usually pyrene and the probes’
lateral mobility in the membrane is estimated from the
observed excimer formation rate.

Several previous analyses, by which the diffusibility of
excimeric membrane probes is derived from their excimeri-
zation rate, employed a theory which was originally
intended for the calculation of exciton trapping rates. We
propose here a more general and realistic computer simula-
tion model to relate the molecular dynamics of membrane
lipids to the Kkinetics of excimer formation. This so-called
milling crowd model permits the determination of the
lateral diffusion coefficient of excimeric probes from their
excimeric to monomeric fluorescence yields, measured for
a range of probe to phospholipid ratios.

When comparing diffusion coefficients obtained by FPR
and by means of excimeric probes, it must be remembered
that the characteristic diffusion length differs greatly in
these two experimental techniques, being of the order of a
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micrometer in the former, but <10 nm in the latter. The
difference in experimental diffusion lengths becomes
important when the lateral mobility of probes in real
membranes, as opposed to homogeneous phospholipid vesi-
cle systems, are considered: for in biological membranes,
diffusion over large distances is obstructed by protein
dispersed in the phospholipid matrix. We have employed a
modified version of the milling crowd model to compare
obstructed and unobstructed diffusion in two dimensions.
It will be seen that when the fractional membrane area
occupied by proteins is of the order of a half, as it is in
erythrocytic and many other membranes, the diffusion
coefficient for obstructed diffusion is reduced relative to
“free” diffusion by large factors that depend on the size
and number of obstacles. These results, which suggest that
the distribution of membrane proteins plays an important
and often a dominant role in determining a membrane
probes’ diffusive behavior, are discussed in relation to
existing theories of lateral diffusion (10, 11).

We also report the experimental monomeric and exci-
meric yields of 1’-pyrenedodecanoic acid in the membranes
of intact erythrocytes and use the milling crowd model to
obtain the lateral diffusion coefficient for this system.'

MATERIALS AND METHODS

Blood samples were abtained from healthy casual donors. After separat-
ing the erythrocytes they were washed and suspended in 10 mM/I
phosphate buffer, containing 120 mM /1 NaCl and 2.7 mM/1 KCl, pH 7.4
(PBS). 1'-pyrenedodecanoic acid (PDA) (Molecular Probes, Junction
City, OR) was used without further purification and after wetting with
tetrahydrofuran was dissolved in ethanol at a concentration of about 5
mg/ml, the exact concentration being determined by an absorption
measurement, using 4.0 x 10* as the molar extinction coefficient at 342
nm. Erythrocytes were labeled by adding microliter quantities of the PDA
stock solution to 2.5 ml of a red cell suspension at a hematocrit of 0.2, at
room temperature while stirring. The efficiency of PDA incorporation
was measured (13) by comparing the PDA fluorescence intensity of this
incubation mixture after adding 1% sodium dodecy! sulfate (SDS), to lyse
the cells and incorporate PDA in SDS micelles and then comparing it to
the PDA signal from the washed erythrocytes, after again adding SDS.
More than 95% of the PDA were found to remain in the RBC membranes
for molar probe ratios as high as 0.3. Probe ratios were calculated from
the number of PDA molecules in the incubation mixture and its hemato-
crit, using 1.15 x 10" ml~" for the concentration of packed erythrocytes
and 2.2 x 10® for the number of lipid molecules (including cholesterol) in
the outer leaflet of each erythrocyte (14, 15).

It is remarkable that erythrocytes can accommodate fatty acids
corresponding to a probe ratio as high as one third in their membranes,
with echinocytosis being prominent only at probe ratio’s greater than

'In a previous report (12) of lateral diffusion experiments using excimeric
probes in the membranes of intact erythrocytes the probes were incor-
rectly identified as 1-pyrenehexadecanoic acid (PHD). It has now been
established that, because of mislabelling by the supplier, these probes
were in fact 1'-pyrenedodecanoic acid (PDA). We have repeated the
earlier experiments with PDA and obtained diffusion coefficients within
10% of the earlier determination. PHD from two suppliers and positively
identified by atomic analysis and chromatography was found to partition
into membranes with much lower efficiency (~10x) than PDA, presum-
ably because the longer fatty acid probes are less soluble in an aqueous
medium and form micelles more readily.
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~10% but depending on the buffer. Phosphotidylcholine molecules have
been reported to induce echinocytosis at a considerably lower level (16)
but the cross-sectional area of their head groups are considerably larger
than those of fatty acids and they possess moreover, two instead of one
hydrocarbon chains. Incorporation of fatty acid probes or phospholipids is
probably accompanied by loss of cholesterol and/or other lipids (16).

Evidence that fatty acid probes like PDA reside almost exclusively in
the outer leaflet of the membrane comes from several sources. 1’-pyrene
decanoic acid, which is expected to translocate in phospholipid bilayers at
a faster rate than PDA, has been shown to remain in the outer leaflet at
32°C in a paramagnetic quenching study (17). Anthroyloxy stearic acid
probes, which are similar to PDA, also do not translocate as was shown in
a resonance energy transfer (RET) study involving a series of such probes
(18). Human serum albumin (HSA) can extract fatty acids from the
outer leaflets of erythrocytes (19) and we obtained unpublished experi-
mental evidence that more than 96% of the PDA probes incorporated into
red cells are extractable by incubation with HSA (2g/dl at 24°C for 10
min) at probe ratios of 0.25, even after the labeled cells had been
previously incubated for 1 h at 37°C.

Finally, we performed experiments to measure the RET from the
pyrene moiety of PDA to the cytoplasmic heme groups in red cells, to
confirm that the probe was indeed in the outer lipid layer. The energy
transfer efficiency was determined at a probe ratio of 5% by measuring
the average lifetimes of PDA in the membranes of intact celis (.) and in
ghosts (7,) and by making use of the relationship (18, 19)

h, 3.17x106(1,, 1)

d3 = Rg ( 1 )
where d is the average normal distance from the hemoglobin boundary
layer to the pyrene moiety and A, is the heme concentration (in mM/1) in
the cytosol hemoglobin boundary layer. With h, = 15 mM/land R, = 4.3
nm, assuming orientationally averaged RET (18, 19),and 7. = 74 + Sns
and 7, = 101 = § ns, measured by means of a monophoton fluorescence
decay instrument as described previously (18), one obtains d = 4.3 + 0.7
nm. This average distance is consistent with the PDA probes being
located primarily in the outer leaflet of the bilayer. Since 7, was found to
remain unchanged for PDA-labeled RBC over a period of 24 h at room
temperature, one may conclude that the translocation of PDA to the inner
leaflet is negligible in the course of our experiments.

The steady state emission anisotropy of PDA in intact cells and ghosts
was found to be 0.025 = 0.015 when excited at 340 nm at 21°C. When
used in the Perrin equation (20), this low value of (r), together with a
limiting anisotropy of ~0.2 and a lifetime of 74 ns leads to a value of ~10
ns for the rotational relaxation time of the pyrene moiety.

KINETICS OF EXCIMER PRODUCTION

Following his discovery of the red-shifted excimer emission
and the identification of the molecular species from which
it is emitted, Forster and his collaborators showed in a
series of papers, that the excimer production rate of pyrene
and similar organic molecules in organic solvents is diffu-
sion limited (22-24). The relevant kinetic scheme may be
written

A+ hv— A*
K
A+ A* — (44)*
ky
kvok
A* — A + hUM

kE‘k‘E
(AA)* — 24 + hug,
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where the dissociation rate of excimers, (4A4)*, is kq, their
radiative and nonradiative decay rates are kg and kg, with
kv and ky the corresponding decay rates of excited
monomers, A*. hvy and hvg are monomeric and excimeric
photons and K is the excimer formation rate which for the
diffusion limited case is given by

K=koc, ()

where k, is a second order association rate constant and ¢ is
the pyrene-probe concentration. The monomeric and
excimeric quantum yields (¢, ¢g) are according to this
kinetic scheme concentration-dependent and are defined
by

K

- 3
ky + ky + K’ S

duM

kE K,
kg + ki ke + ki + K

de 4
The second factor of Eq. 4 represents the fraction of
excited monomers that decay as excimers, either radia-
tively or nonradiatively. K’ is the net excimer production
rate,

_ ke + ki
ke + ke + kg

’

(5)

and approaches K when the dissociation rate of the excimer
is negligible compared to its decay rate. This has been
shown (22, 23) to be the case for pyrene excimers below
50°C.

At very low and very high concentrations, the quantum
yields given by Egs. 3 and 4 approach the “intrinsic”
monomeric and excimeric quantum yields, defined by

: k
* _ lim ——M
ol = im du(x) - o (6)
and
o2 = lim e(x) - = ™
A ke + ki

The concentration dependent monomer and excimer yields
relative to their intrinsic yields are therefore

O km + ki @)
o ku + ky+ K

and
L R ©)

oF ko + ki + K”

In the diffusion-limited case (see Eq. 2) the relative
quantum yields of Egs. 8 and 9 have a particularly simple
dependence on the concentration c,

-1
@=(| +5) (10)

o Co
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and
¢ co\!
_i=(l +;0) ) (ll)

where ¢, is that concentration, for which the net excimer
formation rate is equal to the monomer decay rate, i.e.,

c ki + kv ke + ki + kg
Tk, ke + ki

(12)

The validity of Eq. 10 and 11 for pyrene in solution was
established by experiment with ¢, for pyrene being ~1.2
mM/1 in benzene (23) and 3.4 mM/I in n-octylalcohol
(22). Note that with k; = 0, Eq. 12 becomes

k. Co = T;‘I, (13)

where 7y = (ky + kjy)~' is the monomer lifetime,
measured at a sufficiently low probe concentration for the
excimer formation rate to be negligible.

In discussing excimer kinetics of membrane probes it is
convenient to express the probe concentration in terms of
the molar probe fraction, x. Accurate excimer yields of
excimeric pyrene probes in membranes can generally be
obtained for probe ratios which are not much smaller than
0.01. The excimer production rate is expected to be
diffusion-limited for sufficiently small values of x, but
generally, the excimer production rate is best obtained
from a simulation of the probes’ motion within the mem-
brane. In the model developed here and discussed in
greater detail below, it is assumed that the excimeric
probes are initially randomly distributed in a planar trig-
onal array of membrane lipids and that the probes’ subse-
quent motion may be represented by spatial exchanges
between the probe and one of its six nearest neighbor lipids,
chosen at random. If this spatial exchange rate is v and if pg
represents the probability that a nearest neighbor pair of
probes, one excited and the other in its ground state, form
an excimer in a time interval »™', then the average number
of such spatial exchanges that leads to the formation of an
excimer is a function of x and p; and is written n(pg, x).
According to this model, the excimer formation rate is
therefore

14
n(pﬁv X).

Using this in Eqs 3 and 4, with k4 = 0 the ratio of excimeric
to monomeric quantum yield for any probe ratio, is given
by

(14)

$e(x) _ ﬁ TeY

om(x)  ky n(pe, x)’
where 1 = (kg + ki + kg)~' is the excimer lifetime.
Similarly, from Eqs. 6 and 7, the ratio of intrinsic quantum
yields is

(15)

ke 7e

(16)

'&l'e.

T | my

LIVEY
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so that, from Eqs. 15 and 16,

¢de(x) _ ¢_§ ™V
dm(x) o n(pe, x)

a7)

Instead of measuring absolute quantum yields, it is in
general more convenient to measure two experimental
parameters that are proportional to the monomeric and
excimeric fluorescence yields,

Ju(x) = Iy (x)/x (18)
and
Je (x) = Ig (x)/x, (19)

where I\, (x) and I (x) are the maximum intensities of the
monomeric and excimeric fluorescence spectra. Since for
any x, the ratio of quantum yields, ¢g(x)/dp(x), is
proportional to the yield ratio Jg(x)/Jy(x) it is convenient
to define the intensity ratio and its limiting value:

Je(x) _ I (x)

= = 20
P9 =500 T e @0
JE
* _ _—
p T @n
with
S = lim g (x) (22)
JE = lim Jg (x). (23)
Substituting these parameters in Eq. 17,
px) _Tmv ‘ (24)
p* n(pE’ X)

Eq. 24 has the simple physical meaning that the ratio of
fractional yields (Jg (x)/J& Ju(x)/J%) for excimeric and
monomeric emission is equal to the ratio of the excimer
formation rate, v/n( pg, x), divided by the monomer decay
rate (ry'). With n(pg, x) determined by means of com-
puter simulations of an appropriate model and p(x), p* and
Tm determined by experiment, Eq. 24 may be used to
estimate the spatial exchange frequency of the probes. The
intensity ratio p(x) may be measured with considerable
precision as long as the monomeric and excimeric emis-
sions are well resolved, as is the case for pyrene. p* is
obtained from the limiting values of the monomer and
excimer yields at very low and very high probe ratios,
respectively, (see Eqs. 22 and 23).

In practice, the excimer yield at very high probe ratios is
sometimes difficult to measure and an analysis based on
the monomer yield is preferable. From Egs. 3 and 6, with
k4 = 0, one obtains

(2%)

¢M(x)=JM(x)= 1+ vty !
it I n(pe, x)|

990

It follows from Eq. 25 that the monomer yield of excimeric
probes drops to one half of J* at a critical probe concentra-
tion x,, for which the average time for excimer formation,
n(pg, x)v~"! is equal to the monomer life time. Once x, is
determined in this manner, the experimental excimer
yields may be fitted to Eq. 26, by an appropriate choice of
J ¥ (see Eqs. 4 and 7 with k4 = 0)
oe(x)  Jg(x) n(pg, x) |
¢_g=J_§=[l+_vm ] . (26)
If k, is the rate of excimer formation between nearest
neighbor 4 and A* probes, p; can be expressed as

ka
P T R+ K e
so that
ko= [(pe™ — D 7] ™" (28)

Note that k, depends on the dynamical structure of the
probe and its lipid environment and is therefore expected to
be temperature-dependent.

The details of the “milling crowd” model and how
n(pg, x) is evaluated from it are given in the next section.
Here we compare the predictions for the excimer/
monomer intensity ratio and its dependence on the probe
ratio for the milling crowd model and two others.

Diffusion Limit Model (DL)

This is analogous to Forster’s original model for three-
dimensional diffusion and is based on the assumption that
excimer formation rate is proportional to the probe ratio x
(see Eq. 2). Since not every encounter between A and A*
results in an excimer, the rate constant &, is in reality the
product of the collision frequency and the probability that
the collision produces an excimer. In the two-dimensional
problem considered here, the DL assumption is expected to
be valid for very low probe ratios only, since the probability
of two probes being nearest neighbors when one of them is
excited, is then negligible. With pyrene-containing probes
in membranes, however, such probe ratios result in negligi-
bly small excimer production rates.

If the concentrations ¢ and ¢, of Eq. 10 and 11 are
expressed as the probe ratios x and x,, and Eq. 11 is divided
by Eq. 10, one obtains

p(x)/p* = x/o. (29)

In other words, p(x) is a linear function of x, which passes
through the origin and has a slope p* /x,. X, is as in Eq. 12
the probe ratio for which the excimer formation rate is
equal to the monomer decay rate (see Eq. 13).

Random Walk Model (RW)

This model is based on the random walk of a probe among
the lattice points of a square matrix, with the probe jump
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frequency being v;. Galla and Sackmann and their collabo-
rators, who developed this model (6, 8), set ngy, the
average number of jumps made by the probe before
excimer is formed, equal to an asymptotic expression for
the number of jumps made by an exciton before landing on
an exciton trap. In this model the x dependence of p(x) is,
in analogy to Eq. 24, given by

o(x) ™Y
p* ngw(x) ’

(30)

where
ngw(x) = (2/xx) In (2/x) 31

is the asymptotic expression for infinitesimal x originally
derived by Montroll for exciton migration in a square
lattice (24). For a trigonal lattice, the appropriate expres-
sion is (24)

nrw(x) = (V3/7x) In (2/x). 32)

Note that in the RW model, an excimer is formed with
unity efficiency when two probes formally “collide” on the
same lattice point.

Milling Crowd Model (MC)

This model is considered to give a more realistic description
of the kinetics of excimeric probes by postulating that
probes migrate by changing places with membrane lipids
at a particular frequency, with the excimerization proba-
bility between neighboring probes (pg) providing a sepa-
rate parameter. The average number of spatial exchanges
that leads to the formation of an excimer is then a function
of pg and the probe ratio x and is determined by means of a
computer simulation as described below.

THE MILLING CROWD MODEL

In this model the membrane phospholipids are assumed to
form a regular trigonal array with probes occupying a
fraction x of the lattice points. Each probe therefore has six
nearest neighbors and migrates by changing places with a
randomly chosen nearest neighbor, whether lipid or probe.
These spatial exchanges take place at a frequency ». The
matrix used in the computer simulations of the probes’
excimer production or diffusion rates has the shape of a
regular trapezoid and had periodic boundary conditions, so
that matrix points near the array’s boundary had neighbor-
hoods on two opposite edges. Experiments with arrays
(m x m) of different sizes showed that for m = 10 the
array size had surprisingly little effect on the simulated
diffusibility of the probes, and 40 x 40 matrix was used in
most cases. With it excimer production simulations in the
presence of obstacles and with a low probe ratio ran several
hundred seconds of Cray-1 time, while diffusion distance
simulations of the kind described below, were ten times
faster.

EISINGER ET AL.

In an excimeric probe simulation employing an m x m
matrix, the experiment begins by distributing xm?® probes
randomly. Of these, one randomly chosen probe was
designated as an excited one (A*), while the remaining
xm* — 1 were ground state probes (A4). Both 4 and 4*
probes then underwent spatial exchanges with their neigh-
bors and after each round, the six nearest neighbors of 4*
were examined and the number of A neighbors were
counted. If there was only one A, an excimer was formed
with probability pg. If there were ¢ A’s an excimer was
formed with probability 1 — (1 — pg)?. The formation of
an excimer concluded an experiment and the number of
iterations, N,(pg, x) which had preceded the event was
recorded. Otherwise the spatial exchange iterations con-
tinued until an excimer was formed. 100-1,000 iterations
were typically sufficient but the number required clearly
depends on pg, x and any obstacles present in the matrix.

For obstructed diffusion simulations, hexagonic obsta-
cles were distributed randomly over the matrix before each
experiment (see Fig. 1). The side of the hexagons is jA,
where j is an integer and X is the lattice spacing. The
hexagons are allowed to touch, but cannot overlap each
other. When a probe occupies a lattice point adjacent to an
obstacle, a partner for an exchange is chosen at random as
in the absence of obstructions, but if a lattice point is
selected which is a part of an obstacle, no spatial exchange
takes place for this probe, at least until the next round,
when this procedure is repeated.

Histograms showing the probability distribution of
Ni(pg, x), the number of exchanges leading to an excimer,
are shown in Figs. 2a, 2b, and 2¢ for pg = 1 and three probe
ratios. The moments of such histograms give the average
number of exchanges before an excimer is formed. This is
n( pg, x), which is shown as a function of pg and x in Fig.
3.

Since the MC and RW models have a formal resem-
blance and the latter has previously been used in the
analysis of excimeric probe experiments (6, 8,9), it is
useful to compare their predictions. The RW model is
based on exciton migration and therefore provides the
numbers of steps before the probe arrives at a particular
site (trap) and this event is considered equivalent to the
formation of an excimer. The MC model with p; = 1, on
the other hand, yields the number of steps before a probe
becomes one of six nearest neighbors of an excited probe. It
is therefore not surprising that ngy ~ 6n(1, x), at least for
small values of x. This results in the RW model yielding a
jump frequency »; (and D) greater than the » obtained by
the MC model. If pg is much less than unity, the probe is
required to make many additional spatial exchanges before
our excimer is formed, and with pg ~ 0.1, the frequencies
(and diffusion constants) obtained by the two models have
similar values (see Fig. 3).

In principle, the validity of the MC model can be tested
by comparing the measured monomer and/or excimer
yields as functions of x, with the predictions of Eqs. 24, 25,
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obstacles ( j = 1), covering a fractional area of f = 0.21.

and 26 and this is done in a later section. As can be seen
from the x-dependence of n( pg, x) (see Fig. 3) it is possible
to trade off pg and » to some extent at least for small x,
since a higher exchange frequency can compensate for a
reduced pg. The MC model distinguishes between pg and v
primarily when pg and x are large (pg ~ 1, x = 0.1),
because it is in this domain that one finds a significant
contribution of static excimers, which are formed between
neighboring probes in the absence of diffusion i.e. within
v~'s of one of the probes being excited. Static excimers
provide the explanation for the rapid decrease in n( pg, x)
for large pg and x = 0.1 (see Fig. 3). The probability of
static excimer formation, p,, is readily seen to be the
complement to the probability that a probe, upon excita-
tion forms no excimers with its six neighbors in an interval
v~ 's. For the milling crowd model, therefore

ps =1 — (1 — pex)S. 33)

This exact expression is compared with the statistical
results obtained by the computer simulated MC model in

992
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[llustrations of the regular trigonal array in which the lipids and probes are located with a random distribution of hexagonic

Fig. 4, and the agreement is seen to be good particularly for
large x, for which better statistics were available.

If it is not possible to obtain excimeric and monomeric
yields with sufficient precision to obtain the parameters pg
and » independently, one may still determine the model-
independent critical probe ratio x., at which the limiting
monomeric yield is halved, i.e.

Ju(x) = J4/2. (34)
Since pg cannot exceed unity, x. may then be used to
calculate a lower limit for the exchange frequency

vz n(l, x)) /1y (35)

EXCHANGE FREQUENCY AND DIFFUSION
COEFFICIENT

The diffusive (Brownian) motion of molecules is governed
by the random fluctuations of the available thermal ener-
gy, kT/2. If molecules are confined to a plane and migrate
a distance d(¢) by a random walk process, independently of
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FIGURE 2 (a, b, ¢) Histograms showing the frequency distribution of
the number of exchanges N;(pg, x) which lead to the formation of an
excimer with pg = | and x = 0.005, 0.02, and 0.075. The average number
of exchanges, n(pg, x), is the first moment of the probability density
distribution and is 130, 24, and 3.5 for la, 1b, and l¢, respectively.

each other, and taking random steps in all directions at
some frequency, it can readily be shown, that their root-
mean-square displacement is proportional the square root
of the time (25). The diffusion equation for two dimensions
is usually written as

(d*(t)) = 4D, (36)

where D is the lateral diffusion coefficient. The coefficient
of ¢t is 2D and 6D for diffusion in one and in three
dimensions, respectively. According to the MC model, ¢
can be expressed as iv~', where i is the number of spatial
exchanges which take place at a frequency v. (d?(i)) may
then be obtained by a computer simulation (see Section
VII) and when plotted against /, one indeed obtains a
straight line (see Fig. 8), whose slope may be set equal to
4D (see Eq. 36). This definition of D (see Eq. 36) can easily
be shown to be consistent with differential form of the

FIGURE 3 The x-dependence of n{ pg, x) for pg between 0.1 and 1. Note
that n( pg.x) decreases more rapidly with x for large values of pg, because
of the contribution of static excimers (see text).
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FIGURE 4 The x dependence of the probability of static excimers p, for
Ppe between 0.05 and 1. The exact expression p, = 1 —(1 — pgx)®is shown
by the curves while the values obtained in a computer simulation of the
MC model are shown as circles.

diffusion (Fick’s) equation (25)
J=-DVg, (37)

which states that the particle flux vector J is proportional
to the negative particle concentration gradient, with D the
proportionality constant. Eq. 37 is employed in the theoret-
ical analysis of FPR experiments (3) so that the values of D
obtained in that way equals, according to Eq. 36, a quarter
of the slope of the mean-square distance vs. time or §

D - - [(d*()) — (d*i — 1))]. (38)

14
4
In a single spatial exchange a probe moves one lattice
constant (\) in a time v~". It follows from Eq. 36 that the
exchange frequency » obtained from excimerization exper-

iments is related to the diffusion coefficient according to
(25, 26)

D = \Y/4. (39)

COMPARISON WITH EXPERIMENT

In this section we illustrate how steady state measurements
of the excimeric and monomeric emission intensities are
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FIGURE 5 The x-dependence of the monomeric and excimeric emission
intensity of PDA probes in the membrane of intact erythrocyte, compared
to “best fit” theoretical curves according to the diffusion limited model
(----) and the milling crowd model with pg 1, 0.5, 0.25, corresponding to »
=1.6,3.4,and 6.9 x 107 s™", respectively.

used to obtain D and k,, two parameters that characterize
the probe/lipid dynamics of a membrane. The system used
are intact human erythrocytes, for which lateral diffusion
measurements by FPR exist (27). Excimeric probe experi-
ments have because of the intense scattering and absorp-
tion of red cells been seriously hampered by these artifacts,
but a simple protocol which corrects errors arising from

them was recently reported and was employed for the
fluorometric measurements reported here (13).

The monomeric-and excimeric yields Jy(x) and Jg(x)
for PDA embedded in the outer leaflet of erythrocytes
were measured for probe ratios between 0.005 and 0.3. At
low x-values Jy(x) reaches an asymptotic value, J %, which
can be determined with good accuracy (~10%) and Fig. 5
shows the normalized values of Jy(x)/J¥%. The critical
probe concentration is seen to be x. = 0.14 and provides an
easily measured, model-independent parameter indicative
of the average local fluidity. The experimental error in the
determination of x. is estimated to be +20 percent.
According to Fig. 2, this corresponds to an error of ~50%
in v, if the uncertainty in 7y is included.

In order to interpret x, in terms of parameters used to
characterize the dynamical properties of a probe/mem-
brane system, it is necessary to relate it to a particular
model. According to the diffusion-limited model with 7y =
74 ns, is k, = 9.6 x 10" s™' and the effective association
rate represents, as noted above, a lower limit for the
“collision” rate. From the theoretical x-dependence of
Ju(x)/J % (see Eq. 10) shown in Fig. 5, it appears that the
x-dependence of the experimental monomer yield is appre-
ciably steeper than predicted by the DL model.

The experimental data of Fig. S are next compared to
the predictions of the MC model (see Eq. 25). With x,
determined (see Eq. 34), one obtains the exchange fre-

TABLE 1
DIFFUSIVITY PARAMETERS FOR PDA IN ERYTHROCYTE MEMBRANES COMPARED
WITH OTHER PROBE AND MEMBRANE SYSTEMS

k D

System membrane* Probe' Method Pe (107;,,) (10:’5") (10-%cm’s ) Reference
<1 =10 <l.6 <26
I Erythrocyte PDA Excimer 0.5 1.4 34 54 This work
0.25 0.45 6.9 110
0.1 0.15 16 256
2 Erythr. ghost PDeA Excimer§ (1) — 16 256 9)
3 Erythrocyte dil FPR — — — 8 (28)
4 Erythr. ghost dil FPR — — — 2 (36)
S Erythr. ghost dil FPR — — — 1.5 (35)
6 Fluid DMPC dil FPR — — — 16-60 (33,34)
7 Lymphocyte PM dil FPR — — — 17 (38)
8 IMM dil FPR — — — 5 (39)
9 DMPC, P/L = 0.05 diO FPR — — — 69
10 DMPC, P/L = 0.07 diO FPR — — — 43 a7
11 DMPC, P/L =0.11 diO FPR — — —_ 25
12 DMPC,P/L = 0.33 dio FPR — — — 7.3

Comparison of local and long-range diffusibilities of lipid probes obtained by excimeric probes and FPR experiments. The experimental error in the
determination of x, is estimated to be +20%, which leads to an uncertainty of ~50% in » and D. This does not include the uncertainty due to the proper
choice of pg, which is discussed in the text.

*All experiments between 21°C and 25°C, except T = 35°C for systems 2 and 32°C for systems 9-12. DMPC: dimyristoylphosphatidylcholine vesicles.
PM: plasma membrane. IMM: Inner mitochondrial membrane. P/L: molar bacteriorhodopsin/lipid ratio. The intra membrane particle density of
systems 7 and 8 are estimated to be 500 and 5,300 and that of 3, 4, and 5 is 4,200 per um? (see reference 29).

tPDeA: pyrene decanoic acid. DiO: dioctadecyloxatricarbacyanine iodide.

Dil: dioctaelecylindodicarbocyanine iodide.

§»; and D obtained by RW model analysis with the implicit assumption pg = 1. See text.
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quency by making use of the data of Fig. 3 and the
relationship

v = "(PE’ xc)/TM' (40)

With the experimental value for 7y, Eq. 40 provides
estimates for v corresponding to different assumptions for
Pe, and these are listed in Table 1. For each of these, Fig. 5
shows the x-dependence of the monomer yield according to
Eq. 25. While the other solutions cannot be discarded, the
best fit is obtained with py = 0.5. This corresponds to
n(pg, x) =2.6andv = (3.4 = 1.7) x 10’ s, According to
Eq. 28 the nearest neighbor excimerization rate k, is
therefore 1.4 x 107 s™!. The error in the determination of
k, due to the uncertainty in pg is large, as can be seen by
differentiation of Eq. 28 or from the pg-dependence of »
shown in Table 1.

If the quality of the experimental data does not warrant
the selection of a particular pg value, one may nevertheless
obtain a valid lower limit for the probe/lipid exchange
frequency by assigning pg its maximum value (see Eq. 35):
With pg < 1, therefore, ¥ = 1.6 x 107 s7!, so that this
conservative data analysis yields a lower limit of 2.6 x 1073
cm?s~! for D.

In this analysis we used the n(pg, x) for unobstructed
diffusion (see Fig. 2). In the presence of obstructions, n( pg,
x) is increased by an amount that depends on the size and
number of obstructions (see Fig. 7). It should be noted that
if n(pg, x) values for obstructed diffusion had been
employed in the analysis of the experimental yields, consid-
erably greater diffusion coefficients (including the lower
limit for pg < 1) would have been derived.

It is more difficult to obtain reliable experimental values
for J ¥ than for J ¥ because pure excimeric emission spectra
must be measured at very high probe ratios. J¥ was
therefore determined by chosing a value that, when used to
normalize Jg(x), provides the optimum fit to experiment,
using the same Py and v values as were obtained from an
analysis of the monomeric yields. It can be seen that with
JE/J% = 0.88, this procedure leads to an excellent agree-
ment between theory and experiment with pg = 0.5and v =
3.4 x 107 57! (see Fig. 5).

One may finally use the J# and J§ values obtained as
indicated above and compare the experimental, normal-
ized excimer/monomer emission intensity ratio with the
prediction of the milling crowd model according to Eq. 30.
This comparison is shown in Fig. 6, which contains theoret-
ical MC curves for different pg values, as well as that for a
diffusion-limited model. The pg = 0.5 curve is seen to
provide the best fit to the data.

The lateral diffusion coefficients calculated according to
Eq. 39 with A ~ 0.8 nm are shown along with v and k,
values corresponding to different pg’s, in Table I. The table
also shows experimental diffusion coefficients for intact
erythrocytes and ghosts obtained in fluorescence photo-
bleaching recovery experiments and it can be seen that
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FIGURE 6 The excimeric/monomeric intensity ratio, Jg(x)/Jy(x),
normalized by the asymptotic yield ratio J¥/J ¥ as a function of the probe
ratio x. The experimental points are for PDA probes in the membrane of
intact erythrocytes at 21°C, and the theoretical curves for the DL and
MC models are the same as those given in the caption of Fig. 4. The best
fit gives pg = 0.5, v = 3.4 x 10757,

even for the conservative assumption for pg (pg < 1), the
local diffusion constant obtained by means of excimeric
probes, is several times larger than that for long range
diffusion, determined by FPR. For py ~ 0.5 and the
x-range employed in the present experiments (0.005-0.3),
n(pg, x) is of the order of 10, corresponding to a diffusion
length of a few nm, while the diffusion distance is of the
order of a um for the FPR experiments. This distance is
large enough to include many membrane proteins that
obstruct long range diffusion of a lipid analogue membrane
probe. The effect of obstacles on the probe’s diffusibility is
discussed in the next section.

OBSTRUCTED DIFFUSION

Most biological membranes consist of a bilayer of several
different classes of lipids, in which are embedded a variety
of integral proteins, some of which are immobilized by
being associated with a polymeric network of cytoplasmic
peripheral proteins, called the cytoskeleton. The fractional
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membrane area that is occupied by proteins is approxi-
mately the same as the dry weight fraction and ranges
from 20% for myelin to 75% for the purple membrane of
Halobacterium halobium and the inner mitochondrial
membrane (28-30). The lateral mobility of a lipid or a lipid
analogue probe is expected to be reduced by the presence of
dispersed membrane proteins, whose diffusibility is,
because of their greater mass, considerably smaller, even if
they are not anchored to the cytoskeleton (10, 31).

Here we generalize the milling crowd model by provid-
ing for the presence of forbidden regions or obstructions in
the trigonal array of lipids that represents the membrane.
These obstructions are here, for the sake of convenience,
assumed to be hexagonal in shape, the hexagons’ having
sides of length j\, where A is taken to be equal to the
average lipid-lipid separation. A random distribution of
obstructions may then be characterized by the fractional
area covered by obstacles ( /'), and by j (see Fig. 1).

Note that this model makes the following assumptions,
whose validity for real membranes holds of course only
approximately:

(a) Proteins are randomly distributed in a trigonal array
of lipids that participate in spatial exchanges. They may
touch (osculate) along their sides or vertices. They cannot
overlap, however.

(b) The proteins are uniform in shape and size and
stationary. Their area is calculated according to some
chosen model (see below).

Since obstructions reduce the effective range of diffus-
ing probes, fewer lattice sites are visited and the excimeric
probes are less likely to become nearest neighbors for a
given number of spatial interchanges, i. The average
number of steps leading to an excimer n(pg, x) is therefore
increased compared to the case of unobstructed diffusion
and this is borne out by the results of milling crowd
simulations shown in Fig. 7.

100

T T T

n(0.5,x)
\ERE B aaan

T

FIGURE 7 The effect of obstructions on the excimer production rate is
here illustrated by MC simulations for pg = 0.5. The fractional area of the
lipid matrix covered by obstacles is f = 0.2. The obstructions are hexagons
whose sides are jX\ in length. The dashed curve represents free diffusion.
Note that the smallest obstructions ( j = 1) cause the greatest increase in
n(pg, x) (see Table I).
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The effect of obstructions on long-range diffusion are,
however, best demonstrated in the dependence of the
computer-simulated mean-square-diffusion distance,
{d*(i)), on the number of probe-lipid exchanges, i (see Eq.
38). A probe was initially positioned in the center of a 40 x
40 lipid matrix and the distance it migrated following i
spatial exchanges with randomly chosen nearest neighbors,
was determined for a particular area coverage, obstacle
size and i by 2,000 trials. Periodic boundary conditions
were used as before and the positions of the obstructing
hexagons were randomized for successive experiments.
The results for these simulations are shown in Figs. 8 to 11
for a range of obstacle sizes and fractional area coverage of
obstacles of f = 0.1, 0.2, 0.3, and 0.4 (see below for
definition of f). Not surprisingly, a random distribution of
small obstacles is seen to inhibit diffusion more effectively
than do larger obstacles that cover the same fractional
area. This is because small obstacles produce more small
interstices between them, which effectively trap probes. In
the limit when there are only a few very large obstacles,
their effect becomes negligible.

When the mean-square-diffusion distance is plotted
against the number of exchanges i, in the absence of
obstacles one obtains as shown in Figs. 8—11 a straight line,
in accord with the diffusion equation (see Eq. 36). If
obstacles are present, this linear relationship no longer
obtains and the diffusive behavior is best discussed by
considering three regions of i: For very small values of i, or
diffusion time, if the distance traversed by a probe is
smaller than the average separation between obstacles, the
diffusion coefficient is little changed from the obstacle-free

1000 |-

{d2(i) /8>
a2 e

500 -

FIGURE 8 The mean square diffusion distance as multiple of the lattice
constant, {d({)/\?), as a function of £, or time, for a random distribution
of hexagonal obstacles covering a fractional area (') of 0.1 of the lipid
matrix, obtained by milling crowd simulation. The right hand scale gives
the root mean square diffusion distance. The dashed curve corresponds to
unobstructed lateral diffusion and is a straight line, as expected from the
diffusion equation (Eq. 36). Note that in the presence of obstacles, in the
limit of large i, the curves are straight, as for unobstructed diffusion but
the slope which is proportional to the effective lateral diffusion constant
(D) is reduced, when compared to “free” diffusion (D,).
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FIGURE 9 Same as Fig. 8, but for f = 0.2.

case. For large values of i, or long times, the mean-square
diffusion distance in the presence of obstacles is propor-
tional to i as it is for free diffusion, but with a reduced
slope. In other words, the probes’ motion is diffusive, but
with a reduced diffusion coefficient. Between these two
domains the effective diffusion constant has intermediate
values and the probes motion is nondiffusive (see Fig. 12).

It is useful to present the effective, long-range diffusion
coefficients obtained in this manner as a function of
obstacle size and the fractional area covered by the obsta-
cles. It is then necessary to choose among several possible
ways of defining obstacle area, two of which are illustrated
in Fig. 13 for j = 1 obstacles. In the model shown on the left
and employed in Figs. 8-12, the obstacle area, Ay, is taken
to be the hexagon's area, measured as the number of
equilateral triangles with side A (i.e. 6,24,and 54 for
Jj =1,2, 3 hexagons). The fractional area fis then defined
by the sum of A4 for all obstacles, divided by the total area.
Note that for this model the obstacle has six exchangeable
nearest neighbors at a distance v3 A/2 (~0.7 nm).

On the right of Fig. 13 is shown an alternative model, in
which the obstacle is surrounded by the same assembly of
exchangeable lipids as in that shown on the left, but in
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FIGURE 10 Same as Fig. 8, but for f = 0.3.
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FIGURE 11 Same as Fig. 8, but for f = 0.4.

considerably more intimate contact with them. Each lat-
tice point is considered to be surrounded by an elementary
hexagon that belongs either to an obstacle or the lipid
matrix. For this model (but not for the model on the left)
all space is occupied, so that the obstacle area is defined by
the number of lattice points it contains (A, p). (i.e. Ap =7,
19, and 37 for j = 1, 2, 3 obstacles). The fractional coverge,
fip, is then obtained by dividing the sum of lattice points
occupied by obstacles by the total number of lattice points.
Since there exists a small overlap of areas when the
hexagonic obstacles of the first model touch, the f; p values
obtained in this way represent overestimates, which are,
however, small, at least for small and moderate f~values.
This model postulates 12 nearest neighbor lipids at a
distance of A/2 from the perimeter (~0.4 nm). Not enough
is known about lipid-protein interactions in membranes to
decide which of these models is a more realistic one, but the
existence of even a partial lipid solvation shell would favor
the model on the left.

Table 11 shows the effect of obstacles on D, for different
fractional coverages calculated according to both models.
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FIGURE 12 Same as Fig. 10, but for low and intermediate values of i.
Note that in this regime the MC simulations do not satisfy Eq. 36 and the
probes’ mobility is not diffusive. The probes diffuse more rapidly locally
when they remain between obstacles than over long distances.
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FIGURE 13 The lipid matrix surrounding j = 1 obstacles. The dots
represent phospholipid or probe molecules that participate in random
exchanges with their neighbors. The nearest neighbor lipids of the
obstacle on the left are 3 A/2 or ~0.7 nm from its perimeter and it is
surrounded by an empty annular region which can be thought of as
containing a solvation shell of slowly exchanging lipid molecules. In the
model to the right the lattice points are considered to be surrounded by
elemental hexagons, each of which represents an exchangeable lipid or is
part of an obstacle. The two models are used in the determination of the
effective fractional area ( f, f;p) of obstacles in obstructed diffusion (see
Fig. 14 a, b).

It is noteworthy that at sufficiently large coverage by small
obstacles (e.g., with f~ 0.4, j = 1), long-range diffusion
becomes very unlikely and D becomes vanishingly small.
The same data are presented graphically in Fig. 14, which
shows the obstructed diffusion coefficient as a function of
obstacle size and the fractional coverage. Note that the
first model shows a considerably greater dependence on
obstacle size than does the second one. The calculated
obstacle size dependence of D depends critically on the
method by which obstacle area is calculated and a compar-
ison of Figs. 14 a and 14 b demonstrates that the simulated
obstructed diffusion simulations are model-dependent.
Thus the existence of a solvation shell, whose lipids exhibit
a spatial exchange rate that is slow compared with that of
the bulk lipid matrix, is expected to be an effective
inhibitor of diffusion.

DISCUSSION

The local diffusion coefficient for a lipid analogue probe
PDA in the erythrocyte membrane that is reported here
(D=2 3 x 1078 cm?s™") is of the same order of magnitude
as that measured for long range diffusion of similarly sized
probes in pure lipid multilayers, as measured by FPR
experiments (29) (~2-6 x 1078 cm? s~'; see Table I). It is,
on the other hand, considerably larger than the long-range
(FPR) diffusion coefficients (2-8 x 10~ cm?s™') for lipid
probes in intact red cell membranes (28) and their ghosts
(34, 35). Finally, since the average number of exchanges
leading to an excimer is greater when the diffusion of the
probes is obstructed (see Fig. 7) and the above results were
obtained with an n(pg, x) for “free” diffusion, the local
diffusion coefficient may well be appreciably larger than
the values given above and in Table I. This would reinforce
our contention that long-range diffusion is slowed severely
by the presence of membrane proteins.

It has indeed been pointed out (31), that the diffusion
coefficient of lipid analogue probes decreases by an order
of magnitude when measured in systems containing
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TABLE I1
EFFECT OF OBSTACLES ON LONG-RANGE
LATERAL DIFFUSION

j=1 j=2 j-3

f  fs DDy fe D/De  fir  D/D
0 0 1.00 0 1.00 0 1.00
0.1 0.23 0.70 0.16 0.80 0.14 0.81
0.2 0.47 0.35 0.32 0.62 0.27 0.68
0.3 0.70 0.09 0.48 0.38 0.41 0.52
04 0.93 ~0 0.63 0.19 0.55 0.34
0.45 — — 0.71 0.10 0.62 0.26

The lateral diffusion coefficient in the presence of randomly distributed
hexagonal obstacles, as a function of the fractional area of the lipid matrix
which is covered by obstacles. The fractional area is calculated according
to the two models discussed in the text (f, f{p). The listed values for D/ D,
are obtained from the limiting (high i) slopes of the milling crowd
simulations shown in Figs. 8-11. j is the length of the hexagons’ sides in
terms of the matrix lattice constant, \.

increasing concentrations of membrane proteins. This is
illustrated by typical results of FPR experiments using
biological membranes and model membranes that contain
different concentrations of intra-membrane particles,
which are collected in Table I. Thus the long-range
diffusion coefficient of a lipid probe in a vesicle system
decreases by an order of magnitude when the bacteriorho-
dopsin/lipid ratio increases from 0 to 33% (36). These
observations are consistent with the view that FPR experi-
ments yield protein-obstructed diffusion coefficients, while
excimeric probes report the local lateral fluidity of the
membrane, which resembles that of pure lipid bilayers.

Table I also gives the jump frequency and diffusion
coefficient reported by Galla and Luisetti for pyrene
decanoic acid in erythrocyte membranes (9). Their analy-
sis is based on the RW model which, as discussed in
Section III, is expected to yield values of D which are
considerably higher than the MC model analysis. The
jump frequency reported by them for erythrocyte ghosts is
comparable to those for several phospholipid vesicles and is
at 35°C, 16 x 10’s™", corresponding to D = 2.6 x 10”7 cm?
s~', an order of magnitude greater than the value obtained
here by means of the MC model analysis.

According to our analysis probe-lipid exchanges occur at
aratev 2 2 x 10" s™". It is noted that this frequency is of
the same magnitude at the rate of rotation of PDA in the
membrane, in accord with the milling crowd model in
which spatial exchange and rotation are intimately con-
nected. The spatial exchanges postulated in the milling
crowd model are in any case not literally such: They
represent rather, a convenient algorithm of a lateral dis-
placement by a lipid-lipid spacing (~\A) in a random
direction and they result from the random conformational
fluctuations of the hydrocarbon chains in the bilayer.

The milling crowd analysis of excimeric probe studies
yields the frequency » (and hence D), but also provides an
estimate for the nearest neighbor excimerization rate, k,.

BIOPHYSICAL JOURNAL VOLUME 49 1986




10 T T T T T T T
o8- _
061 \c&\ i
o - N i
a N~ s
3 04l NN )=3 _
& =1 \\/ X )
! Ny \\ J= 2.
ozr <
- E
fo) 1 l 1 | 1 | 1
0 0.2 04 06 os
fue
o T T T T T
By —— MOD. PERC. TH.
o8| \ / i=2 ——— EFF. MED. TH.
i ‘,'Q. il i .
o o6l R, ~
b .ﬁ., -
3 - \\
o4} A -
._.‘ }.'..\‘ "ﬁ_
- o, | N, -
., b= N 0
o2} “’t\ .
R . "o, \1\ ]
0 ] | e SR A N
0 Y 0.2 03 0.4 05 06
f—

FIGURE 14 The lateral diffusion coefficient for obstructed lateral diffu-
sion, D, normalized to the free diffusion coefficient D, as a function of
obstacle size and density. The results of the MC simulation are shown for
j = 1,2, and 3 hexagons. The fractional area covered by the obstacles is
calculated in two ways ( fand f p): (a) corresponding to the model shown
on the right of Fig. 13 and (b) as shown on the left side. (b) also shows the
predictions of the effective medium theory (11) for obstructed diffusion
(----) and of Saxton’s modified percolation theory (11).

For PDA in erythrocyte membranes, k, ~ 1.4 x 10" s,
The static excimer formation time is therefore ~70 ns,
several times longer than the pyrene moieties’ rotational
relaxation time derived from the polarization of mono-
meric fluorescence (see Materials and Methods). This
suggests that static excimerization can occur only, when
the relative orientations of the pyrene moieties are within a
limited range.

While v provides a measure of the probes lateral diffusi-
bility, k, is indicative of the local membrane “fluidity.” It
is a more useful parameter than pg, which is itself a
function of ».

The milling crowd simulations of the effects of obstruc-
tions on lipid diffusion suggest that the diffusion coeffi-
cients of biological membranes derived from photobleach-
ing recovery experiments are, to a large extent, indicative
of the number and sizes of the membrane proteins. An
unexpected result of the simulations is that for the same
fractional coverage, the diffusion coefficient is reduced to a
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much greater extent by small obstructions than by larger
ones, at least for one of the models we have considered. In
general, the magnitude of the size-dependence depends on
the method by which obstacle area is calculated (see Table
IT and Figs. 13 and 14). The method used in Fig. 144
shows a slight dependence on obstacle size while that of
Fig. 14 b shows a very strong one. In contrast, the
continuum theories of obstructed diffusion, which were
recently reviewed by Saxton (11) and are discussed below,
show no dependence on obstacle size. It is also clear from a
consideration of the two models shown in Fig. 13, that
solvation shells of slowly exchanging lipids can inhibit
diffusion in an important way.

The existing two-dimensional diffusion theories were
mostly developed for the calculation of the electrical
conductivity of composite planar media, but diffusivity
may be formally substituted for conductivity. The effective
medium theories derive the effective conductivity in the
presence of patches whose conductivity relative to that of
the conductive phase is between 0 and 1 and predicts a
particularly simple result if the obstacles are impermeable.
For this case, if f is the fractional area occupied by
obstacles, the effective diffusion coefficient is, according to
Bruggeman (39) and Landauer (40)

DD, - 1 —2f,f< (42)

0,f>'/2

for a random distribution of circular obstacles. D, repre-
sents the lateral diffusion coefficient in the absence of
obstacles. This theoretical result, which has been claimed
to be insensitive to the sizes of the obstacles (11), is shown
graphically in Fig. 14. Note that Eq. 42 predicts that
long-range diffusion does not occur if fis greater than the
critical ratio f, = '%. For nonpermeable obstructions, the
effective medium theory gives good approximations for
small fractional areas, but for larger ones, the critical area
predicted by percolation theory, f, = 0.322, is generally
considered appropriate (11). The results of continuum
percolation theory are again independent of the size and
shape of the obstacles, unless they are elongated or dendrit-
ic. It has been shown that in the vicinity of this f,, a power
law expression gives the dependence of the diffusion con-
stant on the fractional area (41) and Saxton has proposed a
semi-quantitative cubic function for the effective diffusion
coefficient, which combines the results of the effective-
medium and percolation theories in their respective
domains of applicability (11). This function is shown in
Fig. 14 b, along with the Bruggeman-Landauer equation,
Eq. 42, and the results of the computer simulated milling
crowd model.

Unlike the two continuum theories, the MC simulations
for one of the models we have discussed show a strong
dependence on obstacle size, particularly for small obsta-
cles, i.e. those comparable to the lattice spacing (see Fig.
14). The j = 1 hexagons correspond to membrane particles

Model for Local and Long-Range Obstructed Lateral Diffusion 999




whose diameter is approximately 1.5 nm and this is
comparable to the diameter of a gramicidin C dimer (1.2
nm), which has indeed been shown to affect long-range
lipid diffusion profoundly (42). The critical area coverage,
fe.. above which diffusion vanishes, depends on the obstacle
size and falls, at least for j = 1, between the £, predicted by
the modified percolation theory (0.322) and that for the
Bruggeman-Landauer equation (0.5). This suggests, that
the long-range diffusion of lipid probes is critically depen-
dent not only on the amount of intra-membrane particles,
but on their distribution within the membrane. Model
systems in which these effects can be determined experi-
mentally are being studied and compared with MC simula-
tions. These studies can also be extended to the diffusive
behavior of membrane components of larger dimensions
than lipids, e.g., proteins, in order to refine our understand-
ing of the dynamic properties of biological membranes.
The 1,000-fold range of measured long-range diffusion
coefficients of membrane proteins (43) may be explainable
by the wide range of protein densities which obtain in
different membranes and perturb the effective D. It must
be borne in mind however, that nondiffusive mobility e.g.,
flow, may also play a role.

It is noted that heterogeneities of membrane diffusibility
that are produced, say, by heterogeneous distributions of
membrane proteins, may play a role in the lateral transport
of membrane components. The efficiency of such fluidity
modulated mechanisms for membrane transport has
recently been analyzed. J. Eisinger and B. I. Halperin
(manuscript in preparation).

Only the steady state yields of excimeric probes are
measured and analyzed in this paper. It should be noted
however, that the probability distributions of N;(x) like the
ones shown in Fig. 1 a, b, ¢, also represent the time depen-
dence of the excimer formation rate, K(¢), in which the
unit interval of the N;(pg, x) axis corresponds to a time
interval of v~' seconds. By determining K(¢) experimental-
ly, it can be compared to milling crowd simulations as well
as to theoretical predictions for the time dependence of
such diffusion-controlled reactions between randomly dis-
tributed reactants (44). Such studies are expected to
provide considerably more information about membrane
fluidity than can be obtained from steady state experi-
ments alone.
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