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Introduction

Although much research has recently been carried
out on lateral diffusion in biological membranes (see
ref. 35 for a recent review), far less attention has
been given to the problem of transverse diffusion—
diffusion perpendicular to the plane of the mem-
brane. Yet transverse diffusion is of paramount im-
portance not only for understanding the dynamic
properties of lipids in membranes but also for pre-
dicting the permeabilities of both single cells and
epithelia (e.g., kidney, gut, skin and the blood-brain
barrier) to physiologically and pharmacologically
active agents.

Nature of the Permeability Data

In order to be able to calculate transverse diffusion
coefficients from steady-state permeability mea-
surements, it is necessary [29-32] to have accurate
values of basal permeability coefficients for non-
electrolytes, determined under conditions where
transport via specific pathways does not occur. Es-
tablishing reliable basal permeability values thus re-
quires both the use of accurate experimental meth-
ods and an appreciation of the nature of the specific
pathways. This latter problem is especially acute
with human red cell membranes, which are now
known [32] to possess specific transport systems for
many small uncharged molecules which had previ-
ously been thought [40] to permeate through aque-
ous pores.

When we last considered the problem of trans-
verse diffusion in biological membranes [30, 31],
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very little reliable basal permeability data existed
for animal cell membranes, and the conclusions we
drew were based largely on much earlier studies
with plant cells. Fortunately, this situation has very
recently changed: in the last few years, five new
studies [4-6, 28, 34] have appeared which, when
combined with earlier studies [7, 45], provide for
the first time a reasonable number of accurate basal
permeability coefficients for a single animal cell
membrane—that of the human red blood cell (see
the Table).

We proceed to discuss these permeability data.
Brahm [4] measured the diffusional permeability of
human red cells to water in the presence of a large
number of chemicals known to inhibit specific trans-
port systems in the red cell. The maximum inhibi-
tion was achieved in the presence of p-chloromer-
curibenzoate, when the permeability coefficient fell
to P = 0.0012 cm sec ™! at 25°C. Although it is possi-
ble that even this low value represents some contri-
bution from specific pathways [12], such an effect
would seem to be small. This is because the residual
diffusional permeability in the presence of organic
mercurials has the benchmarks of a basal process: a
high temperature coefficient (E,,, = 60 kJ mol™})
and a low value which is, moreover, equal to that of
the residual osmotic permeability [15, 33]. (For the
osmotic permeability of lecithin/cholesterol black
lipid films, E,., = 55to 61 kJ mol=![38, 39] and P =
0.0014 to 0.0030 cm sec™! at 25°C [13, 15, 38, 39].)

Brahm [5] also measured the values listed for
the n-alcohols in the Table. Butanol moved too fast
to be accurately measured, but the exchange rates
of the other alcohols were at least three times
slower and thus permeabilities could be estimated
reliably after correction for unstirred layers. (Very
similar values for all the alcohols listed here were
obtained for the dog red cell by independent work-
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Table. Experimental parameters for human red cell permeants

Permeant Basal P Volume V Partition coefficients between solvent and water
(cm sec™!) (cm? mol~!)
K-hexadecane K-oil K-octanol K-lipid

1. Water 1.2 x 1073 [4] 10.6 4.2 X 1075 [36] 1.3 x 1073 [27] 0.041 —

2. Methanol 3.7 x 1073 [5] 21.7 3.8 x 1073 [17] 9.5 x 1073 [27] 0.18 0.21
3. Ethanol 2.1 x 1073 [5] 31.9 5.7 x 1073 [17] 3.6 x 1072 [27] 0.48 0.44
4. Urea 7.7 X 1077 [6] 32.6 2.8 x 1077 1.5 x 1074 [9] 0.0022 0.23
S. Ethanediol 2.9 X 1075 [28] 36.5 1.7 x 1073 [36] 4.9 x 10~ [27] 0.012 0.12
6. Thiourea 1.1 x 1075 [34] 39.5 — 1.2 x 1073 [9] 0.072 —

7. n-Propanol 6.5 X 1073 5] 42.2 3.3 X 1072 [17] 1.4 x 107! [27] 2.2 1.3
8. Glycerol 1.6 X 1077 [7] 51.4 2.0 x 1079 [36] 7.0 x 1075 [27] 0.0028 0.050
9. Erythritol 6.7 X 107° [45] 66.2 — 3.0 X 1075 9] 0.0012 0.026
10. n-Hexanol 8.7 x 1073 [5] 72.9 1.3 [2] 7.6 [27] 110 —

Permeants are numbered in order of increasing molecular volume. All values are at approximately room temperature; where possible,
values at 25°C are listed. Numbers in square brackets refer to data sources. P is the basal permeability coefficient for the human red cell
membrane, corrected where appropriate by the investigators for the presence of unstirred layers. V is the van der Waals volume,
calculated using the procedures in ref. 3. Partition coefficients K are expressed in volume units. The K-hexadecane value for urea was
determined by A. Walter and J. Gutknecht (personal communication). K-octanol values are from ref. 27, and K-lipid values are from
ref. 25. Additional comments on these data are given in the text and in ref. 32.

ers [19] using a completely different technique.)
Since the alcohol movements [5] showed no satura-
tion, had high temperature coefficients, and were
not inhibited by p-chloromercuribenzene sulfonate
or phloretin, it is reasonable to consider the listed
values to be basal values.

Urea transport [6] in human red cells is inhib-
ited competitively by urea analogues and noncom-
petitively by phloretin and p-chloromercuribenzene
sulfonate, and the maximum inhibition left a ground
permeability of 7.7 X 1077 ¢m sec ™!, which we have
taken as the basal permeability to urea. Mayrand
and Levitt [34] found that thiourea is transported
via both saturable and nonsaturable pathways, and
the nonsaturable pathway (which was not affected
by the competitive analogue urea) had a basal P =
1.1 X 107 cm sec™!. The values listed for ethane-
diol [28] and glycerol [7] were obtained in the pres-
ence of copper ions, which are known to inhibit
specific glycol transport systems. Finally, the value
for erythritol (which can enter red cells via the glu-
cose system) was measured by Wieth [45] as the
hexose-insensitive permeability, which he found to
be unaffected by phloretin and copper ions.

Dependence of Basal Permeability on Solubility

In Fig. 1A we have plotted, on log-log scales, these
basal permeability coefficients P against their corre-
sponding rn-hexadecane/water partition coeffi-
cients. We have chosen hexadecane here for two
reasons: First, as Finkelstein [16] has stressed,
hexadecane is a reasonable a priori model for the

solubility properties of the hydrocarbon interior of
the membrane. Secondly, as we will show later,
although hexadecane is an extremely poor model
for the diffusional behavior of the rate-limiting bar-
rier for basal permeation, it is a good model for the
solubility characteristics of this barrier.

What is surprising about Fig. 14 is that the data
points deviate so markedly from the least squares
straight line of unit slope. This is contrary to the
rule of Overton [37], which predicts that all points
should lie along this line. Overton’s rule is based on
the implicit premise that diffusion rates within the
membrane, as in a simple liquid like water, do not
vary much from permeant to permeant, so that the
major factor discriminating between different per-
meants is their solubility. What is the reason for this
breakdown in Overton’s rule?

Dependence of Basal Permeability and Transverse
Diffusion on Permeant Volume

A closer inspection of Fig. 1A reveals an important
clue: those permeants which lie above the regres-
sion line of unit slope have low molecular volumes
whereas those which lie furthest below the line have
the highest molecular volumes. This immediately
suggests that, solubilities in the membrane interior
being equal, large permeant molecules find it much
more difficult to cross the human red cell membrane
than do small molecules.

This result can be placed on a quantitative ba-
sis—and one which has the attraction of providing a
molecular interpretation—by considering the sim-
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Fig. 1. Departures from Overton’s rule can be accounted for by a steep volume dependence of transverse membrane diffusion. (A4)
Poor fit of human red cell basal permeability coefficients P to Overton’s rule. The straight line is the least squares line of unit slope. (B)
Steep volume dependence of transverse diffusion within the membrane. The transverse diffusion coefficient D, is plotted against the
van der Waals volume V on semilogarithmic scales. The slope (+sE) of the least squares line is —0.054 (+0,008) mol cm 2. (C) Good fit
of volume-corrected basal permeability coefficients P¥=0 to Overton’s rule. The straight line is the least squares line of unit slope.
Values of P and n-hexadecane/water partition coefficients K-hexadecane are listed in the Table. Dy, values were calculated using Eq.
(2) with diper = 40 A and Kpem = K-hexadecane. PV=9 values were then calculated using Eq. (4) with m, = 0.054 mol cm~? [from the
slope of (B)] and van der Waals volumes V from the Table. Notice that permeants are numbered in order of increasing volumes (see

Table)

plest of all models for nonspecific permeation: the
rate-limiting barrier for permeation is a region of
thickness dyen With an average partition coefficient
K_.m and transverse diffusion coefficient D, for a
given permeant molecule. For such a solubility/dif-
fusion model, the overall basal permeability coeffi-
cient P is given by [11, 29]

P = KmemDmem/dmem- (1)

Thus transverse diffusion coefficients can be ob-
tained [22, 29-32] using

Dpem = Pdmem/Kmem- (2)

In practice, of course, we know neither dyem nor
K. em, since the rate-limiting barrier within the mem-
brane is unknown. However, since dpem will be
roughly the same for a set of similar molecules, it is
not important what value we use for it; we will take
dmem = 40 A (the approximate thickness of the hy-
drocarbon region of most biological membranes) as
a reasonable estimate. The choice of estimates for
K em is more problematical. For present purposes,
we will assume (as above) that K-hexadecane val-
ues provide reasonable estimates. Later, we will
show that the conclusions to be reached about the
nature of the transverse diffusion process are insen-
sitive to the choice of the model solvent.

The transverse diffusion coefficients Dyen SO
calculated are plotted, on semilogarithmic scales,
against permeant volumes in Fig. 1B. (We use van
der Waals volumes rather than the more commonly
used molar volumes, both in order to have volume

estimates that are not biased by intermolecular
forces which may only be present in the pure chemi-
cal and also because they are more appropriate for
the quantitative theory of diffusion, which we shall
develop later. This theory predicts a straight line if
data are plotted as in Fig. 1B.) Clearly, Dy de-
pends very steeply upon V. The slope (*sE) of the
straight line in Fig. 1B is —0.054 (+0.008) mol cm 3.
This means, for example, that doubling the volume
of a permeant whose size is similar to that of etha-
nol (V = 32 cm® mol~!) decreases Dyem, On average,
by the factor 1099462 = 50. The corresponding fac-
tor for diffusion in a simple Stokesian liquid (see
below) is only about 23 = 1.3. Thus is appears that
transverse diffusion across the human red cell mem-
brane is enormously more sensitive to permeant
volume than is diffusion in simple liquids. Similarly
large dependences of diffusion upon diffusant vol-
ume are seen for diffusion in other structured me-
dia, e.g. polymers [29-32], and we will discuss the
possible molecular reasons for this later.

Dependence of Basal Permeability on Both
Solubility and Volume

If the departures from Overton’s rule we saw in Fig.
1A are indeed due to an anomolously steep volume
dependence of transverse diffusion within the inte-
rior of the human red cell membrane, then the data
should conform to Overton’s rule once this has
been taken into account. What we need are size-
corrected permeability coefficients, corrected for
the volume dependence of the diffusion step.
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Fig. 2. The relationship between n-hexadecane/water and n-oc-
tanol/water partition coefficients for different classes of com-
pounds. To avoid any theoretical bias, only directly measured
partition coefficients (from refs. 32 and 43) have been plotted.
The symbols are: A, rare gases; O, n-alkanes; [, n-alcohols; V,
n-carboxylic acids (neutral form); X, n-butyramide; +, water ¢,
ethanediol

We note that the straight line in Fig. 1B obeys
the equation

Dpem = Dx‘r/;r(x)llo%m”v) (3)

where m,, the negative of the slope, is a measure of
the volume selectivity of the transverse diffusion
process and DYoo, the intercept on the ordinate
axis, is the limitingly high transverse diffusion coef-
ficient (for a theoretical molecule of vanishingly
small volume). Using Eqs. (1) and (3), we obtain a

size-corrected permeability coefficient:
PV=0= KmemDr‘r/;x(r)l/dmem = P10Y), 4)

Figure 1C is a plot of these size-corrected basal
permeability coefficients against K-hexadecane.
This plot is, of course, merely a transformation of
the plot of Fig. 1B, but it enables one to look at the
data from the perspective of Overton’s rule. In con-
trast to the uncorrected plot (Fig. 14), the fit of the
data to the least squares line of unit slope is now
very good. Equally important, a closer inspection of

Fig. 1C shows that there is no longer any systematic
size-dependent deviation of points from this line.
Thus the departures from Overton’s rule in Fig. 14
can be very largely accounted for by the hypothesis
that there is a very steep volume dependence in the
transverse diffusion step.

Analysis of Permeability Data for Other
Membranes

Many permeability studies are inadequate for the
present type of analysis, for any of the following
reasons: (1) It is not at all clear if the permeabilities
being measured are basal rather than specific. (2)
Unstirred layers are not adequately taken into ac-
count. (3) Permeant concentrations are often so
high that the membranes are probably fluidized.

Fortunately, many published studies do not ap-
pear to have these problems, and we have analyzed
them in detail in ref. 32. Results similar to those of
Fig. 1 were observed for both biological membranes
(animal and plant) and lipid bilayers (liposomes and
black films). (The only exceptions to a steep volume
dependence which we have found were some stud-
ies [26, 43] on the permeabilities of homologous se-
ries of fatty acids performed under conditions when
most of the acids were in their dissociated charged
forms; the reason for this discrepancy is not yet
clear.) Thus a steep volume dependence of trans-
verse diffusion would seem to be a common feature
of most biological and lipid membranes.

- In general, the size dependence of the diffusion
step appears to be somewhat greater for biological
than for pure lipid membranes [32]. This may reflect
the presence of more constraints on lipid motion in
biological membranes than in protein-free lipid bi-
layers. The differing basal permeability properties
of different biological and lipid membranes are
probably largely due to such constraints, which will
vary with the type of lipids (cholesterol being par-
ticularly important) and proteins present in the
membranes.

Choice of a Model Solvent

It is often said that the choice of a model solvent for
the partitioning behavior of the major transport bar-
rier is a phantom problem because partition coeffi-
cients in different solvents are related to each other
by constant ratios. That this is not true can be seen
from Fig. 2, where we have plotted, on log-log
scales, directly measured values of K-hexadecane
and K-octanol for different classes of compounds.
The uppermost line is for apolar compounds (rare
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gases and lower alkanes), the middle line for alco-
hols, and the lowest line for carboxylic acids. (Sin-
gle data points are included for an amide, water and
a vicinal diol.) Each successive line thus represents
families of compounds having progressively larger
numbers of hydrogen-bonding functions (none, hy-
droxyl and carboxyl, respectively). If we were to
compare any two solvents which differ in their par-
titioning behavior, we would presumably get a plot
similar to that in Fig. 2, with the corresponding lines
being more spread out or less so, depending on
whether the two solvents differ more or less. Only if
two solvents have the same partitioning behavior
will the lines coalesce to a single common line.

This forms the basis of a protocol for choosing
the best model solvent for the partitioning behavior
of an unknown site. For an equilibrium phenome-
non, the procedure is simple. For example, Franks
and Lieb [17] plotted, on log-log scales, general an-
esthetic potencies for animals versus K-hexadec-
ane, K-oil and K-octanol and found that the data
points coalesced onto a single common line only
with K-octanol. From this they concluded that -
octanol best reflected the solubility characteristics
of the unknown target sites in general anesthesia,
presumably because these sites are amphiphilic in
nature.

Permeability, on the other hand, is a rate phe-
nomenon which contains contributions from both
an equilibrium step (partitioning) and a nonequili-
brium step (transverse diffusion). If we could some-
how separate out the partitioning step from the dif-
fusion step, then we could proceed as above.
Fortunately, the size-corrected permeability coeffi-
cient, PV=0, introduced earlier enables us to do pre-
cisely this since, as can be seen from the defining
Eq. (4), PV=0is directly proportional t0 Kpen.

Figure 3 shows the use of the protocol for the
human red cell data of the Table, using four differ-
ent partitioning systems of increasing hydrophobic-
ity: (A) lipid bilayers, (B) n-octanol, (C) vegetable
oil and (D) n-hexadecane. The different symbols
distinguish permeants having different degrees of
hydrogen-bonding capacity; the ‘‘heavier’’ the sym-
bol the greater is the hydrogen-bonding capacity.
The lines are the least squares lines of unit slope.
[Notice from the legend the very important result
that large volume selectivities for transverse diffu-
sion are found for all four partitioning systems, so
that this finding (see Fig. 1B) is independent of the
choice of partitioning system.]

Clearly lipid bilayers are a poor choice, since
the data points in Fig. 3A are widely scattered and
lie far from the line of unit slope. In Fig. 3B for
octanol, the data points for the permeants of lowest
hydrogen-bonding capacity (the homologous series
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Fig. 3. Size-corrected basal permeability coefficients PV=0 for
the human blood red cell plotted against partition coefficients in
four systems, in order of increasing hydrophobicity: (4) lipid
bilayers, (B) n-octanol, (C) vegetable oil and (D) n-hexadecane.
The straight lines are the least squares lines of unit slope. For
each system, values of the volume selectivity parameter m,
were first determined as in Fig. 1B by plotting 10g4(D yem) 2gainst
V; the resulting values of m, were (A) 0.0982, (B) 0.0546, (C)
0.0538 and (D) 0.0539 mol cm~3. Using these values of m, and
values of P and V from the Table, values of PV=0 = P10"") were
calculated and are plotted above using the K values listed in the
Table. Permeants are grouped according to their relative hydro-
gen-bonding capacities: empty circles, weak hydrogenbonders
(n-alcohols); empty concentric circles, moderate hydrogen-bon-
ders (water, ethanediol); filled concentric circles, strong hydro-
gen-bonders (urea, thiourea, glycerol, erythritol)

of n-alcohols) define, more or less, a line lying
above the regression line of unit slope, whereas
data points for those permeants of greatest hydro-
gen-bonding capacity all lie below this line. This is
very reminiscent of Fig. 2, where we plotted parti-
tion coefficients for a very hydrophobic solvent
(hexadecane) against those for a less hydrophobic
solvent (octanol), and it suggests that the red cell
permeability barrier is more hydrophobic than octa-
nol. Indeed, it can be seen from Fig. 3C that the
more hydrophobic solvent olive oil does bring the
data points closer to the common line, but the
stronger hydrogen-bonders still lie below, and the
weaker above, the line of unit slope. Only with the
very apolar solvent hexadecane (Fig. 3D) do we
approach a more or less equal distribution of strong
and weak hydrogen-bonding permeants. There is
even a hint that the pattern for n-hexadecane is the
reverse of that for the other systems, in that the
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weaker hydrogen-bonders tend to lie below, and the
stronger above, the common line in Fig. 3D. Unfor-
tunately, however, for n-hexadecane we lack the
partitioning data which might resolve this issue:
data for two of the strongest hydrogen-bonders
(thiourea and erythritol). It may be that the best
model would be a solvent slightly more polar than
n-hexadecane, perhaps, in view of the hydrocarbon
chain composition of the red cell membrane, an un-
saturated long-chain hydrocarbon.

Thus the analysis of Fig. 3 indicates that the
major barrier for the nonspecific permeation of sim-
ple uncharged molecules across the human red cell
membrane is very hydrophobic (apolar). This is
consistent with it being in the hydrocarbon interior
of the lipid bilayer portion of the membrane (but
inconsistent with our previous suggestion [46] that
the barrier is at the glycerol backbone region of the
bilayer!). Notice that a naive use of partition coeffi-
cients between lipid bilayers and water would have
been completely unjustified—see Fig. 3A. This is
because most of these hydrophilic or amphiphilic
permeant molecules are concentrated near the bi-
layer/water interfaces [10] and not in the hydrocar-
bon interior. It is not possible from our analysis to
say where in the hydrocarbon interior the barrier
lies. However, it seems most likely that it is the
tightly packed regions [18] containing the choles-
terol steroid nuclei (red cell membranes contain
high concentrations of cholesterol) rather than the
more flexible hydrocarbon tail region at the bilayer
center.

It is, of course, not presently possible to actu-
ally measure the partitioning behavior of this major
permeability barrier, both because its exact location
is unknown and because the permeant molecules
we have been considering are only sparingly soluble
in the hydrocarbon interior of the membrane. How-
ever, some very interesting experimental [1, 14, 23,
44] and statistical thermodynamic [20, 21] studies
on the uptake of apolar n-alkanes by black lipid
films show a cut-off size beyond which large al-
kanes are adsorbed into the bilayer interior less than
expected from the behavior of small alkanes. For
egg lecithin films the deviant behavior begins only
after n-decane, but replacement of about 30% (on a
mole basis) of the lecithin with cholesterol causes
alkanes as small as n-octane to become deviant [23].
For red cell membranes, which contain not only
more cholesterol but also protein, the cut-off size
could be even smaller. If so, this could contribute to
the observed size dependency of permeation, and
one must therefore be cautious in attributing all of
this to diffusion. However, for the permeants con-
sidered in our analysis, the derived values of
log(Dpem) decrease linearly from water to hexanol

(see Fig. 1B) with no apparent cut-off. We therefore
suspect that such size-dependent partitioning plays
only a minor role in our present analysis, but it
might well play a major role for permeants larger
than those considered here.

Molecular Basis of the Steep Size Dependence of
Transverse Diffusion: Non-Stokesian Diffusion

For a sphere of radius r diffusing in a continuous
fluid, the diffusion coefficient D is given by the well-
known Stokes-Einstein equation:

D = kT/(6mnr) (5)

where £ is the Boltzmann constant, 7T is the absolute
temperature, and 7 is the coefficient of viscosity.
The denominator, 6mmr, is the factor which G.G.
Stokes found necessary to describe the frictional
drag on a sphere moving through a viscous fluid.
Stokes’ factor can be derived from standard fluid-
dynamic considerations [41]: the diffusing particle
carries with it a shell of fluid which is at rest with
respect to the particle itself, and there is a gradient
of velocities between this immaobilized shell and the
bulk fluid. (There is an analogy here with the more
familiar Poiseuillian flow of a fluid through a cylin-
drical tube, where the walls of the tube bear an
immobilized layer of fluid and there is a gradient
of velocities towards the center of the tube.) It is the
frictional drag between layers of fluid which deter-
mines the frictional resistance to diffusion, and this
resistance increases relatively slowly as the size of
the diffusing particles increases: for spheres, this
resistance increases only as the cube root of the
volume. We shall call this type of fluid-dynamic

‘movement Stokesian diffusion.

In contrast, the type of diffusion we have seen
for transverse movement across membranes de-
creases in value steeply with permeant size (see, for
example, Fig. 1B) and hence does not obey the
Stokes-Einstein equation. Thus for transverse
movement within biological membranes we are
dealing with non-Stokesian diffusion.

What is the molecular basis of this type of non-
Stokesian diffusion? Some clues come from a con-
sideration of the properties of diffusion in other me-
dia. For example, diffusion within soft polymer
networks often displays steep volume dependencies
[29-32]. On the contrary, diffusion within liquids
does not: diffusion in liquid n-hexadecane and in
water displays the weak type of volume dependence
inhererit in the Stokes-Einstein equation [24, 31—
32]. (This means that hexadecane, although an ex-
cellent model for the partitioning behavior of the
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rate-limiting barrier for basal permeation in red cell
membranes, is a very poor model for the diffusional
behavior of this barrier.) What seems to differenti-
ate these two types of diffusional behavior is the
ability (Stokesian) or the inability (non-Stokesian)
of molecules of the diffusing medium to flow around
the diffusing molecule. This inability to flow around
a diffusing molecule is almost certainly true for a
nonfluid polymer network such as rubber, but is it
also true for the lipid bilayer portions of biological
membranes? For the lateral diffusion of small mole-
cules in these membranes, the answer is probably
“no,”” since lipid molecules are very mobile in the
plane of the membrane. However, for transverse
diffusion, in the direction normal to this plane, the
answer appears to be ‘‘yes.”” This may be because
the lipids and their hydrocarbon chains are an-
chored to the membrane/water interfaces and thus
cannot easily flow past the diffusant molecules.

If in non-Stokesian diffusion the molecules of
the diffusing media cannot flow around the diffusing
molecule, then, before it can move, it must await
the formation of a suitably sized packet of free vol-
ume, or “‘hole,”” adjacent to it [31]. (Trauble [42]
has emphasized the possible importance of hydro-
carbon chain ‘‘kinks’’ in the formation of such holes
in his ‘‘mobile kink’’ theory, which is a special case
of the treatment which follows.) When this hap-
pens, the moleculé can then move by jumping into
the hole. Since a suitably sized hole must have a
volume greater than or equal to the volume of the
diffusant molecule, and since there will always be
more small holes than large holes (see below), it
follows that small molecules will diffuse much more
rapidly than large molecules. (Since holes are also
present in simple liquids, presumably such hole-
jumping pathways are also available for diffusion
there but are quantitatively much less important
than the fluid-dynamic pathways.)

In order to put these ideas ¢concerning non-Sto-
kesian diffusion into a semi-quantitative frame-
work, consider the following approach (simplified
from ref. 32). For a non-Stokesian medium at a
fixed temperature, the diffusion coefficient D
should, to a first approximation, be proportional to
the probability f{V) that a given hole has a volume
equal to or larger than the volume V of the diffusing
molecule. The very simplest statistical mechanical
model for hole size distribution in liquids suggests
that the probability P(V)dV of finding a hole whose
volume lies between V and V + dV is given by

P(V)AV = (1/V) exp(- VIV )dV (6)

where V is the mean volume of a hole [8]. The
probability f{iV) of a hole having a volume greater

than or equal to V can then be found by integrating
Eq. (6) between V and infinity, which gives

AV) = exp(-VIV). 7

Thus we have the result that the overall diffusion
coefficient is given by

D = (constant) exp(—V/V). (8)

Now what is interesting is that Eq. (8) is equivalent
in form to Eq. (3) for transverse diffusion within the
human red cell membrane, which can be rewritten
in the form:

Drem = Dr‘r/;r(r)l CXP(_2-3 m,V). (9)

A comparison of Egs. (8) and (9) shows that, on this
simple model, the average free volume V = (2.3
my)~!. Substituting the value of m, = 0.054 mol
cm? found earlier (Fig. 1B), it follows that the
mean hole size within that portion of the hydrocar-
bon interior of the red cell membrane which forms
the major barrier to diffusion is V = 8 cm® mol™',
which is slightly less than the van der Waals volume
(10 cm?® mol™!) of a methylene group on a lipid hy-
drocarbon chain [3]. Thus there is a reasonable
quantitative basis for the steep size selectivity
found for transverse diffusion within biological
membranes.

In summary, we have analyzed recently ob-
tained data on the nonspecific permeation of un-
charged molecules across the human red blood cell
membrane in terms of solubility/diffusion mecha-
nism. We have introduced a new protocol for se-
lecting that model solvent that best accounts for the
solubility properties of the major barrier to perme-
ation. Application of this protocol to the red cell
data showed that the best choice is a solvent less
polar than octanol or olive oil, approaching the apo-
larity of n-hexadecane. We found that diffusion of
nonelectrolyte molecules perpendicular to the plane
of the membrane is steeply dependent on diffus-
ant volume. These results can be accounted for
quantitatively if transverse diffusion occurs by a
hole-jumping (non-Stokesian) rather than a fluid-dy-
namic (Stokesian) mechanism within the hydro-
carbon interiors of biological membranes.
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