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Summary. Diffusion of small nonelectrolytes through planar lipid
bilayer membranes (egg phosphatidylcholine-decane) was ex-
amined by correlating the permeability coefficients of 22 solutes
with their partition coefficients between water and four organic
solvents. High correlations were observed with hexadecane and
olive oil (r = 0.95 and 0.93), but not octanol and ether (» = 0.75
and 0.74). Permeabilities of the seven smallest molecules (mol wt
< 50) (water, hydrofluoric acid, hydrochloric acid, ammonia,
methylamine, formic acid and formamide) were 2- to 15-fold
higher than the values predicted by the permeabilities of the
larger molecules (50 < mol wt < 300). The “‘extra’ permeabili-
ties of the seven smallest molecules were not correlated with
partition coefficients but were inversely correlated with molecu-
lar volumes. The larger solute permeabilities also decreased with
increasing molecular volume, but the relationship was neither
steep nor significant. The permeability pattern cannot be ex-
plained by the molecular volume dependence of partitioning into
the bilayer or by the existence of transient aqueous pores. The
molecular volume dependence of solute permeability suggests
that the membrane barrier behaves more like a polymer than a
liguid hydrocarbon. All the data are consistent with the ‘‘solubil-
ity-diffusion’’ model, which can explain both the hydrophobicity
dependence and the molecular volume dependence of nonelec-
trolyte permeability.

Key Words membrane permeability - nonelectrolyte - lipid
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Introduction

The question of how molecules cross cell mem-
branes has been considered for nearly a century,
starting with the work of Overton (1899) that re-
sulted in “‘Overton’s Rule,’” i.e., permeability coef-
ficients correlate well with oil/water partition coeffi-
cients. In recent studies small nonelectrolytes have
been used to probe the physical and chemical prop-
erties of the membrane barrier and, conversely, to

* Present address: Section on Membrane Structure and
Function, Bldg. 10, Rm. 4B56, L.T.B., N.C.I., N.I.H., Be-
thesda, MD 20205.

determine how the barrier properties control solute
permeability (e.g., Collander, 1949, 1954; Diamond
& Wright, 1969; Lieb & Stein, 1969, 1971; Cohen,
1975a,b; Finkelstein, 1976a,b; Wright & Bindslev,
1976). Most investigations of nonelectrolyte perme-
ability have focused on two questions. First, what is
the rate-limiting step for translocation—entry into
the bilayer or diffusion across the bilayer? Second,
what is the chemical and physical nature of the rate-
limiting barrier? Specifically, how hydrophobic is
the rate-limiting barrier? Is the rate-limiting barrier
more like an isotropic liquid or a polymer? Al-
though these questions are difficult to answer, it is
reasonable to expect that some information regard-
ing the nature of the transport process can be
gleaned by examining the exceptions to Overton’s
Rule.

Some very small molecules, ¢.g., water, form-
amide, and formic acid, permeate lipid bilayer
membranes faster than predicted by Overton’s
Rule, i.e., faster than predicted by their hydropho-
bicities or by the behavior of other members of their
homologous alkyl series (Cohen, 1975b; Finkel-
stein, 1976a; Walter & Gutknecht, 1984). Possible
explanations for this behavior include the ‘‘soft
polymer’’ or ‘‘mobile kink’* hypotheses, which pro-
pose that very small solutes fit into holes which are
abundantly available in the acyl chain region of the
bilayer (Lieb & Stein, 1969, 1971; Trauble, 1971).
Another possible explanation for the high perme-
abilities of very small molecules is that ‘‘transient
aqueous pores’’ exist in lipid bilayers (Weaver et
al., 1984).

Those solutes which have anomalously high
permeability coefficients are very small (mol wt <
50) and are the most hydrophilic within an homolo-
gous series. Therefore, we decided to determine
whether the high permeability coefficients are a
function of either molecular size or polarity and to
establish what feature(s) of the membrane might ac-
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count for their anomalous behavior. First, we ex-
amine several solvents as models for the chemical
selectivity of the membrane, evaluating them by
correlating permeabilities (P™) and partition coeffi-
cients (K,}. Second, we ask whether very small
solute permeabilities are predicted by these correla-
tions by comparing the measured permeabilities of
the seven smallest solutes (mol wt < 50) to the per-
meabilities predicted by their partition coefficients
and the relationship between P™ and K, derived
from the Ilarger solutes (50 < mol wt < 300).
Third, we determine whether deviations from the
correlation between hydrophobicity and permeabil-
ity are a function of molecular size, first, for the
smaller solutes and, second, for all the solutes. Fi-
nally, we compare our observations with expected
patterns of diffusion in liquid hydrocarbons and hy-
drophobic polymers.

Materials and Methods
PArTITION COEFFICIENTS

Partition coefficients for the nonionic forms of acids and bases
were determined at 25°C by means of radiotracer or chemical
methods described previously (Walter & Gutknecht, 1984).
Briefly, solutes were equilibrated between hexadecane and water
for 24 hr. After aliquots were taken from both phases to deter-
mine solute concentrations, the original hexadecane was re-
moved and replaced with fresh hexadecane, which was allowed
to equilibrate with the original aqueous phase. This procedure,
which eliminates contaminants more hydrophobic than the test
solute, was repeated until a constant K, was obtained.

In the case of “C-urea, we suspected the presence of a
hydrophobic contaminant, probably CO; since urea breaks down
in water to form CO, and NH, (Morrison & Boyd, 1973). Break-
down in water is a continuous process, so the standard proce-
dure for eliminating hydrophobic contaminants was not adequate
for urea. In some experiments the urea solution was prepared in
10 mMm NaOH to convert any “CO, into “CHOj; and “CO3%,
which do not partition significantly into hexadecane. Alterna-
tively, the equilibrated hexadecane was re-extracted into an
acidic solution (10 mm HCI), which was then equilibrated with
air to remove “CO, before counting. Both these procedures pro-
duced 10-fold lower values of K, confirming the presence of a
volatile, weakly acidic contaminant. Since the urea K, is 3 x 1077
and the CO, K, is 1.5 (Simon & Gutknecht, 1980), the presence
of <0.0001% “CO, can produce a 10-fold elevation of the appar-
ent K, for urea.

When weak acid or weak base partition coefficients were to
be determined chemically, an aliquot of the equilibrated hexa-
decane containing the test solute was re-equilibrated with either
a known volume of 10 mM NaOH (for acidic solutes) or 10 mm
HCI (for basic solutes) in order to re-extract the solute from the
hexadecane. The chemical assay was then performed on the
aqueous sample.

ANALYTICAL METHODS

All solutes except HNOs, HF, NH; and the primary amines were
assayed radiochemically. Aqueous and hydrocarbon samples
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were counted in a liquid scintillation counter (Beckman LS 8000)
with appropriate corrections for counting efficiency. Labeled
compounds were obtained from ICN (Irvine, Calif.) or New En-
gland Nuclear (Boston, Mass.).

Nitric acid concentrations were measured by reduction of
nitrate to nitrite and subsequent diazotization by sulphanilamide
according to Strickland and Parsons (1972). The reducing effi-
ciency of the cadmium-copper columns was greater than 90%.

Hydrofluoric acid concentration was determined as fluoride
ion by modifying the method of Schneider (1964) for low concen-
trations of fluoride. The amount of fluoride was determined by
cerous chloride (CeCls) titration in the presence of the metal
chelator, murexid (‘‘Royal Purple’’), using as an endpoint the
purple-to-orange transition when the dye binds to free cerous
ion. The cerous ion forms an insoluble precipitate with fluoride
but binds only weakly to murexid so that the color transition
occurs after all the F- is titrated. The titration was done in a dual
beam spectrophotometer (Aminco DW-2) by following the differ-
ence between absorbance at 483 nm (murexid) and 520 nm
(murexid + Ce?*).

Concentrations of methylamine and ethylamine were as-
sayed after reaction with o-phthalaldehyde (Roth, 1971) as modi-
fied by Benson and Hare (1975). Fluorescence was read within
10-15 min on an Aminco Fluorocolorimeter with a blue lamp and
Corning Filter 7-60 for excitation and Wratten No. 3 cutoff filter
for emission. Radiochemical measurements of the K,’s for
methylamine and ethylamine gave valtues identical to the chemi-
cal measurements.

Ammonia levels were determined by the colorimetric
method of Koroleff (1969) which converts ammonia to in-
dophenol blue. After color development, absorbance was read at
650 nm using a Bansch and Lomb Spectronic 710.

PERMEABILITY MEASUREMENTS

Lipid bilayer membranes were formed by the brush technique
(Mueller & Rudin, 1969) from a decane solution of egg phosphati-
dylcholine (PC) (20 mg/ml) (Avanti Polar Lipids, Birmingham,
Ala.) as described previously (Walter & Gutknecht, 1984). Mem-
brane resistances and capacitances were determined from the
current as a function of voltage and the capacitative current at
constant dV/dt. When fluxes were measured with tracers, the
aqueous solutions were symmetrical and contained 100 mm NaCl
plus 10 mM of an appropriate buffer. Buffers were MES, PIPES,
HEPES, Tricine or CAPS (Sigma Chemical Co., St. Louis, Mo.).
After the membranes became optically black, tracer was injected
into the cis compartment. The trans compartment was perfused
continuously (1 ml/min) and the perfusate was collected at 3 or 5
min intervals for at least 30 min.

To circumvent unstirred layer limitations, membrane per-
meabilities were determined by the method developed for weak
acids (Gutknecht & Tosteson, 1973) and modified for weak bases
as described by Gutknecht and Walter (1981c). In brief, one-way
tracer fluxes (J) were measured under symmetrical conditions at
several pH’s so that the concentration ratios of the permeant
uncharged form [B] to the impermeant charged form [HB*] var-
ied over several orders of magnitude. Then the membrane per-
meability to B (P™) and the unstirred layer permeability (P)
were calculated from a linearized form of the relationship

1 1 1
7~ PB] + @B _ PriB] W

An electrical method was developed for measuring ammo-
nia permeability, because neither tracer nor chemical methods
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Fig. 1. Measured membrane voltage (V,,) and calculated concen-
tration gradients caused by NH; diffusion across a lipid bilayer
membrane and unstirred layers. The cis solution contains NH,CI
(20 mM), sodium MES buffer (50 mm, pH 5.64) and NaCl (30
mM). The trans solution contains sodium MES buffer (1.0 mm,
pH 5.64) and NaCl (100 mm). Both solutions contain the proton
ionophore CCCP (carbonylcyanide m-chlorophenylhydrazone)
(3 uM). Diffusion of NH; causes an increase in pH in the trans
unstirred layer, which causes the membrane potential of +29 mV
(cis solution = ground). Concentration gradients are not drawn
to scale

were feasible in our system. The method is a simplified version of
that developed by Antonenko and Yaguzhinski (1982, 1984) and
is based upon the fact that net fluxes of weak acids or weak bases
produce pH gradients in the unstirred layers adjacent to the
membrane (Gutknecht & Tosteson, 1973). The pH gradient can
be measured by adding a proton ionophore (CCCP), which
causes the membrane to behave electrically as a pH electrode.

Figure 1 shows a schematic diagram of a lipid bilayer mem-
brane and associated unstirred layers during a NH; permeability
measurement. First, the membrane was formed in a weakly buf-
fered (MES, 1.0 mm) solution containing CCCP (3 um). Then the
cis side of the membrane was perfused with a well-buffered
(MES, 50 mm) solution containing CCCP plus NH,CI (20 mm).
Diffusion of NH; across the membrane caused an increase in pH
in the weakly buffered trans unstirred layer, which produced a
voltage difference of 29 mV across the membrane. The size of
the pH gradient was calculated by the Nernst equation.

In the trans unstirred layer, virtually all of the NHj; is con-
verted to NH; , because pH < pK. Furthermore, the flux of NHj
away from the membrane is equal to the flux of protonated buffer
{BH*) toward the membrane. The BH* concentration difference
across the trans unstirred layer was calculated from the total
buffer concentration and the pH difference, using the Hender-
son-Hasselbalch equation. Then the BH* flux was calculated
from Fick’s first law, using the buffer diffusion coefficient and
assuming, for simplicity, a linear gradient across the frans un-
stirred layer. Since the BH* flux through the unstirred layer is
essentially equal to the NH; flux through the membrane, the
membrane NH; permeability can be calculated from Fick’s first
law.

The ammonia permeability which we obtained by this
method was (1.3 = 0.4) X 10! cm sec™!, in agreement with the
0.4 x 10-' cm sec~! reported by Antonenko and Yaguzhinsky
(1984), who used a high concentration of cholesterol in their egg
PC-decane solution. We also verified the electrical method by
comparing it with the radiotracer method (Eq. (1)), using methyl-
amine and ethylamine as test solutes.
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The primary source of error in the electrical method is the
large variation in the combined unstirred layer thickness, which
in our system ranges from about 95 to 145 um (Gutknecht &
Tosteson, 1973; Gutknecht & Walter, 1981¢c, 1982). There is also
the possibility of asymmetrical unstirred layers, due to bowing of
the partition, position of the membrane, etc. The radiotracer
method circumvents the unstirred layer problems, because when
[HB*Y/[B] is large, the unstirred layer term in Eq. (1) becomes
insignificant. Nevertheless, the electrical method should be use-
ful for a variety of weak acids and weak bases which are not
available in labeled form.

Results
PERMEABILITY AND PARTITION COEFFICIENTS

If solute permeability through a lipid bilayer is gov-
erned by the same forces that determine its parti-
tioning into nonaqueous solvents, then P™ and K,
should correlate. Figure 2 shows the relationships
between membrane permeability and partition coef-
ficients into (a) hexadecane, (b) olive oil, (¢) octa-
nol, and (d) ether. The exact values of P™ and K,
are given in Table 1. The solid lines in Fig. 2 are
those predicted by the least squares fit to the P™’s
and K,’s of the solutes whose molecular weights are
greater than 50. Table 2 shows the statistical param-
eters obtained from the linear regression analyses.
The relationships between log P™ and log K, are
nearly linear for all four model solvents, but the
more hydrophobic solvents, hexadecane and olive
oil, correlate much better (r = 0.95 and 0.93) than
octanol and ether (r = 0.75 and 0.74). In all cases
the correlation coefficients improve when the
smaller solutes (mol wt < 50) are omitted from the
analyses (Table 2), suggesting that the permeabili-
ties of the smaller solutes are not adequately pre-
dicted by their K’s.

The hexadecane plot (Fig. 2a) agrees with two
previous studies which included fewer solutes and
smaller ranges of hydrophobicity (Orbach & Finkel-
stein, 1980; Walter & Gutknecht, 1984). The only
major difference is that in the present study urea
(solute No. 9) falis on the regression line instead of
below the line as previously reported (Finkelstein,
1976a). This is due to the 10-fold lower value of K,
which we obtained by taking special precautions to
eliminate a hydrophobic radiochemical contaminant
in the urea solutions (see Materials and Methods).
Otherwise, our data extend and corroborate those
of Orbach and Finkelstein (1980).

Both the slopes and correlation coefficients
shown in Fig. 2a and ¢ and Table 2 differ greatly
from the results of Wolosin and Ginsburg (1975) and
Wolosin, Ginsburg, Lieb and Stein (1978), who also
studied nonelectrolyte and weak acid permeabilities
through egg PC-decane bilayers. They concluded
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log P™

Fig. 2. Permeability coefficients (P™)
through egg PC-decane bilayers are
plotted against partition coefficients
(K,) into four organic solvents. The
solvents, slopes (s) and correlation
coefficients (r) are: hexadecane (s =
1.06, r = 0.995), olive oil (s = 1.11, r
= 0.990), octanol (s = 1.15, r =
0.841) and ether (s = 0.74, r = 0.918).
Solutes are identified in Table 1. The
seven smallest solutes (mol wt < 50)
(open circles) were excluded from the
linear regression slopes in Fig. 2.
Table 2 gives the statistical
parameters for all solutes and
solvents

T 0.1 2 3
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that octanol was a much better model solvent than
liquid alkanes. However, their high correlation co-
efficient for octanol was the fortuitous result of
underestimating many weak acid permeabilities,
which caused the membrane barrier to appear to be
more polar than pure hydrocarbon (Walter &
Gutknecht, 1984).

BEHAVIOR OF THE SMALLEST SOLUTES

The smallest solute permeabilities all fall above the
regression line, regardless of their partition coeffi-
cients which range over four orders of magnitude.
For hexadecane (Fig. 2a) the deviations range from
twofold (formamide) to 12- or 15-fold (H,O, HF).
To determine if these deviations are graded by mo-
lecular size, we plotted the differences between the
observed P™ and predicted values (PPred) against the
respective molecular volumes (unhydrated) in a
double logarithmic plot (Fig. 3a). The predicted val-
ues were calculated according to the P vs. K, rela-
tionship established by the larger solutes (Fig. 2a).
With the exception of formic acid (solute No. ), the
“‘extra’ permeability correlates well with molecu-
lar volume (r = —0.97), and the slope is —1.7.

The deviations of the larger solutes from the
line they predict also tend to be a negative function
of molecular volume, but the fit is poor (r = —0.60)
and the slope is rather shallow (—0.88). A similar
picture emerges when the deviations from the line
predicted by all the data are considered (Fig. 3b).
The apparent improvement in linearity in Fig. 3b is
due to the dominating effect of the small solutes
(approx. one third of the total). Thus, if molecular
volume is an important determinant of the per-
meabilites of all solutes, then the volume effect is
obscured by other factors such as chemical differ-
ences, shape effects or experimental error. Volume
effects are harder to document than hydrophobic
effects since volume varies only 13-fold, whereas
K, varies 10°-fold.

A similar analysis was done with the correlation
between P™ and the octanol/water K, first for the
line predicted by the larger solutes (Fig. 4a) and,
second, for the line derived from the entire group of
solutes (Fig. 4b). Mathematically this is equivalent
to the approach taken by Wolosin et al. (1978) to fit
the permeability data to two variables, the octanol/
water K, and molecular volume. The deviations
observed for the small solutes correlate poorly (r =
~0.49) but hint at a steep molecular volume depen-
dence (slope = —2.6). For the larger solutes the
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Table 1. Permeability coefficients (P*) through egg PC-decane bilayers and partition coefficients (K},
into hexadecane (hex), olive oil (oil), octanol (oct) and ether (eth). T = 25°C

Compound Pm (cm sec™!) Kpe Ko K& K

1. water 34 x 107" 42x10°F  14x10%  40x102  13x107%
2. hydrofluoric acid 3.1 x 10-% 42 % 1078 37x10¥ 23 x 10
3. ammonia 1.3 x 107! 2.2 x 107} s2x 10 7.0x 10
4. hydrochloric acid 2.9 6.0x 1072 9.0 x 102* 1.8 _ _
5. formic acid 7.3 x 10-¥ L1x 10 1L5x 102 29x10"  3.6x10"
6. methylamine 8.0 x 1072 5.5 x 1073 27x10Y%  23x10?
7. formamide 1.0 x 10 7.9 %X 107 7.6 x 100" 6.2 x 10" 1.4 x 103"
8. nitric acid 9.2 X 1074 6.9 X 1073

9. urea 4.0 x 1076 2.8 X 1077 15 x 1074 26X 10" 4.7 x 104"
10. thiocyanic acid 2.6 3.2 x 10" _ ,
11. acetic acid 6.9 x 10-% 53x 104 3.0x 10  49x10"  52x 10"
12. ethylamine 1.2 x 107 1.3 x 102 6.6 X 107 6.6x 10
13. ethanediol 8.8 x 107%° 1.7 x 1075 49 x 104" 12x10* 53x 103"
14. acetamide 1.7 X 10-% 21 %107 83 x 107" 89 x 10"  2.5x 103"
15. propionic acid 3.5 x 1072 23 x 1077 1.5 x 10-" 1.8 LT

16. 1,2-propanediol 2.8 X 107# 6.4 x107%  1.7x 1073 44x10Y 1.8 x 10"
17. glycerol 5.4 X 10~ 20 % 107% 7.0 x 10757 LI X 10 6.6 x 10"
18. butyric acid 9.5 x 10-2" 8.7 x 107" 44 x 100" 62

19. 1,4-butanediol 2.7 % 1074 43 %10 2.1x 107" 12x10"  1.9x 102"
20. benzoic acid 5.5 x 1071 5.3 x 107 2.2 74 %107 5.4 x 10
21. hexanoic acid 1.1 1L4x 10" 68 7.6 x 107 8.6 x 101
22. salicylic acid 7.7 % 10-1° 6.0 x 10~ 1.7 % 102 2.8 x 10¥
23. codeine 1.4 x 107 4.2 x 10°% L6 x 104
24. lactic acid 5.0 % 10°9 24%x10 % 13 x 107"

a Walter (1981)

® Gutknecht and Walter (1981a)
¢ Gutknecht and Walter (19815h)
4 Walter and Gutknecht (1984)
¢ Finkelstein (1976a)

f Gutknecht and Walter (1982)

¢ Orbach and Finkelstein (1980)

k Macey (1948)

Table 2. Least squares regression analyses of membrane perme-
abilities (P7) and partition coefficients (K,) into four organic sol-
vents, plotted according to the relation, log P = slog K, + b

Model solvent Number of Correlation Slope Intercept

solutes (n) coefficient (r) (s) b)

Hexadecane 23z 0.950 0.95 0.94
160 0.995 1.06 1.10
Olive oil 152 0.925 1.14 -0.32
11b 0.990 1.11 —0.67
Octanol 22a 0.747 1.09 —1.78
sk 0.841 1.15 —2.14
Ether 192 0.735 0.74 —-1.73
13 0.918 0.92 -1.90

2 Analyses include all P and K, pairs.
b Smallest solutes (mol wt < 50) are excluded from the analyses.

correlation is virtually nonexistent (» = —0.12), and
molecular size dependence, if any, is relatively
shallow (slope = —0.4). The line based upon all
the solutes (Fig. 4b) gives a steeper slope (—2.3),
but this is due once again to the dominating effect of
the small solutes.

! Collander (1949)
m Collander (1954)
" Wolosin et al. (1978)

b Walter, Hastings and Gutknecht (1982)
i Wolosin and Ginsburg (1975)
i Leo, Hansch and Elkins (1971)

Discussion
APPLICABILITY OF OVERTON’S RULE

In general, membrane permeation follows Over-
ton’s Rule. The best model solvents for predicting
permeabilities from partition coefficients are the
more hydrophobic solvents, hexadecane and olive
oil (Fig. 2 and Table 2). Orbach and Finkelstein
(1980) also obtained a high correlation with hexa-
decane, but they argued that the choice of model
solvents is not important because the ratios of K,’s
into various organic solvents are approximately
constant. For example, eight nonelectrolytes stud-
ied by Orbach and Finkelstein had K, ratios of
roughly 1:40:200 into hexadecane, olive oil and
ether, respectively. However, this constant rela-
tionship breaks down if the test solutes have a wider
range of polarities. For example, the ratios of K,’s
into hexadecane, olive oil and octanol differ greatly
among carbon dioxide (1.0:1.1:0.9), water
(1:33:952), salicylic acid (1:167:2,867) and urea
(1:528:91,550) (see Table 1 and Simon &
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a. hexadecane ] o b. hexadecane

I B 20 25 \0 5 20 25
iog mol volume log mol volume

Fig. 3. The differences between measured permeabilities (P™) and permeabilities predicted (PP) by the regression analysis of P vs.
Kﬂe" are plotted against molecular volumes in order to test whether the error observed in Fig. 2a is attributable to solute size. (a) The
differences between P™ and PP from the regression line obtained from the larger solutes (mol wt > 50). The smaller (O) and larger (@)
solutes are treated separately. For the smaller solutes, s = —1.7 and r = —0.97. For the larger solutes s = —0.88 and r = —0.60. (b) The
differences between P and Prd from the regression line derived from all the solutes (s = —1.2, r = —0.67). Formic acid (No. 5) was
not included in the calculations for either ¢ or b. The reason for its anomalously high P* and/or low K, is unknown. Molar volumes

were calculated by the LeBas incremental method (Perry, 1963; Hayduk & Laudie, 1974)

Q. octanol

b. octanol

Fig. 4. Similar to Fig. 3, except
that the K,’s are for octanol rather
than hexadecane. (a) The slopes
are —2.6 and —0.4, and the
correlation coefficients are —0.49
and —0.12. () s = —23 and r =
-0.70. HF (No. 2) was not
included in the calculations. We
suspect that the K, for HF into
octanol is based on an erroncously
high value for ether, from which
K3 was calculated (see Leo,

. Hansch & Elkins, 1971)

o8
o 23,
20e
2@
| 17.
. S .
1.O 15 20 25 1.0

log mol volume

Gutknecht, 1980). The large differences reflect pri-
marily the differing abilities of these solutes to form
hydrogen bonds with the solvents.

However, even ‘‘poor’’ model solvents usually
give fairly high correlations between P™ and K,
(Fig. 2 and Table 2). This is because variations in the
hydrophobicities of test solutes are usually due to
differences in the numbers of —CH,~ groups. In-
cremental free energies per —CH,— are similar for
partitioning into most organic solvents, because the
dominant factor is the gain in free energy associated
with removing the —CH,— from water (Diamond
& Wright, 1969). For example, for a series of mono-
carboxylic acids ranging from 2—-6 carbons, plots of
log P™ vs. log K, give slopes near 1.0 and correla-

1 i
1S 2.0 25
log mol volume

tion coefficients >0.99 for all four model solvents
shown in Table 2 (calculations based on data in Ta-
ble 1). Thus, if one wishes to compare membrane
permeabilities with partition coefficients into differ-
ent model solvents, the test solutes must have a
wide range of hydrogen bonding abilities (Stein,
1981).

Our results show also that very small solutes
(mol wt < 50) permeate 2 to 15 times faster than
predicted by their partition coefficients (Fig. 2a).
The degree to which these small solutes deviate
from the line predicted by the larger permeants (50
< mol wt < 300) is not a function of hydrophobic-
ity since the small solutes have hexadecane/water
K,’s ranging over four orders of magnitude (Table
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1). Thus, transient aqueous pores, if they exist
(Weaver et al., 1984), cannot account for the anom-
alously high permeabilities of the smallest solutes.
However, the ‘‘extra’ permeabilities do correlate
with molecular volumes and show a moderately
steep dependence in a log-log relationship (slope
—1.7), compared to a slope of ca. —0.5 predicted by
the Stokes-Einstein model for diffusion (Fig. 3a).
Finkelstein (1976a) found similar size dependencies
among water, formamide and acetamide in both
“loose’” and ‘‘tight’” (high cholesterol and/or
sphingomyelin) membranes. Our estimates of his
slopes range from —1.5 to —2.1.

In contrast, the permeation of the larger solutes
is not a steep function of size (Fig. 3a), as noted also
by Orbach and Finkelstein (1980). We have not un-
derestimated the importance of size by choosing
hexadecane as a model solvent. The deviations
from the K, line are greater than the deviations
from the line based on hexadecane (Fig. 2a and ¢),
but the octanol deviations correlate poorly with mo-
lecular volume (r = —0.49) (Fig. 4a).

Both the entry step and diffusion across the bi-
layer must be considered as possible kinetic barriers
for permeation (Diamond & Wright, 1969). In the
discussion which follows, we will initially assume
that diffusion through the hydrocarbon interior is
the rate-limiting process. This ‘‘solubility-diffu-
sion’’ model is described by the expression

. KpD™

where K}’ and D™ are the average partition and dif-
fusion coefficients for the solute in the membrane
interior, and d is the membrane thickness (Diamond
& Katz, 1974). Our discussion will focus first on the
expected effects of solute molecular size on both
solubility and diffusion in the membrane. Since
there are no direct measurements of intramembrane
diffusion coefficients as a function of solute size, we
will compare the observed size dependencies with
those reported for aqueous solutions, liquid hydro-
carbons, and polymers.

SOLUBILITY
IN BiLAYERS COMPARED TO BULK SOLUTIONS

Are the deviations observed for small molecules
due to differences between solubilities in bulk hy-
drocarbon (e.g., hexadecane) and solubilities in the
bilayer? The most appropriate data for addressing
this question are the solubilities of n-alkanes in bi-
layers and alkane solvents, because n-alkanes parti-
tion into the hydrocarbon region of the membrane
rather than binding near the interface. The free en-
ergies, enthalpies and entropies of solution of small
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n-alkanes into lipid bilayers and bulk hexane were
measured by Simon, Stone and Busto-Latorre
(1977) and Miller, Hammond and Porter (1977). As
solute size increases, the enthalpy of solution be-
comes more favorable in the bilayer than in hexane,
because van der Waals' attractive forces are
stronger in the bilayer than in isotropic liquids.
Conversely, the entropy of solution becomes in-
creasingly less favorable due to contraints on the
mobility of the solute and/or changes in the mobility
or packing of the phospholipids. The net effect is
that the free energy of solution of a solute into a
bilayer is somewhat less than that into bulk alkane
solvents (Miller et al., 1977; Simon et al., 1977).
However, for a series of normal alkane solutes up to
the size of butane (and possibly to octane), the rela-
tive partition coefficients into bilayers and bulk al-
kanes are similar. Thus, we conclude that size ef-
fects on solubility are probably not important for
the seven smallest molecules (mol wt < 50) in our
study. Furthermore, even our larger solutes show
very little size-dependent permeability (Fig. 3a),
suggesting that size-dependent partitioning is rela-
tively unimportant for this group of solutes in egg
PC bilayers.

DIFFUSION IN AQUEOUS SOLUTIONS, LIQUID
HYDROCARBONS, AND POLYMERS

If size-dependent solubility in the bilayer cannot ex-
plain the high permeability coefficients of tiny mole-
cules, then an alternative explanation may be size-
dependent diffusion coefficients. The bilayer
interior has been described as similar to either a
liquid hydrocarbon (Finkelstein, 1976a; Orbach &
Finkelstein, 1980) or a soft polymer (e.g., Lieb &
Stein, 1969, 1971; Stein, 1981). Can either of these
models explain the anomalous permeabilities of tiny
solutes?

Finkelstein (1976a) assumed that solute diffu-
sion coefficients in the membrane interior are pro-
portional to solute diffusion coefficients in water.
However, this assumption, based on the Stokes-
Einstein hydrodynamic model, does not explain the
anomalously high permeabilities of water and form-
amide (Finkelstein, 1976a, 1977). The Stokes-Ein-
stein treatment of diffusion assumes that the solvent
molecules are so small that they appear as a smooth
continuum to the larger solute molecules. However,
when the solute is small relative to the solvent, dif-
fusion coefficients are greater than those predicted
by the bulk viscosity of the solution, ¢.g, hydrogen
diffusion in water (Sutherland, 1905), water diffu-
sion in hexadecane and squalane (Schatzberg,
1965), and oxygen diffusion in mixtures of oils (Sub-
czynski & Hyde, 1984) (see also Evans, Tominaga
& Davis, 1981).
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b. Polymers
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Fig. 5. Diffusion coefficients as a function of solute molar volume in (a) liquid hydrocarbons and (b) soft polymers. (a) Measured
diffusion coefficients for water and n-alkanes (methane through octadecane) in hexane and hexadecane (Schatzberg, 1965; Hayduk &
Toakimidis, 1976). The lower curve in a was obtained by extrapolating the data of Hayduk and Ioakimidis to a viscosity of 100 cP,
assumed to be an upper limit for the viscosity of a lipid bilayer. Slopes are approx. —0.6, —0.8 and —1.2. () Diffusion coefficients of
several gases (x) and n-alkanes (@) in rubber (van Amerongen, 1964) and n-alkanols (O) in polyurethan (Hung & Autian, 1972). Slopes

range from about 0 to —3

The published data on diffusion of water and
alkanes in alkane solvents suggests that the high
permeabilities of very small solutes may be ex-
plained by their high diffusion rates in long-chain
liquid hydrocarbons (Schatzberg, 1965; Hayduk &
Ioakimidis, 1976; Finkelstein, 1977). However, if
the diffusion coefficients are plotted as a function of
solute molecular volume, the relationships are ap-
proximately linear for solutes ranging in size from
water to octadecane (Fig. 5a). However, the slopes
increase from about —0.6 (hexane) to —1.2 (pre-
dicted for 100 cP alkane solvent), suggesting a
steeper size dependence with increasing micro-
scopic anisotropy. Furthermore, a graph of diffu-
sion coefficients in benzene as a function of solute
size shows that solutes smaller than the solvent
(i.e., mol wt < 80) have a shallower molecular
weight dependence (slope = —0.4) than larger sol-
utes (slope = —0.7) Rossi, Bianchi & Rossi, 1958).
In contrast to either of these patterns, our smallest
solutes have a steeper molecular weight depen-
dence (slope = —1.7) than our larger solutes (slope
= —0.9) (Fig. 3a). Thus, our data cannot be ex-
plained by the solute diffusion patterns observed in
liquid hydrocarbons.

Lieb and Stein and associates proposed that the
membrane barrier behaves as a soft polymer (e.g.,
Lieb & Stein, 1969, 1971; Wolosin et al., 1978;
Stein, 1981). They analyzed the dependence of per-
meation on solute molecular size either by plotting
Pm/K, as a function of size (similar to our Figs. 35
and 4b) or by doing multivariate regression analyses
to simultaneously evaluate the model solvent and

estimate the dependence of permeability on molec-
ular size. They concluded that the bilayer interior
behaves as a polymer because solute permeabilities
give a steep dependence on solute molecular vol-
ume after being normalized for hydrophobicity. Fig-
ure 5b shows examples of size-dependent diffusion
of gases and alkanes in rubber, and aliphatic alco-
hols in polyurethan. Nonelectrolyte permeabilities
through bilayers and biological membranes have
been reported to show even steeper size dependen-
cies, e.g., planar bilayers (Wolosin & Ginsburg,
1975), liposomes (Cohen, 1975a), toad bladder
(Bindslev & Wright, 1976), red cells, algae and
other biological membranes (see Stein, 1981). Ac-
cording to Stein, the negative slopes for these mem-
branes range from —3 (Chara) to —6 (beef red cells).
However, most of these studies included some
small polar nonelectrolytes which permeate via
aqueous pores or facilitated diffusion and/or larger
nonpolar molecules which were unstirred layer lim-
ited (see Finkelstein, 1976b; Sha’afi, 1981; Walter &
Gutknecht, 1984). Thus, the molecular size depen-
dencies (‘‘mass selectivities’’) calculated by Stein
(1981) are generally greater than the true values for
the lipid bilayer region of the membrane.
Nevertheless, a comparison of Figs. 3a and 5a
and b shows that our permeability pattern is more
like that of a soft polymer than a liquid hydrocar-
bon. A key feature, pointed out by Bindslev and
Wright (1976), is that diffusion coefficients in soft
polymers show a size dependence for very small
molecules which is steeper than that for medium
sized molecules (Fig. 5b) (for other examples, see
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van Amerongen, 1964). In contrast, diftusion of
small molecules through liquid hydrocarbons shows
a size dependence that either remains constant or
becomes steeper as solute size increases from small
to medium (Fig. 5a and Rossi et al., 1958). Note that
the magnitude of the slope alone does not always
distinguish between a soft polymer and a liquid hy-
drocarbon (¢f. Fig. Sa and b).

A special transport mechanism for tiny mole-
cules, the ““mobile kink,”" was proposed by Triuble
(1971) (see also Kimmich, Peters & Spohn, [981).
Trauble’s model, like Lieb and Stein’s, is based
upon the theory of diffusion in polymers. However,
Trauble presents a molecular mechanism by which
tiny molecules may be ‘‘carried’’ in structural de-
fects (2g! kinks) which form at the membrane sur-
face and diffuse rapidly (D = 107° ¢cm® sec™!) along
the hydrocarbon chains. Trauble’s model does not
describe the permeation of larger molecules, which
in our membranes show less size dependence than
smaller molecules (Fig. 3a). Fettiplace and Haydon
(1980) have pointed out that the degree of disorder
in most bilayers is greater than that assumed in
Trauble’s model. As the degree of disorder in-
creases, the hydrocarbon phase begins to resemble
a fluid more than an ordered structure (Trauble,
1971). Also, as solute size increases, the “*solvent”
acyl chains may behave more like a continuum
(Evans et al., 1981). Thus, lipid bilayers may dis-
play either polymeric (anisotropic) or liquid hydro-
carbon (isotropic) behavior, depending upon solute
size, lipid composition and temperature. For exam-
ple, the measured diffusion coefficients for water in
long-chain liquid hydrocarbons (hexadecane and
squalane) are as high as the theoretical values for
kink diffusion in lipid bilayers (¢f. Schatzberg, 1965;
Trauble, 1971). Thus, both the liquid hydrocarbon
and mobile kink models successfully predict the
high membrane permeability to water (Hanai &
Haydon, 1966; Finkelstein, 1976a, 1977; Petersen,
1983). However, only the soft polymer model suc-
cessfully predicts both the high permeability to very
small molecules and the pattern of size selectivity
among very small to medium sized nonelectrolytes.
Further studies on larger and highly branched mole-
cules are needed to determine which, if either, of
these models provides an adequate description of
membrane permeation for a wider variety of sol-
utes.

RATE-LIMITING STEP

Thus far we have assumed that diffusion through
the membrane interior is the rate-limiting step for
permeation. Alternatively, the rate-limiting step
may be entry into the membrane interior, in which
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case the correlation between permeability and the
hexadecane/water K, would reflect the differing ac-
tivation energies required for crossing the interfa-
cial barrier (Diamond & Wright, 1969). Most of the
energy required for permeation of these generally
hydrophilic solutes is needed to break hydrogen
bonds that are not replaced in the interior of the
membrane. These same forces also dominate the
equilibrium K, because the energy gain (or depth of
energy well) upon transfer to hydrocarbon is rela-
tively small. For example, Cohen (19754) found that
the activation energy for the permeation of a small
solute is related to the number of hydrogen bonds
the solute forms in water. However, such correla-
tions do not distinguish between solubility-diffusion
and interfacial kinetics as the rate-limiting step in
permeation (Diamond & Wright, 1969).

The possibility of different rate-limiting barriers
for different kinds of solutes has also been consid-
ered by several investigators. For example, Dia-
mond and Katz (1974), Andersen (1978) and Stein
(1981) have suggested that hydrophilic solutes may
be rate limited by diffusion through the central core
of the bilayer where polarity is minimal and the de-
gree of disorder is high, whereas hydrophobic sol-
utes may be rate limited by diffusion through the
peripheral region of the bilayer which is more polar
and more highly structured. If this idea were cor-
rect, then hydrophobic solutes might deviate from
the linear relation between P™ and K, into hexadec-
ane (Fig. 2a). They do not. However, none of our
solutes are strongly hydrophobic (all K,’s < 1). For-
tunately, several hydrophobic weak acids (P™s
ranging from about 4-50 c¢cm sec™!, and K,’s into
decane ranging from 1.2 to 23) have been studied
by Dilger and McLaughlin (1979) and Benz and
McLaughlin (1983). Although their experimental
conditions differ slightly from ours, their P™’s fall
close to the extrapolated regression line in Fig. 2a,
which is consistent with the notion of a single rate-
limiting step for both polar and nonpolar solutes.

CONCLUSIONS

Overton’s Rule describes nonionic solute permeabil-
ity through lipid bilayer (egg PC-decane) mem-
branes over at least a millionfold range of perme-
abilities and partition coefficients. The model
solvents that give the best predictions for perme-
ability are the most hydrophobic solvents, i.e.,
hexadecane and olive oil. Among the solutes tested,
the only exceptions to Overton’s Rule are the very
small molecules (mol wt < 50), whose permeabili-
ties are 2- to 15-fold higher than predicted by the
relationship established for the larger molecules (50
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< mol wt < 300). The ““extra’ permeability of the
smallest molecules is an inverse function of molecu-
lar volume but is not a function of hydrophobicity.
Deviations of larger molecules from the main pat-
tern do not show a strong volume dependence. The
molecular size dependence of solute permeability
suggests that the membrane barrier behaves more
like a soft polymer than a liquid hydrocarbon. All of
our results are consistent with the “*solubility-diffu-
sion’’ model, which can account for both the hydro-
phobicity dependence and the molecular volume
dependence of nonelectrolyte permeability.

We thank Dr. Sidney Simon for helpful advice and discussions
and Dr. William Thompson for suggesting the residual error plots
in Figs. 3 and 4. This work was supported by National Institutes
of Health grant GM 28844.
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