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Abstract. Relationships between the permeability coef-
ficient (Py,) and partition coefficient (K, of acetic
acid and the surface density of DMPC:cholesterol bilay-
ers have been investigated. Permeability coefficients
were measured in large unilamellar vesicles by NMR
line broadening. Bilayer surface density, ¢, was varied
over a range of 0.5-0.9 by changing cholesterol concen-
tration and temperature. The temperature dependence of
P4 for acetic acid exhibits Arrhenius behavior with an
average apparent activation energy (E,) of 22 *+ 3 kcal/
mole over a cholesterol mole fraction range of 0.00-0.40.
This value is much greater than the enthalpy change for
acetic acid partitioning between bulk decane and water
(AH® = 4.8 £ 0.8 kcal/mole) and the calculated E, (= 8.0
kecal/mole) assuming a ‘‘bulk phase’” permeability model
which includes the enthalpy of transfer from water to
decane and the temperature dependence of acetic acid’s
diffusion coefficient in decane. These results suggest
that dehydration, previously considered to be a dominant
component, is a minor factor in determining E,. Values
of In Py, decrease linearly with the normalized phos-
pholipid surface density with a slope of Kk =-124+ 1.1
(r = 0.90). Correction of Py, for those temperature ef-
fects considered to be independent of lipid chain order
(i.e., enthalpy of transfer from water to decane and ac-
tivation energy for diffusion in bulk hydrocarbon)
yielded an improved correlation (x = —=11.7 £ 0.5 (r =
0.96)). The temperature dependence of K, is substan-
tially smaller than that for Py, and dependent on cho-
lesterol composition. Values of 1n K, decrease lin-
early with the surface density with a slope of kx = -4.6
0.3 (r = 0.95), which is 2.7-fold smaller than the slope of
the plot of 1n Py, vs. 6. Thus, chain ordering is a major
determinant for molecular partitioning into and transport
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across lipid bilayers, regardless of whether it is varied by
lipid composition or temperature.

Introduction

From permeability experiments dating back to Overton’s
rules formulated nearly a century ago (Overton, 1899)
scientists have observed that permeation rates through
biological and artificial membranes often depend on the
chemical character of the permeant in a manner similar
to the oil/water partition coefficient (Diamond et al.,
1974; Finkelstein, 1976; Orbach & Finkelstein, 1980;
Walter & Gutknecht, 1986). From these observations
evolved the general assumption that solute partitioning
from water into and diffusion through the membrane
lipid region resembles that which would occur within a
“‘homogeneous slab’’ of bulk solvent such as olive oil,
octanol, or hydrocarbon. This ‘‘bulk phase’’ model,
however, fails to consider interfacial constraints that lead
to chain-order gradients in the bilayer interior (Fenske &
Cullis, 1993; Seelig & Seelig, 1974), and therefore is
unable to account for a large number of observations
regarding molecular permeability in lipid bilayer mem-
branes. For example, diffusion coefficients calculated
from permeabilities are often orders-of-magnitude
smaller than those obtained in bulk solvents. Secondly,
solute permeation shows a much steeper dependence on
permeant size than diffusion in bulk solvents (Lieb &
Stein, 1986; Xiang & Anderson, 1994b). Thirdly, mem-
branes which are known to be more ‘‘ordered’’ as a
result of polar head group composition or due to in-
creased cholesterol concentrations (Finkelstein, 1976;
Todd, Melhorn & Macey, 1989a,b; Sada et al., 1990) or
at lower temperatures (Brahm, 1983; Magin & Niesman,
1984; Bar-On & Degani, 1985), or monolayers under
high lateral pressures (Peters & Beck, 1983) have greater
resistances to permeation often by orders-of-magnitude.
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Fourthly, there exist strong enthalpy-entropy compensa-
tions and large Barclay-Butler constants in bilayer/water
partitioning (Beschiaschvili & Seelig, 1992; Katz & Di-
amond, 1974b) and membrane/water partition coeffi-
cients decrease significantly with increasing lipid surface
density (DeYoung & Dill, 1990). Finally, solutes dis-
tribute nonuniformly within bilayers (Marqusee & Dill,
1986; Subcznski, Hyne & Kusuml, 1991; Xiang &
Anderson, 1994q). Small, hydrophobic molecules such
as low molecular weight alkanes have been shown by
*H-NMR, low angle X-ray diffraction, and neutron dif-
fraction (McIntosh, Simon & MacDonald, 1980; White,
King & Cain, 1981; Pope, Walker & Dubro, 1984) to
localize in the center of bilayers. Polar solutes, such as
alkanols, on the other hand, reside in the peripheral re-
gion of bilayers with the hydroxyl group anchored at the
bilayer-aqueous interface (Miller, Hammond & Porter,
1977; Pope et al., 1984). Windrem and Plachy (1980)
have shown that the product of solubility and diffusion
coefficients for oxygen in phospholipid bilayers depends
strongly on the location at which oxygen interacts with a
spin label attached to the chain backbone. Although
there is now abundant evidence to indicate that mem-
brane models based on bulk solvent analogies are inad-
equate to explain lipid bilayer uptake and transport, no
systematic studies have yet been performed to account
for the interfacial, highly ordered nature of bilayers.

This work represents the first attempt to define
quantitatively the relationships between solute partition
and permeability coefficients and the physical states of
the lipid bilayers as characterized by local chain ordering
and surface density. Inasmuch as the primary function of
biological membranes is to control uptake and perme-
ation of solutes, such an investigation is essential to a full
understanding of cell function and the biological barrier
to drug delivery. The main objective of this study is to
examine the central hypothesis that chain ordering in
lipid bilayers is a major determinant for molecular trans-
port across lipid bilayers. We have explored the parti-
tioning and permeation of acetic acid in dimyristoylphos-
phatidylcholine (DMPC)/cholesterol lipid bilayers vary-
ing in cholesterol concentration and at various
temperatures to characterize the relationship between
these processes and the phospholipid surface density,
which is quantitatively correlated with order parameters
in the highly-ordered acyl chain region of lipid bilayers
(DeYoung & Dill, 1988; Nagle, 1993).

Acetic acid’s bilayer permeability coefficients were
measured in large unilamellar vesicles (LUVs) using an
NMR line-broadening method first developed by Alger
and Prestegard (1979). The characterization of these
LUVs and validation studies to explore the influence of
permeant concentration, chemical shift reagent concen-
tration, pD, ionic strength, vesicle size distribution, and
different extrusion procedures for LUV preparation on
the permeability data obtained by NMR line broadening
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have been reported elsewhere (Xiang & Anderson,
1995a). Compared with other transport techniques, the
present method has the following promising features: (i)
since permeants inside and outside the vesicle are dis-
tinguishable spectroscopically, no separation of en-
trapped permeant is required and thus, fluxes in the time
frame of 1 msec — 1 sec, within which the permeation
lifetimes of a large number of simple molecules reside,
can be obtained; (ii) there is no net flux of chemically
distinguishable species and the system is in true thermo-
dynamic equilibrium, in contrast to physical separation
methods and studies using planar lipid bilayers (Xiang,
Chen & Anderson, 1992; Xiang & Anderson, 1994b);
and (iii) aqueous boundary layer effects are negligible
(Xiang & Anderson, 1995a).

Materials and Methods

MATERIALS

DMPC was purchased from Avanti Polar Lipids (Pelham, AL). Cho-
lesterol (99+%) was purchased from Sigma (St. Louis, MO). Acetic
acid (99.8%) was purchased from Aldrich (Milwaukee, WI). Radiola-
beled *H-acetic acid and "*C-glycerol were obtained from ICN Bio-
medicals (Irvine, CA) and New England Nuclear (Boston, MA), re-
spectively. Phospholipid purity was checked by thin-layer chromatog-
raphy. All other reagents were obtained commercially and were of
analytical reagent grade. Polycarbonate membranes and membrane
holders were obtained from Nuclepore (Pleasanton, CA).

LUV LiroSOME PREPARATION

LUVs were prepared by a modified combined technique due to Bang-
ham, Standish & Watkins (1965) and Olson et al. (1979). DMPC (7-10
mg) and cholesterol (0-3 mg) were accurately weighed, dissolved in
chloroform, rotary evaporated to a dry thin film on the bottom of a 50
ml round-bottom flask at =40°C, and left under vacuum for 2 hr at
=50°C. An aqueous solution (=1 ml) containing 30-50 mM acetic acid
was then added and the lipids were hydrated by repeating 10 times the
procedure of vortexing for 30 sec and slow shaking for 30 sec, followed
by gentle shaking for 30 min and incubation overnight at 30°C. The
multilamellar vesicles (MLVs) formed were forced through a 0.1 pm
polycarbonate membrane filter 17 times before the NMR transport
experiments.

DETERMINATION OF PERMEABILITY COEFFICIENTS ACROSS
Lirip BILAYERS

The apparent permeability coefficients for acetic acid across the
DMPC:cholesterol bilayers were determined as a function of pD (5-7),
cholesterol composition (X, = 0.0-0.4) and temperature (21-50°C)
by the "H-NMR line-broadening method developed by Alger and Prest-
egard (1979) and further validated in a recent study by the authors
(Xiang & Anderson, 19954). LUVs containing 30-50 mM acetic acid
were prepared in deuterated water as described above. The experi-
ments were performed on the Bruker-200 NMR spectrometer operated
in the Fourier transform mode at 200 MHz. Samples were equilibrated
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for 20 min at a given temperature controlled by a standard variable
temperature accessory (BVT1000, Bruker). Each spectrum was the
average of 32-1000 acquisitions separated by 3-7-sec pulse delays.
The spectra were Fourier transformed and phased with an ASPECT
3000 computer. The resonance frequencies of the methyl protons of
acetic acid located inside and outside the vesicles, w; and ®, were
separated by adding an impermeable shift reagent, Pr(NO,); (final
concentration, 5 mM), to the sample before the spectral acquisitions.

The lifetime of the permeant inside the vesicle, T, was obtained
using the following line-width expression in the slow exchange limit,
lw; — ®,IT,; >> 1, (Piette & Anderson, 1959)

Ay = T, + 1/t (1)

where Av is the full line width at one-half the maximum peak height
and T, is the spin-spin relaxation time which includes heterogeneous
line broadening in the absence of exchange. The line-width in the
absence of exchange (1/T,; = 2.6-3.4 Hz) was obtained at a low tem-
perature (10°C) where the permeation rate is negligible. The apparent
permeability coefficient (P,,,) is equal to V/(41), where V is the en-
trapped volume and A is the surface area. The V/A ratio was deter-
mined from hydrodynamic diameter d as obtained in our dynamic light
scattering (DLS) measurements according to the formula

VIA = (d — ARG @

where Ar is the bilayer thickness. The bilayer thickness is 3.6 nm for
cholesterol-free DMPC bilayers at 27°C (Rand & Parsegian, 1989).
For DMPC membranes containing different cholesterol concentrations
and at different temperatures, the relation Ar = C/Apyp is used, where
C is a constant and Apype is the surface area of the phospholipid.
In the DLS experiments, the apparatus consisted of a photon correlation
spectrometer (Model BI-90, Brookhaven Instruments, Holtsville, NY)
and a He-Ne laser light source at 632.8 nm wavelength. One drop of
LUV suspension was placed in a 13 x 75 mm cleaned glass test tube
and brought to a volume of 2 ml with the same filtered solution in the
presence of 5 mM Pr** used to prepare the LUVs. The sample was put
in a temperature-controlled cuvette holder with a toluene index-
matching bath. Autocorrelation functions were determined for a period
of 100 sec with a 10-80 usec duration at 90° and analyzed by the
method of cumulants. DLS measurements indicated no significant
changes (<6%) in the mean vesicle size over a period of 3 days.

DETERMINATION OF MEMBRANE/WATER AND
DECANE/WATER PARTITION COEFFICIENTS

DMPC:cholesterol membrane/water partition coefficients for acetic
acid were determined at several cholesterol concentrations (X, =
0.0-0.4) and temperatures (25-49°C) using a radiotracer method.
Briefly, 3 mm acetic acid solution at an ionic strength of 0.1 was spiked
with *H-labeled acetic acid and '“C-glycerol. An aliquot (3 ml) of this
solution was then added to =60 mg dried lipid film to form a suspern-
sion of MLVs using the method described above. After an equilibra-
tion time of 8 hr at a controlled temperature, the MLVs were separated
from the aqueous phase by ultracentrifugation at 25,000 x g for 20 min
in a Sorvall RC-2B centrifuge (DuPont, Wilmington, DE) at the same
temperature. The supernate and the liposome precipitate were removed
and transferred to scintillation vials for scintillation counting. The cal-
culation of the molal partition coefficient, K,,,,,,, required correction for
bulk water and nonsolvent water within the liposome precipitate, as
described elsewhere (Xiang & Anderson, 19954). “C-glycerol was
used to determine the total weight of water in the liposome precipitate,
while literature values for the fraction of nonsolvent water was used
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(Katz & Diamond, 1974a), assuming that the nonsolvent water depends
only on the total amount of DMPC.

Decane/water partition coefficients for acetic acid were measured
as a function of temperature (25-50°C) using the shake flask method at
a pH well below the pK,, of acetic acid to ensure that >99% was in its
unionized form and at concentrations such that acetic acid was pre-
dominantly monomeric in both phases (i.e., [HA],, < 10 mm). The
partition coefficients were calculated as the ratios between the molar
concentrations in hydrocarbon and water, determined by HPLC as de-
scribed in a separate publication (Xiang & Anderson, 19954).

Results and Discussion

DETERMINATION OF PERMEABILITY
CoerricENTs—pD EFFECTS

Repeated extrusion of large multilamellar vesicles
through a 0.1 um filter has been shown by *'P-NMR to
yield primarily unilamellar vesicles (Hope et al., 1985).
The liposome-specific aqueous volume, V/A, needed to
determine permeability coefficients from the NMR line
broadening, was calculated from the hydrodynamic di-
ameter. Mean vesicle diameters and polydispersities ob-
tained from our DLS measurements at different temper-
ature and mole fractions of cholesterol are presented in
Table 1. The hydrodynamic diameter increases slightly
with temperature, which may be caused by changes of
the lipid surface area with temperature,

To explore the barrier properties of lipid bilayers
varying widely in composition and temperature by the
NMR line-broadening technique, one needs to select an
ionizable permeant so that, by adjusting pD, suitable
line-widths can be selected even when membrane resis-
tance to transport may vary by several log units. Upon
the addition of 5 mm Pr*? into a vesicle suspension con-
taining acetic acid, the extravesicular proton peak is
shifted from =~1.8 ppm to ~3.0 ppm while the internal
resonance line width is broadened to an extent that de-
pends on pD, cholesterol composition, and temperature
(Xiang & Anderson, 1995a). The apparent permeability
coefficient obtained from line broadening (Papp =
VI(AT;), see Eq. 1) can be written as

\4
Popp= a = fuaPua + (1 = fua)Py 3

where Py, and P, are the permeability coefficients for
the neutral and ionized species, respectively. f;4 is the
fraction of acetic acid existing in neutral form, fi;, = 1/(1
+ K,/[D*]), where K, = 7.55 x 107 is the dissociation
constant for acetic acid in deuterated water (Korman &
LaMer, 1936). The pD value was obtained by adding 0.4
units to the pH meter reading (Glasoe & Long, 1960).
Representative profiles of P, at 303 K vs. fy, at three
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Table 1. Acetic acid’s permeability coefficients across DMPC:cholesterol LUVs along with the hydrodynamic diameter d and polydispersity as a

function of temperature and cholesterol concentrations

X hor T (°C) G d (nm)° Polydispersity® P,, (cm/sec)?
0.00 26 0.6129 128 +5° 0.12 £0.02° (6.5+0.6)x 107"
30 0.6043 137+5 0.13£0.04 (12%04) x 1072
33 0.5945 135+3 0.12+0.03 (13+03)x 1072
36 0.5858 135+5 0.12 £0.02 (2.0+04)x 1072
0.10 21 0.6660 12045 0.05£0.03 27+05) x 1073
26 0.6562 128+3 0.07 £ 0.01 (3.6+0.3) x 107
30 0.6484 12745 0.16 £ 0.02 (75+04) x 1073
40 0.6172 132£6 0.10£0.02 (1.6£0.3) x 1072
0.20 21 0.7866 124+3 0.07 £0.05 (9.1£0.8) x 107*
26 0.7350 124+5 0.10+0.02 (14£0.1) x 1072
30 0.7000 13343 0.12+0.01 (24%02)x 1073
35 0.6779 132+4 0.07 £0.01 (42+£04) %1072
40 0.6603 142+5 0.10 £ 0.02 9.4+1.0)x 1072
0.30 21 0.8685 12148 0.05+0.03 29104 x 107
25 0.8549 124 +5 0.06 £0.04 (4.6+0.4) x 107
28 0.8318 1265 0.08 £ 0.03 (1L.1£0.1) x 1072
30 0.8164 127 £3 0.10+£0.02 (13£0.1) % 1072
37 0.7599 126+ 6 0.05+0.02 (2.4102)x 1073
39 0.7535 139+ 4 0.04 +£0.03 (35£03)x 1073
50 0.7103 14145 0.1240.03 (1.7+03)x 1072
0.40 25 0.8746 13347 0.05 £ 0.03 (25+03)x 10
30 0.8549 13716 0.08 +£0.05 4804)x 107
35 0.8287 137+5 0.06 £ 0.03 (8.3%£0.5) x 107
40 0.7971 144 +3 0.10£0.03 (1.5£0.1) x 1073
50 0.7555 144 +5 0.10+0.02 (7.0£0.5) x 1072

® Normalized surface density (DeYoung & Dill, 1988). "Expressed as mean = sD. “The number of DLS measurements = 3~4. “The standard deviation
is a propagated error of both the DLS measurement and the NMR line-width determination.

different mole fractions of cholesterol (X,;) in DMPC
bilayers are shown in Fig. 1. Linear regression analyses
yielded permeability coefficients, Pg4, of (1.2 + 0.1) X
1072 cm/sec, (2.4 +0.3) x 1073 cm/sec, and (5.2 £ 0.2) ¥
107 cm/sec for X, = 0.0, 0.20, and 0.40, respectively.
The apparent permeability coefficients approach zero at
high pD within the intercept uncertainty (£9 x 107 cm/
sec), suggesting that the permeability of the ionized spe-
cies is negligible. The linearity of these plots suggests
that variation of pD in the range of 5-7 does not signif-
icantly alter bilayer barrier properties. This is consistent
with previous experiments in these laboratories on planar
lipid bilayers (Xiang et al., 1992) in which the perme-
ability of acetamide was found to be independent of so-
lution pH over a wider pH range.

CHOLESTEROL AND TEMPERATURE DEPENDENCE OF
PERMEABILITY COEFFICIENTS

The temperature dependence of the permeability coeffi-
cient for acetic acid is shown in Fig. 2 and Table 1 at
several cholesterol concentrations. The permeability co-
efficient increases with temperature and decreases with
the cholesterol concentration, varying from 2.0 x 107
cm/sec at 309 K and X, = 0.00 to 2.5 x 10™* cm/sec at
298 K and X, = 0.40. Cholesterol significantly in-
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Fig. 1. The apparent permeability coefficient for acetic acid in LUVs
at 303 K vs. the fraction of acetic acid existing in neutral form, fiy, =
U1 + K J1DY)): @: Xepor = 0.00; O: Xy = 0.20; and B: X, = 0.40.
X snot 18 the mole fraction of cholesterol in DMPC lipid bilayer vesicles.

creases the orientational and conformational order of the
phospholipid chains in DMPC/cholesterol bilayers above
their gel-to-liquid-crystalline phase transition, leading to
speculation that this might be responsible for the reduced
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Fig. 2. Arrhenius plots of the permeability coefficient for acetic acid at
different mole fractions of cholesterol in the DMPC lipid bilayers: @:
Konor = 0.00; O: X o = 0.10; M X, =0.20; [ Xy = 0.30; A Xy
= 0.40.

permeation of small molecules in cholesterol-containing
bilayers (Weisz et al., 1992). A quantitative evaluation
of cholesterol’s effect on permeability has been difficult,
however, due to several factors. First, in transport ex-
periments using planar lipid bilayer films, the mole frac-
tion of cholesterol in the bilayer formed may differ from
that in the applied liquid suspension due to partitioning
of cholesterol between the bilayer and the surrounding
annular region (Huang, Wheeldon & Thompson, 1964,
Redwood & Haydon, 1969). There is no direct and
quantitative way to estimate the resulting difference in
the cholesterol concentration. Second, in most transport
experiments conducted previously using liposome prep-
arations, the vesicles formed were either multilamellar or
small unilamellar (sonicated) with a broad size distribu-
tion. In transport studies using MLVs, only amounts of
released permeants per unit time can be measured, from
which one is still unable to calculate the permeability
coefficient across the lipid bilayers. In transport studies
using mixed lipid SUVs, the cholesterol may not be uni-
formly distributed between the inner and outer monolay-
ers because of the high curvature of the lipid bilayers
(Huang et al., 1974; Newman & Huang, 1975).

The apparent activation energies, E,, for the perme-
ability of acetic acid across liquid crystalline DMPC:
cholesterol lipid bilayers were obtained by fitting the
data in Fig. 2 above the main transition temperature.
The results are listed in Table 2. High apparent activa-
tion energies (18-26 kcal/mol) were obtained at all cho-
lesterol compositions employed. Increasing cholesterol
content in the bilayers increases £, from 20 kcal/mol at
Xepot = 0.00 to 25 keal/mol at X, ; = 0.40. These values
are substantially higher than the E, reported for acetic
acid transport through egg PC/phosphatidic acid bilayers
(10 * 4 kcal/mol) by Alger and Prestegard (1979). This
may be due to the relative insensitivity of the chain or-
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Table 2. Apparent activation energies and enthalpies of transfer cal-
culated from the temperature dependence of the permeability and par-
tition coefficients, respectively, of acetic acid in DMPC:cholesterol
lipid bilayers

Xchol Ea (AHO)W»>m
(kcal/mol) (kcal/mol)
0.00 20+ 3 2.5+0.5°%
0.10 182 53%0.6
0.20 22+2 7.2+07
0.30 2612 52+£05
0.40 252 5.5%£0.7
bulk 8.0° 4.8+0.8°

? Expressed as mean + sb.

® Predicted from the measured decane/water partition coefficients and
the published data on diffusion and viscosity in decane.

° From decane/water partition coefficients.

dering, as characterized by the normalized surface den-
sity, ©, to temperature in egg-PC bilayers (AG/GAT) =
0.28%°C " (Stockton et al., 1976), as compared to
DMPC:cholesterol bilayers (AG/cAT) = 0.45%, 0.40%,
0.74%, 0.92% and 0.59%°C™*, respectively, for X.,, =
0.0, 0.1, 0.2, 0.3, and 0.4 (DeYoung & Dill, 1988)). Ac-
tivation energies within a similar range have been re-
ported for the transport of n-alkylamines across egg-
lecithin bilayers (=20 kcal/mol, (Bar-On & Degani,
1985)), for glucose from DMPC/DCP vesicles (26 kcal/
mol, (Bresseleers, Goderis & Tobbach, 1984)), and for
polyhydroxyalcohols through DMPC/30% cholesterol
membranes (14-25 kcal/mol, (de Gier et al., 1971)).

A consideration of the components of the activation
energy leads to the conclusion that it is the chain order-
ing within the bilayer and its variation with temperature
that is primarily responsible for the large values ob-
served. The activation energy may be considered in
terms of the following contributions: (i) dehydration of
the permeant molecule accompanying its entry from wa-
ter into the bilayer interior assuming a ‘‘bulk phase’’
model of the interior; (ii) variation in the diffusion co-
efficient with temperature within the barrier domain as-
suming a ‘‘bulk phase’” membrane model; and (iii) the
additional effects of temperature induced changes in lo-
cal chain packing structure in the barrier region, usually
characterized by segmental order parameters, on solute
permeability.

The dehydration step has previously been suggested
to be a dominant activation process for solute transport
across lipid bilayers and other biological membranes (de
Gier, et al., 1971; Bindslev & Wright, 1976; Stein,
1986). To test this hypothesis, the partition coefficient
for acetic acid between bulk decane and water as a func-
tion of temperature was determined as shown in Fig. 3
(Recent transport studies conducted in these laboratories
demonstrated that the transport barrier within egg leci-
thin bilayers resembles the partially unsaturated hydro-
carbon 1,9-decadiene more closely than a fully saturated
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Fig. 3. Arrhenius plots of acetic acid’s decane/water partition coeffi-
cient (@), Ko, diffusion coefficient in decane (cm?/sec) (O), D, and
“bulk phase’’ permeability coefficient (W), P = K, ;. D/d (cm/sec),
where d = 18 A.

hydrocarbon (Xiang & Anderson, 1994b; Xiang &
Anderson, 1994¢; Xiang, et al., 1992). However, decane
was chosen for the present comparison because the alkyl
chains in DMPC are fully saturated). The molar enthal-
py change for partitioning of acetic acid from water to
decane, obtained from a least-squares fit of the data in
Fig. 3, is AH® = 4.8 * 0.8 kcal/mole, much smaller than
the apparent activation energy for permeability across
DMPC:cholesterol lipid bilayers. The dehydration pro-
cess is therefore only a minor component of the overall
activation energy.

If permeation is rate-limited by a distinct barrier
domain within the bilayer, the permeability coefficient,
P4, s approximately proportional to the product of the
partition coefficient between this barrier domain and wa-
ter, Ky amierwe a0d the diffusion coefficient within the bar-
rier domain, Dy, riers

Kbarrier/wD barrier

“4)

P =
HA 8
barrier

where 8, ., 18 the thickness of the barrier domain. In
the absence of chain ordering effects, diffusion in the
barrier domain would be expected to resemble that in a
bulk hydrocarbon solvent. A large quantity of data sug-
gest that diffusion coefficients in bulk solvents are pro-
portional to temperature and the reciprocal of viscosity
of the organic solvent, 1| (Scheibel, 1954). Using an ap-
proach described previously to estimate the bulk diffu-
sion coefficient of acetic acid (Xiang & Anderson,
1994b) and compiled viscosity-temperature data, the dif-
fusion coefficient for acetic acid as a function of tem-
perature was calculated, as plotted in Fig. 3. Assuming
the effective thickness of the barrier domain to be about
70% of that of the overall hydrocarbon chain region, or
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roughly 184, the *‘bulk phase”” model permeability co-
efficient for acetic acid, Py, may be predicted. These
results are also presented in Fig. 3. Thus, if the bilayer
barrier domain behaves like a simple hydrocarbon liquid,
the observed permeability coefficient should follow
closely the Arrhenius curve (solid squares) shown in Fig.
3, which yields an apparent activation energy of 8.0 kcal/
mole, still much smaller than that for the observed per-
meabilities across lipid bilayers. Thus, the additional
contribution due to chain ordering within the bilayer
membrane and its variation with temperature is primarily
responsible for the large apparent activation energy ob-
served. The strong dependence of the permeability co-
efficient on cholesterol concentration and the apparent
increases in £, with increasing cholesterol composition
also support this conclusion.

CHOLESTEROL AND TEMPERATURE DEPENDENCE OF
ParTITION COEFFICIENTS

Membrane/water partition coefficients for acetic acid,
K, were measured at several cholesterol concentra-
tions and temperatures. The results are presented in Fig.
4 and Table 3. The partition coefficient increases with
temperature and decreases with the cholesterol concen-
tration, varying from 1.63 £+ 0.08 at 322 K and X,,; =0.0
to 0.33 + 0.02 at 298 K and X = 0.4. This =5-fold
variation in the value of the partition coefficient contrasts
markedly with the >70-fold variation in permeability co-
efficients over the same range of temperature and cho-
lesterol composition. The dependence of acetic acid’s
K, on cholesterol concentration is in qualitative agree-
ment with the partitioning data from a number of studies
in DMPC/cholesterol membranes (Antunes-Madeira &
Madeira, 1984; Antunes-Madeira & Madeira, 1985;
DeYoung & Dill, 1988; DeYoung & Dill, 1990) but
differs from that found for partitioning of long-chain
fatty acids (N_upon = 10-16) into bilayers, which is in-
dependent of the mole fraction of cholesterol in the
membranes (Peitzsch & McLaughlin, 1993). Linear
least-squares fits of the data in Fig. 4 gave the slopes and
therefore the standard molal enthalpies of transfer,
(AH®),, ., (van’t Hoff relation) as a function of choles-
terol composition as listed in Table 2.

A strong enthalpy-entropy compensation was found
(not shown) in DMPC:cholesterol bilayers varying in
cholesterol composition, such that increases in enthalpy
of transfer were largely compensated by corresponding
increases in the entropy of transfer, leading to only mod-
est changes in partition coefficients with X . Strong
enthalpy-entropy compensation has also been observed
in recent studies on binding of peptides and hydrophobic
anions and cations of quite different chemical structure
(Seelig & Ganz, 1991; Beschiaschvili & Seelig, 1992)
where the state of bilayer chain packing was varied by



T.-X. Xiang and B.D. Anderson: Bilayer Permeability of Acetic Acid

Table 3. Acetic acid’s partition coefficients between DMPC:choles-
terol membranes and water at different temperature and cholesterol
concentrations

Xohot T (°C) o’ )
30 0.6043 1.3 +0.1
35 0.5879 1.49 £ 0.06
40 0.5775 1.5 0.1
45 0.5660 1.5 0.1
49 0.5568 1.63 +0.08

0.10 20 0.6680 (6.6 +04) x 107!
25 0.6582 (6.9 +0.5) x 107
30 0.6484 (8.9 +0.3) x 107!
35 0.6275 9.99+£0.07)x 107!
40 0.6172 1.01£0.07
45 0.6066 1.45+0.04
49 0.5961 1.38+0.01

0.20 25 0.7438 4.8 +£0.7) x10™
30 0.7000 (6.3 +0.6) x 107
35 0.6779 (7.1 £0.9) x 107!
40 0.6603 (9.6 £04) x107"
45 0.6603 1.13 £ 0.00
49 0.6425 1.1 £02

0.30 25 0.8549 (3.7 £04) x107!
30 0.8164 (45 +0.7) x107
35 0.7705 (5.5 +0.3) x107!
40 0.7492 6.1 £0.2) x107"
45 0.7314 6.6 £0.5) x 107
49 0.7145 (7.3 +£02) x107

0.40 25 0.8746 (33 +02) x10™!
30 0.8549 4.5 +04) x107!
35 0.8287 (5.1 £03) x107"
40 0.7971 (54 £04) x107
45 0.7783 (6.1 £0.2) x107
49 0.7601 (1.3 £0.6) x107!

* Expressed as mean * SD.
b Normalized surface density from DeYoung and Dill (1988).

vesicle size. In the study of the binding of a peptide
drug, SMS 201-995 (Beschiaschvili & Seelig, 1992), the
difference in the free energy of binding between small
sonified POPC/POPG vesicles and large extruded vesi-
cles was found to be only 0.5 keal/mol while the enthalpy
of transfer changed by 8 kcal/mol.

The transfer enthalpies listed in Table 2 are substan-
tially smaller than the corresponding apparent activation
energies. This can be largely rationalized by considering
that: (i) the apparent E, also includes temperature effects
on diffusivity; and (ii) the permeability and partitioning
experiments probe different domains of the bi-
layer. Thus, whereas previous transport studies in these
laboratories have established that the transport barrier is
hydrocarbonlike in its chemical selectivity (Xiang, et al.,
1992; Xiang & Anderson, 1994b; Xiang & Anderson,
1994c¢), polar, hydrophilic solutes reside in a region close
to the bilayer headgroups (Miller et al., 1977; Pope et al.,
1984), the microenvironment of which can be mimicked
by isoamyl alcohol (Diamond & Katz, 1974). It is thus
possible that the contribution of solvation interactions to
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Fig. 4. Arrhenius plots of the membrane/water partition coefficient for
acetic acid at different mole fractions of cholesterol in the DMPC lipid
bilayers: @: X no = 0.00; Ot Xy = 0.10; M: X, ., = 0.20; [ Xy =
0.30; and A: X, = 0.40.

the molal enthalpy of acetic acid in water may be similar
to that in the partitioned domain in the bilayers. More-
over, the interaction energy of acetic acid with DMPC
molecules may be similar to that with the intercalated
cholesterol molecules. This is possible if acetic acid re-
sides in the phospholipid ester region where it can form
hydrogen bonds with both phospholipid ester carbonyls
and cholesterol hydroxyl groups as X-ray diffraction and
neutron diffraction measurements have indicated that the
hydroxyl in cholesterol is in the immediate vicinity of the
phospholipid ester carbonyl (Franks, 1976; Worcester &
Franks, 1976).

INTERPRETATION OF ACETIC ACID PERMEABILITY AND
PARTITION COEFFICIENTS IN TERMS OF BILAYER ORDER

The normalized surface density, 6 = A /Apype, Where
Apmpc is the area per DMPC molecule and 4, is its area
in the crystal, can be obtained from the measured order
parameter (S, in the plateau region via a formula de-
rived from lattice theory (DeYoung & Dill, 1988)

1
c=§u+2gm) (5)

A new expression was derived recently by Nagle (1993)
through a geometric analysis of a hydrocarbon chain in a
lipid bilayer. It was claimed to be a more accurate rep-
resentation of hydrocarbon chains than the lattice model,
but several major approximations are also built into this
model, including the assumptions that the local density is
a constant independent of depth in the bilayer and that
upturns of chain segments are negligible. Recent molec-
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Fig. 5. Natural log of permeability coefficient (4) and corrected per-
meability coefficient according to Eg. 7 (B) across DMPC:cholesterol
lipid bilayers vs. surface density o: @: Xepey = 0.00; O: Xy = 0.10;
W X, = 0.20; [ X = 0.30; A X, = 0.40.

ular dynamics simulations conducted in these laborato-
ries have shown that the local density is not a constant
(Xiang, 1993) and that upturn events do occur in lipid
bilayers with a low but detectable probability (Xiang &
Anderson, 1995b). Therefore, in the following analyses,
the surface density data reported by DeYoung and Dill
and their linear interpolations whenever a specific sur-
face density was not available were used. Because of the
linear relationship between the order parameter and sur-
face density in both models, switching to the Nagle
model is straightforward and would not alter any con-
clusions emerging from this study. The possibility that
the order parameters in LUVs may differ from those in
MLVs due to variation in vesicle size was recently ex-
amined by Fenske and Cullis (1993). They found that
the order-parameter profiles in POPC-d;; LUVs were
very similar to those of MLVs at the same temperature
and chemical composition, indicating that orientational
order in both MLVs and LUVs with diameters =100 nm
is essentially the same. Since the LUVs employed in the
present work had hydrodynamic diameters between 120
nm and 144 nm, the assumption was made that order did
not depend on vesicle size.
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When all the permeability data measured at different
temperatures and cholesterol concentrations were plotted
as their logarithms vs. the normalized surface density (G)
in Fig. 5A, a clear linear relationship was obtained

1nPys =& + ko (6)

A least-squares fit of these data using Eq. 6 gave a slope
of K =—-12.4 £ 1.1 (r = 0.90). The scatter of the data
points from the regression line was not completely ran-
dom, however. One systematic trend which could be
readily seen was that, at a given surface density, the
permeability coefficient at a higher mole fraction of cho-
lesterol exceeded that at a lower mole fraction of cho-
lesterol. Since, at a constant surface density, the lipid
bilayer with a higher cholesterol concentration must be at
a higher temperature, the data in Fig. 5A were corrected
for temperature effects which are independent of contri-
butions of chain ordering in the lipid bilayers. These
temperature effects may include the dehydration energy
for partitioning and kinetic energy for diffusion and the
volume expansion in the lipid bilayers as predicted by a
bulk phase model for partitioning and diffusion (Fig. 3).
Using T, = 303 K as a reference temperature, the cor-
rected permeability coefficient at T is defined as

PR (T) = Pyp(D)e 50D ™

where AE, = 8.0 kcal/mol. A least-squares fit of the
corrected permeability coefficients, plotted in Fig. 5B vs.
the normalized surface density, gave x = —11.7 £ 0.5
with a substantially improved correlation coefficient, r =
0.96, suggesting that dehydration and other surface-
density independent factors can be effectively accounted
for by the ‘‘bulk phase’’ permeability model.

In the limit of random orientation of chain molecules
in a lipid bilayer the order parameter, S, approaches
zero corresponding to a normalized surface density of
0.333, according to Dill’s lattice model (cf,, Eq. 5). This
state closely resembles that in a bulk hydrocarbon sol-
vent. The extrapolated value of the permeability coeffi-
cient in this limiting case from the plot in Fig. 5B is 2.5
% 107" cm/sec. This value is significantly larger than the
value predicted by the ‘‘bulk phase’ model at the same
reference temperature as presented in Fig. 3, Py = 4.1
x 1072 cm/sec. Apart from some unknown factors af-
fecting this simple ‘‘bulk phase’” estimate such as me-
dium density, viscosity and experimental uncertainty, the
discrepancy can also be rationalized by the difference of
the chemical environment in the bilayer batrier from that
of bulk decane. Previous studies reported by the authors
demonstrated that the barrier domain within egg PC bi-
layers is more polar/polarizable than a fully saturated
hydrocarbon possibly due to the relatively high concen-
tration of double bonds in egg PC lipids and/or the close
proximity of the barrier domain to the dipolar interface.
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Thus, the barrier domain was shown to more closely
resemble an unsaturated hydrocarbon solvent, 1,9-
decadiene (Xiang & Anderson, 1994b; Xiang & Ander-
son, 1994c). In the present study, decane was initially
chosen as a reference solvent because the alkyl chains
within DMPC are fully saturated. However, cholesterol
has a single double bond, and the extent to which the
effective barrier polarity is influenced by its proximity to
the interface remains unknown. Thus, decadiene may be
a more appropriate bulk reference solvent even for
DMPC:cholesterol bilayers. Indeed, the -OH group con-
tribution in DMPC:cholesterol bilayers, determined re-
cently in these laboratories, suggests that the DMPC:cho-
lesterol barrier domain closely resembles 1,9-decadiene
(Xiang & Anderson, 1995a). Acetic acid has a partition
coefficient of (1.3 + 0.2) x 1072 between decadiene and
water, 4.2-fold larger than that between decane and water
(Xiang & Anderson, 1994b). Using decadiene as a ref-
erence solvent and assuming that acetic acid has similar
diffusion behavior in decadiene, a ‘‘bulk phase’” perme-
ability, Py of 2.1 x 107! cmi/sec is estimated, in close
agreement with the value extrapolated from Fig. 5B.

It is important to explore the molecular basis for the
linearity in the relationship between the corrected per-
meability coefficient and surface density. In the Cohen-
Turnbull diffusion theory (Cohen & Turnbull, 1959;
Turnbull & Cohen, 1970) translational diffusion of a
molecule occurs when statistical redistribution of free
volume opens up a void of a critical size in the immediate
vicinity of the molecule. The diffusion coefficient is
thus proportional to the probability density of finding a
free volume with a size equal to the size of the diffusing
molecule V and can be formulated as

D=D,e """ (®)

where D, is a constant depending on the average kinetic
velocity of the diffusant and vy is a numerical factor
needed to correct for the overlap of free volume. Veis
the mean free volume in the medium. An expression
which accounts for the free volume changes associated
with changes in surface density has been derived by Can-
tor and Dill (1986) for phospholipid melting processes

v,= V[l —ae ) 9)

where V; = 1.23 is a constant characterizing a reduced
volume of amorphous alkane liquids and a is a function
of V; and the depth in the bilayer interior. A linear fit of
the log D data vs. surface density obtained in Eq. 8 using
Eq. 9 in the surface density range of 0.5 to 0.9 gives a
correlation coefficient of 0.997.

The barrier domain/water partition coefficient of
permeant is also expected to vary with surface density, as
determined by the changes in interaction energy between
the solute and molecules composing the lipid bilayer
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with changes in bilayer order. This interaction energy
can be divided into two parts, the attractive and the re-
pulsive energy. The presence of a solute molecule in the
bilayer would disrupt local chain order, as characterized
by the overall order parameter of the chain molecule in
the bilayer, S =X, (3/2 cos*, — 1/2), where 6, is the angle
between the normal to the bilayer surface and the normal
to the plane spanned by two C-H bonds. According to
the Marcelja mean-field model (Marcelja, 1974), the at-
tractive energy (Eg;,,) in a lipid bilayer is related to S by

o (10)

where ® is a molecular field constant.

The lattice theory developed by Marqusee and Dill
(1986) predicts that solute partitioning will also decrease
with increasing surface density. More recently the au-
thors have developed a statistical mechanical theory
(Xiang & Anderson, 1994a) in which the more important
repulsive interaction is described as a linear function of
the lateral pressure PL in the bilayer membrane. Ac-
cordingly, the excluded-volume partition coefficient can
be written as

K

= K VST (1n
where K|, is the partition coefficient at a lateral pressure
of 1 bar (i.e., the partition coefficient between a bulk
reference solvent and water at a constant pressure of 1
bar). Both experimental data and theoretical models
(e.g., the lattice model) have shown that lateral pressure
increases steeply with surface density (White & King,
1985; Cantor & Dill, 1986). The lateral pressure-surface
density isotherm is nonlinear over a broad range of sur-
face densities (0.16~1.0) with a slope which increases
with surface density. However, in a more limited range
of surface density as in the present study (0.58-0.88), a
linear relationship may be a reasonable approximation
(Marqusee & Dill, 1986).

Since the state of chain packing in lipid bilayers
plays an important role in determining a solute’s parti-
tion coefficient as well as its diffusivity, similar qualita-
tive trends in solute partitioning with surface density
would be expected. A plot of the logarithm of the mem-
brane/water partition coefficient for acetic acid as a func-
tion of &, shown in Fig. 6, confirms this expectation.
A linear least-squares fit of the data in Fig. 6 gives a
slope of ¥k = ~4.6 = 0.3 with a correlation coefficient of
0.95. This slope is 2.7-fold smaller than the slope for the
log permeability-surface density profile (—12.4 + 1.1).
Similar correlations have been observed between the par-
tition coefficient for nonpolar solutes (e.g., hexane and
benzene) and surface density in the same lipid bilayer
systems (DeYoung & Dill, 1988; DeYoung & Dill,
1990), but again the changes in partition coefficient were
modest. The amplified effects of surface density on per-
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Fig. 6. Partition coefficient for acetic acid between a DMPC:choles-
terol lipid bilayer and water vs. surface density 6: @: X, = 0.00; O
Xepor = 0.10; B X, = 0.20; O X = 0.30; and A: X, = 0.40.
meability coefficients relative to partition coefficients
can be rationalized by arguments similar to those used to
account for differences in sensitivity to temperature: (i)
variation in surface density may have an additional effect
on solute diffusivity in lipid bilayers which does not
affect solute partitioning; and (ii) partition coefficients
reflect the properties of different (i.e., less highly or-
dered) regions within the bilayer than permeability co-
efficients. Nonpolar solutes partition preferentially into
the center of the lipid bilayer where the acyl chains in the
lipid bilayers are relatively disordered (Mclntosh et al.,
1980; White et al., 1981; Pope et al., 1984; Marqusee &
Dill, 1986; Xiang & Anderson, 1994a). Acetic acid is
likely to localize preferentially at the bilayer/water inter-
face with only partial penetration into the highly ordered
barrier region (Miller et al., 1977; Pope et al., 1984).
Nevertheless, the present results reveal that even for a
polar, hydrogen-bonding solute, surface density is a
dominant factor governing partitioning into lipid bilayers
varying in cholesterol composition and temperature.

In summary, this work represents an important step
in efforts to understand the molecular mechanisms of
solute partitioning into and permeation across lipid bi-
layer membranes. The quantitative relationships estab-
lished between solute partition and permeability coeffi-
cients and phospholipid bilayer surface density support
the hypothesis that chain ordering in lipid bilayers (or
surface density) is a major determinant for borh molec-
ular uptake and transport across lipid bilayers. The de-
hydration process is a minor component to overall per-
meability. These conclusions appear to be independent
of the nature of the thermodynamic variables used to
alter surface density (e.g., cholesterol concentration and
temperature).

This work was supported by grants from Glaxo, INTERx/Merck, and
University of Utah Research Comumittee.

T.-X. Xiang and B.D. Anderson: Bilayer Permeability of Acetic Acid

References

Alger, J.R., Prestegard, I.H. 1979. Nuclear magnetic resonance study of
acetic acid permeation of large unilamellar vesicle membranes.
Biophys. J. 28:1-14

Antunes-Madeira, M.C., Madeira, V.M.C. 1984. Partition of parathion
in synthetic and native membranes. Biochim. Biophys. Acta
778:49-56

Antunes-Madeira, M.C., Madeira, V.M.C. 1985. Partition of lindane in
synthetic and native membranes. Biochim. Biophys. Acta 820:165—
172

Bangham, A.D., Standish, M.M., Watkins, J.C. 1965. Diffusion of
univalent ions across the lamellae of swollen phospholipids. J. Mol.
Biol. 13:238-252

Bar-On, Z., Degani, H. 1985. Permeability of alkylamines across phos-
phatidylcholine vesicles as studied by 'H-NMR. Biochin. Biophys.
Acto 813:207-212

Beschiaschvili, G., Seelig, J. 1992. Peptide binding to lipid bilayers.
Nonclassical hydrophobic effect and membrane-induced pK shifts.
Biochemistry 31:10044-10053

Bindslev, N., Wright, E.M. 1976. Effect of temperature on nonelectro~
lyte permeation across the toad urinary bladder. J. Membrane Biol.,
29:265-288

Brahm, J. 1983. Permeability of human red cells to a homologous series
of alphatic alcohols. J. Gen. Physiol. 81:283-304

Bresseleers, G.J.M., Goderis, H.L., Tobback, P.P. 1984. Measurement
of the glucose permeation rate across phospholipid bilayers using
small unilamellar vesicles. Effect of membrane composition and
temperature. Biochim. Biophys. Acta 772:374-382

Cantor, R.S.,, Dill, K.A. 1986. Theory for the equation of state of
phospholipid monolayers. Langmuir 2:331-337

Cohen, M.H., Turnbull, D. 1959. Molecular transport in liquids and
glasses. J. Chem. Phys. 31:1164-1168

de Gier, J., Mandersloot, J.G., Hupkes, J.V., McElhaney, RN., van
Beek, W.P. 1971. On the mechanism of non-electrolyie permeation
through lipid bilayers and through biomembranes. Biochim. Bio-
phys. Acta 233:610-618

DeYoung, I.R., Dill, K.A. 1988. Solute partitioning into lipid bilayer
membranes. Biochemistry 27:5281-5289

DeYoung, L.R., Dill, K.A. 1990. Partitioning of nonpolar solutes into
bilayers and amorphous n-alkanes. J. Phys. Chem. 94:801-809

Diamond, J M., Katz, Y. 1974. Interpretation of nonelectrolyte partition
coefficients between dimyristoy! lecithin and water. J. Membrane
Biol. 17:121-154

Diamond, J. M., Szabo, G., Katz, Y. 1974. Theory of nonelectrolyte
permeation in a generalized membrane. J. Membrane Biol. 17:148—
152

Fenske, D.B., Cullis, P.R. 1993. Acyl chain orientational order in large
unilamellar vesicles: comparison with multilamellar liposomes: a
2H and *'P nuclear magnetic resonance study. Biophys. J. 64:1482—
1491

Finkelstein, A. 1976. Water and nonelectrolyte permeability of lipid
bilayer membranes. J. Gen. Physiol. 68:127-135

Franks, N.P. 1976. Structural analysis of hydrated egg lecithin and
cholesterol bilayers. I. X-ray diffraction. J. Mol. Biol. 100:345-358

Glasoe, PX., Long, F.A. 1960. Use of glass electrodes to measure
acidities in deuterium oxide. J. Phys. Chem. 64:188-190

Hope, M.J., Bally, M.B., Webb, G., Cullis, P.R. 1985. Production of
large unilamellar vesicles by a rapid extrusion procedure. Charac-
terization of size distribution, trapped volume and ability to main-
tain a membrane potential. Biochim. Biophys. Acta 812:55-65

Huang, C., Wheeldon, L., Thompson, T.E. 1964. The properties of lipid
bilayer membranes separating two aqueous phases: formation of a
membrane of simple composition. J. Mol. Biol. 8:148-160



T.-X. Xiang and B.D. Anderson: Bilayer Permeability of Acetic Acid

Huang, C.-H., Sipe, J.P., Chow, S.T., Martin, R.B. 1974. Differential
interaction of cholesterol with phosphatidylcholine on the inner and
outer surfaces of lipid bilayer vesicles. Proc. Natl. Acad. Sci. USA
71:359-362

Katz, Y., Diamond, J.M. 1974a. Nonsolvent water in liposomes. J.
Membrane Biol. 17:87-100

Katz, Y., Diamond, J.M. 19744. Thermodynamic constants for non-
electrolyte partition between dimyristoyl lecithin and water. J.
Membrane Biol. 17:101-120

Korman, S., LaMer, V.K. 1936. Deuterium exchange equilibria in so-
fution and the quinhydrone electrode. J. Amer. Chem. Soc.
58:1396-1403

Lieb, W.R., Stein, W.D. 1986. Simple diffusion across the membrane
bilayer. In: Transport and Diffusion across Cell Membranes W.D.
Stein, editor. pp. 69-112. Academic Press, Orlando

Magin, R.L., Niesman, M.R. 1984. Temperature dependent permeabil-
ity of large unilamellar liposomes. Chem. Phys. Lipids 34:245-256

Marcelja, 5. 1974. Chain order in in liquid crystals. II. Structure of
bilayer membranes. Biochim. Biophys. Acta 367:165~176

Marqusee, J.A., Dill, K.A. 1986. Solute partitioning into chain mole-
cule interphases: Monolayers, bilayer membranes, and micelles. J.
Chem. Phys. 85:434-444

Meclntosh, T.J., Simon, 8.A., MacDonald, R.C. 1980. The organization
of n-alkanes in lipid bilayers. Biochim. Biophys. Acta 597:445-463

Miller, K.W., Hammond, L., Porter, E.G. 1977. The solubility of hy-
drocarbon gases in lipid bilayers. Chem. Phys. Lipids 20:229-241

Nagle, I.F. 1993. Area/lipid of bilayers from NMR. Biophys. J.
64:1476-1481

Newman, G.C., Huang, C.-H. 1975. Structural studies on phosphati-
dylcholine-cholesterol mixed vesicles. Biochemistry 14:3363-3370

Olsen, F., Hunt, C.A., Szoka, F.C., Vail, W.J., Papahadjopoulous, D.
1979. Preparation of liposomes of defined size distribution by ex-
trusion through polycarbonate membranes. Biochim. Biophys. Acta
557:9-23

Orbach, E., Finkelstein, A. 1980. The nonelectrolyte permeability of
planar lipid bilayer membranes. J. Gen. Physiol. 75:427-436

Overton, E. 1899. Ueber die aligemeinen osmotischen Eigenschaften
der Zelle, ihre vermutlichen Ursachen und ihre Bedeutung fur die
Physiologie. Vjschr. Naturforsch. Ges. Zurich 44:88

Peitzsch, R.M., McLaughlin, S. 1993. Binding of acylated peptides and
fatty acids to phospholipid vesicles: Pertinence t¢ mytistoylated
proteins. Biochemistry 32:10436-10443

Peters, R., Beck, K. 1983. Translational diffusion in phospholipid
monolayers measured by fluorescence microphotolysis. Proc. Natl.
Acad. Sci. USA 80:7183-7187

Piette, L.H., Anderson, W.A. 1959. Potential energy barrier determi-
nation for some alkyl nitrates by nuclear magnetic resonance. J.
Chem. Phys. 30:899-908

Pope, J.M., Walker, L.W._, Dubro, D. 1984. On the ordering of n-alkane
and n-alcohol solutes in phospholipid bilayer model membrane sys-
tems. Chem. Phys. Lipids 35:259-277

Rand, R.P., Parsegian, V.A. 1989. Hydration forces between phospho-
lipid bilayers. Biochim. Biophys. Acta 988:351-376

Redwood, W.R., Haydon, D.A. 1969. Influence of temperature and
membrane composition on the water permeability of lipid bilayers.
J. Theoret. Biol. 22:1-8

Sada, E., Katoh, S., Terashima, M., Kawahara, H., Katoh, M. 1990.
Effects of surface charges and cholesterol content on amino acid
permeabilities of small unilamellar vesicles. J. Pharm. Sci. 79:232—
235

167

Scheibel, E.G. 1954. Liquid diffusivities. Ind. Eng. Chem. 46:2007—
2008

Seelig, I., Ganz, P. 1991. Nonclassical hydrophobic effect in membrane
binding equilibria. Biochemistry 30:9354-9359

Seelig, A., Seelig, J. 1974. The dynamic structure of fatty acyl chains
in a phospholipid bilayer measured by deuterium magnetic reso-
nance. Biochemistry 13:4839-4845

Stein, W.D. 1986. Transport and Diffusion Across Cell Membranes.
Academic Press, Orlando

Stockton, G.W., Polnaszek, C.F., Tulloch, A.P., Hasan, F., Smith,
L.C.P. 1976. Molecular motion and order in single-bilayer vesicles
and multilamellar dispersions of egg lecithin and lecithin-
cholesterol mixtures. A deuterium nuclear magnetic resonance
study of specifically labeled lipids. Biochemistry 15:954-966

Subcznski, W.K., Hyde, J.S., Kusumi, A. 1991. Effect of alkyl chain
unsaturation and cholesterol intercalation on oxygen transport in
membranes: A pulse ESR spin labeling study. Biochemistry
30:8578-8590

Todd, A.P., Mehlhorn, R.J., Macey, R.I. 1989a. Amine and carboxylate
spin probe permeability in red cells. J. Membrane Biol. 109:41-52

Todd, A.P., Mehlhom, R.J., Macey, R.I. 19895. Amine spin probe
permeability in sonicated liposomes. J. Membrane Biol. 109:53-64

Turnbull, D., Cohen, M.H. 1970. On the free-volume model of the
liguid-glass transition. J. Chem. Phys. 52:3038-3041

Walter, A., Gutknecht, J. 1986. Permeability of small nonelectrolytes
through lipid bilayer membranes. J. Membrane Biol. 90:207-217

Weisz, K., Grobner, G., Mayer, C., Stohrer, J., Kothe, G. 1992. Deu-
teron nuclear magnetic resonance study of the dynamic organiza-
tion of phospholipid/cholesterol bilayer membranes; molecular
properties and viscoelastic behavior. Biochemistry 31:1100-1112

White, S.H., King, G.I. 1985. Molecular packing and area compress-
ibility of lipid bilayers. Proc. Natl. Acad. Sci. USA 82:6532-6536

White, S.H., King, G.I, Cain, LE. 1981. Location of hexane in lipid
bilayers determined by neutron diffraction. Nature 290:161-163

Windrem, D.A., Plachy, W.Z. 1980. The diffusion-solubility of oxygen
in lipid bilayers. Biochim. Biophys. Acta 600:655-665

Worcester, D.L., Franks, N.P, 1976. Structural analysis of hydrated egg
lecithin and cholesterol bilayers. II. Neutron diffraction. J. Mol.
Biol. 100:359-378

Xiang, T.-X. 1993. A computer simulation of free volume distributions
and related structural properties in a model lipid bilayer. Biophys. J.
65:1108-1120

Xiang, T.-X., Anderson, B.D. 1994a. Molecular distributions in lipid
bilayers and other interphases: A statistical mechanical theory com-
bined with molecular dynamics simulation. Biophys. J. 66:561-573

Xiang, T-X., Anderson, B.D. 1994b. The relationship between per-
meant size and permeability in lipid bilayer membranes. J. Mem-
brane Biol. 140:111-121

Xiang, T.-X., Anderson, B.D. 1994¢. Substituent contributions to the
permeability of substituted p-toluic acids in lipid bilayer mem-
branes. J. Pharm. Sci. 83:1511-1518

Xiang, T.-X., Anderson, B.D. 19954, Development of a combined
NMR paramagnetic ion-induced line-broadening/dynamic light
scattering method for permeability measurements across lipid bi-
layer membranes. J. Pharm. Sci. (in press)

Xiang, T.-X., Anderson, B.D. 1995b. Mean molecular potentials in a
model lipid bilayer: A molecular dynamics simulation. J. Chem.
Phys. (in press)

Xiang, T.-X., Chen, X., Anderson, B.D. 1992, Transport methods for
probing the barrier domain of lipid bilayer membranes. Biophys. J.
63:78-88



