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Abstract

Effects of Chain Ordering on Solute Partitioning into Bilayer Membranes

Linda R. De Young

Solute partitioning into bilayer membranes has generally been assumed

to resemble partitioning into a simple bulk oil environment. This assumption

ignores the interfacial nature of the bilayer and takes into consideration only

the chemical interactions of the solute with the bilayer hydrocarbon interior.

Properties of interfacial phases, however, also depend on the surface density

of the chains. We have measured the partition coefficients for hexane and

benzene between an aqueous solvent and phospholipid bilayer membranes as

a function of the surface density of the bilayer chains. The surface density

was varied by temperature, phospholipid chain length, and the incorporation

of cholesterol. A simple *H-NMR method was used for the measurement of

surface densities; it is shown to give results similar to those obtained from

more demanding X-ray diffraction measurements. Partition coefficients were

determined using a gas phase equilibration of radiolabeled solute. We observe

that increasing surface density leads to expulsion of solute: hexane and

benzene partitioning decrease by a factor of 9 as the surface density of the

bilayer chains increases from 50 to 90% of its maximum value. The

dependence of partitioning on surface density appears to be a general

property of the organization of the bilayer chains. In order to evaluate the

driving forces for hydrophobic solute partitioning, we have also performed

reference state experiments on the partitioning of benzene from water into n

alkanes with 8 to 16 carbons. We find that Flory-Huggins theory satisfactorily

corrects for the molecular size differences in solute and solvents. Therefore, it



is possible to determine the relative contributions of the chemical and chain

ordering forces on partitioning into bilayers. The temperature dependence of

partitioning, at constant cholesterol concentration, shows that in addition to

the ordinary chemical driving force for partitioning among bulk phases,

there is also an entropic driving force in the bilayer which leads to expulsion

of solute as temperature is lowered. The bilayer/water partitioning of

nonpolar solutes is therefore dependent on both the chemical interactions of

the solute with the bilayer interior and the bilayer surface density.
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CHAPTER 1 - INTRODUCTION

Background

Significan ce
The membrane/water partitioning of molecules is of great biological

importance. One of the largest investigations of membrane partitioning has
been made in attempts to understand the molecular mechanism of general
anesthesia. Anesthesia is caused by many structurally unrelated compounds;
hexane, chloroform and chlorpromazine are diverse examples. However, as
early as 1900 it was known that the degree of anesthesia in an animal is
proportional to the oil/water partition coefficient (Ko/w) of the anesthetic
(Meyer, 1899; Overton, 1901). Since the membrane/water partition coefficient
(Km/w) and oil/water partition coefficient are also closely correlated (Seeman,
1972 and ref. therein) anesthesia was proposed to be a membrane related
phenomenon. Several "lipid hypotheses" of anesthesia have been suggested.
In one proposed mechanism, anesthesia is directly caused by the membrane
disordering activity of the anesthetic. In another proposed mechanism the
membrane disordering leads to a change in the conformation of a membrane
protein, thereby inducing anesthesia. More recently, the alternative "protein
hypotheses" of anesthesia have been gaining support. Here the anesthetic
binds to a hydrophobic site on a protein, maintaining the correlation with
Ko/w, and this binding leads to a change in the conformation of the protein
inducing anesthesia (for reviews of the proposed mechanisms of anesthesia
see Trudell, 1983; Franks & Lieb, 1982). Whatever the true mechanism of action

of anesthetics, the lipid hypotheses have led to a tremendous number of
investigations of the oil/water and membrane/water partition coefficients of
molecules.

Many other drug actions and disease states have been related to the
membrane partitioning of drugs. Alcoholism has been proposed to be related
to the membrane disordering effect of ethanol (Littleton, 1985; Chin &
Goldstein, 1981). The lipid solubility of barbiturates is one important aspect
controlling the pharmacodynamics and central nervous system depressant
properties of barbiturates. The interaction of chlorpromazine, a major
tranquilizer and general anesthetic, with membranes may be responsible for



its antipsychotic function by decreasing the membrane permeability to
dopamine (Bhise et al., 1983; Creese et al., 1976). Since the permeability of
hydrophobic solutes through membranes is often correlated with the partition
coefficient into and diffusion across the membrane, the transport of drugs and
nutrients across biological membranes and the delivery of drugs from
artificial membranes, such as liposomes, also critically depend on solute
partitioning. A final example, showing a toxic rather than therapeutic effect,
stresses the wide range of importance of membrane partitioning. The
organochloride insecticides, such as DDT, are highly hydrophobic, persistent
in food chains, and accumulate in top predators, including man. The toxic
effects of DDT (tremors, convulsions and death) have been proposed to be
related to its accumulation in cell membranes and organelles (Matsumura,
1975; Narahashi & Hass, 1968; Glick, 1972).

Membrane vs Bulk Oil Partitioning

The close correlation of Ko/w and Km/w for many compounds, including
anesthetics, led to attempts to model membrane/water partitioning on
oil/water partitioning. Controversy ensued over which oil best models Km/w.
Olive oil, alkanes, propylene carbonate, and octanol are a few of the oils which
have been tested. Similar studies are still in progress (Beezer et al., 1987) as
are studies where ideal solution thermodynamics are assumed to be
appropriate for bilayers (Kamaya et al., 1981; Rowe, 1983). A growing body of
evidence, however, makes it clear that simple bulk oil/water partitioning is
unable to model bilayer partitioning. The value of Ko/w may vary by orders of
magnitude depending on the choice of solvent and the rank order of
partitioning of a set of solutes may change in different solvents (Kakemi et al.,
1967). Many bilayer membranes undergo a first order phase transition, Tc,
from a crystalline to a disordered state. The partitioning of hydrophobic
solutes changes dramatically as the temperature in increased from below to
above Tc (Simon et al., 1982; Katz & Diamond, 1974); a comparable change in
Ko/w is not observed. An obvious shortcoming of the oil/water model is that it
is unable to account for the varied nature of biological membranes. In natural
membranes the lipid composition and cholesterol concentration vary widely;
partitioning into these membranes likewise varies (Antunes-Madeira, &



Madeira, 1985, 1986; Korten et al., 1980; Pjura et al., 1984). Phospholipid
unsaturation, charged phospholipids, pressure, temperature, and cholesterol
are all known to affect bilayer partitioning as shown in Table 1. The location
of the solute in the membrane also varies with solute concentration,

temperature and other perturbations (Auger et al., 1988; Spooner & Small, 1987;
Marqusee & Dill, 1986); in an amorphous bulk oil the solute is distributed
randomly. The shortcomings of the oil/water model are clear.

Structural Differences Between Bilayer and Bulk Oil Phases

To understand why oil/water partitioning is a poor model of
membrane/water partitioning the differences in the bulk oil and bilayer
structures must be examined. A bulk oil is amorphous, its properties are
uniform throughout. The bilayer, in contrast, is an interfacial phase with a
high surface to volume ratio. This results from the arrangement of the
amphiphilic phospholipid molecules in a partially ordered bilayer structure
where the molecules are confined at high density to an interface. Properties
of an interfacial phase vary with distance from the interface. For example,
regions of the acyl chains close to the polar headgroups are more highly
aligned normal to the bilayer plane, more ordered, than are regions near the
bilayer midplane (Hubbell & McConnell, 1971; Seelig, 1977). This order profile
is shown schematically in Fig. 1. The order parameter, S, is equal to 1 in a
crystal and decreases towards zero as the disorder in the system increases. The
bilayer is a two dimensional system, properties are constant in a plane parallel
to the bilayer surface but they vary with depth; in contrast a bulk oil is an
amorphous three dimensional phase.
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Fig. 1. Schematic representation of the order parameter profile
in a phospholipid bilayer. The order parameter, S, decreases with
increasing carbon number toward bilayer midplane.

The origin of the order parameter profile has been described
theoretically by several groups (Dill et al., 1988 and ref. therein). A mean
field, statistical mechanical, lattice model of chain packing in interfacial
phases was developed by Dill and Flory (1980). This theory, with no adjustable
parameters, accurately models the order parameter profile knowing the
surface density and chain length. An example of a lattice is shown in Fig. 2A .

A B

C | C GP GD GD | C | C | C | O

Fig. 2. Lattice model of bilayer acyl chain packing: A, surface density =
0.8, disorder in acyl chains represented by side steps in lattice model;
B, crystalline bilayer with surface density = 1. Fig. 2A taken after
Marqusee & Dill (1986).



The polar headgroups of the phospholipid molecules lie above the lattice and
the first segment of the acyl chains lies in the first layer with subsequent
segments located in layers below this. A chain segment equals approximately
3.6 methylene groups, a length equal to the width of the chain. There are two
constraints on the system: all sites must be occupied and there are no reversals
of the chains back towards the surface. The configurations of the acyl chains
are represented on the lattice by forward and side steps. In a crystal, where
the chains are in an all trans configuration, Fig. 2B, all chains would take only
forward steps, representing perfect order. As the surface density (number of
chains per lattice site) is decreased from the crystal value of 1, disorder is
introduced into the lattice, represented by side steps of the chains. As the
chains move toward the bilayer midplane the number of side steps per layer is
constant until one of the chains terminates, as shown in Fig. 2A. In
subsequent layers an increase in the number of side steps is observed as the
remaining chains must fill all space. A rapid increase in the number of side
steps in subsequent layers is observed as more chains terminate due to having
taken more side steps. This is the origin of the order parameter profile. The
order is constant until chain termination is encountered and then rapidly
declines with the increasing number of chain terminations towards bilayer
midplane.

Dependence of Partitioning on Surface Density

To describe the properties of the interfacial bilayer a two-dimensional
variable is required which can account for the changing bilayer properties
with depth; the phospholipid surface density is the appropriate variable. The
surface density is the number of phospholipid molecules per unit area. The
normalized surface density, O = Ao/A, is reported throughout this work, being
defined as the ratio of the area/molecule in the crystal, Ao = 40.832, to the

area/phospholipid, A. The premise is that there is a direct relationship
between the surface density and the chain organization in the bilayer. This
premise is supported by the experiments of Mely et al. (1975). They have
shown that two potassium laurate bilayer preparations of different hydration
and at different temperatures, but with the same area/molecule, have the same
order parameter profile. The disorder gradient can also be predicted from the



phospholipid surface density and chain length (Dill & Flory, 1980). This
conclusion is further supported by experiments presented here (see Ch. 2)
where surface densities calculated assuming that surface density is directly
related to the order parameter profile correspond with those determined
directly by X-ray diffraction (Dill & Flory, 1980, Dill, 1984, De Young & Dill,
1988). The two dimensional variable surface density is therefore able to
describe the changing bilayer properties with distance from the interface.
The hypothesis to be tested here is that the degree of chain ordering, as
described by the surface density, modulates the membrane/water parition
coefficient.

The membrane/water partition coefficient has been shown to be
dependent on many variables; pressure, cholesterol concentration, lipid type
and temperature are a few. However, no attempt has been made to discern
whether these independent variables affecting Km/w have a common basis.
Our hypothesis is that these variables affect the surface density of the bilayer
and that Ko/w and surface density are the underlying variables which control
partitioning of hydrophobic solutes. Oil/water partitioning is an intergral
part of membrane/water partitioning. The bulk density of hydrocarbon in the
bilayer interior is approximately the same as that in a bulk alkane, therefore
the chemical interactions of solute and solvent in the bilayer and bulk solvent
are approxiately equivalent; the normal free energy of transfer applies to
each of these phases. However, we show here that Km/w differs from Ko/w due
to the partial ordering of the acyl chains in the bilayer and that the free
energy of transfer of solute into the bilayer will also depend on the
phospholipid surface density.



Table 1. Direction of Change of Bilayer Nonpolar Solute Partitioning in
Response to Various Perturbations.

Per turban t K m /w Reference

=== E

Increasing Temperature + Katz & Diamond, 1974
Arrowsmith et al., 1983
Jones & Lee, 1985

-
Antunes-Madeira &
Madeira, 1985, 1986

Addition of Cholesterol
-

Luxnat & Galla, 1986
Korten et al., 1980
Miller & Yu, 1977

Increase in Ratio of + Nakagaki et al., 1981
Charged to Zwitterionic Miller & Yu, 1977
Phospholipids

Increased Pressure
-

Auger et al., 1987
Lever et al., 1971

Phospholipid Unsaturation + Simon et al., 1982
Chefurka et al., 1987

Solution Theory

In this section the theory of the free energy of mixing and partitioning
into ideal solutions, regular solutions, and solutions of chain molecules
(polymers) will be reviewed briefly. The thermodynamic variables for these
cases, as determined using a lattice model, are given. A qualitative description
is then given of the Marqusee and Dill theory (1986) for partitioning into a
lipid bilayer, which requires an understanding of both regular solution
theory and the mixing of small molecules with chain molecules.

Ideal Solutions

The simplest solution is an ideal solution. In an ideal solution there are no
energetic interacions between molecules and the molecules mix in a random



manner. For randomly mixing molecules of solvent, A, and solute, S, the
entropy of mixing, per molecule, is

AS
--Tº = - x A in xA - x s in xs

where xA and xS are the mole fraction of A and S in the solution. In an ideal

solution the energy of mixing is defined to be zero,

AU mix = 0
RT

The free energy of mixing at constant volume is AF = AU - TAS, therefore,

AF mix
RT

= x|A | n xA + x's In Xs

Regular Solutions

Solutions exhibit various types of non-ideal behavior. Many theories
have been presented to model various molecular interactions. One of the
simplest theories is that of a regular solution. The regular solution theory is a
mean field model representing the average of all molecular states where the
solute and solvent molecules are randomly distributed in solution. In the usual
definition of a regular solution, the energy of mixing is described by
Hildebrand solubility parameters for the solute and solvent, related to their
energies of vaporization, and the entropy is described by a random mixing
model. Here, we use a broader definition of a regular solution, using the more
general Flory interaction parameter for the energy of mixing. In the random
mixing approximation there are no specific interactions favoring solute
solute, solute-solvent, or solvent-solvent interactions. The entropy of mixing
per molecule is therefore approximated as in the ideal case,

AS
--Tº = - x A in xA - x s in xs



The energy of mixing is described in terms of the Flory interaction
parameter, or exchange energy, X, comprised of the energies, w, required to
break an AA bond, wa A, and a SS bond, wss, and form one AS bond, was; z is a
lattice parameter equal to the number of nearest neighbors for each molecule.

Z W SS + WAA
X. = — | WSA - —sa ºf 2

The energy of the solution of solute and solvent, per molecule, in terms of X is

Usoln ZWAA ZWSS
= — X A + X c + X a X

RT 2RT A 2RT S + XSA XAX's

and the free energy of the solution per molecule is

F ZW ZW
Soln **xa + #xs + xa in x a 4 xs in xs 4 xsax axsRT T 2RT 2RT

In the process of mixing, the pure materials A and B are mixed to form a
solution. The free energy of mixing is the free energy of the solution minus
the free energy of each of the pure components multiplied by the amount of
that pure component in the solution, therefore,

AF mix
RT

= x|A | n x A + xs In Xs 4 XsAXAXs

Taking the derivative of Fsoln with respect to the number of moles of solute in
the solution, nS, where xS = nS/n S + n A and xA = n A/n S + nA, gives the
chemical potential of solute in solvent A.

A 2

|lS Z WSS A ( ..)- - + | n x s + 1 — x
RT 2RT S + XSA S

Similarily for solute in solvent B



B

|ls zwss
RT 2RT

2
B B

+ | n x s + XSB 1 – X's

For the partitioning of solute between two immiscible solvents the partition
coefficient at equilibrium, where pus” = p s”, is

B 2 2

* - ...G-:) - zº(-x)
XS

For dilute solutions where xSA and xsº are approximately equal to zero

ln Kx = | n + = XSA - Xss

Flory-Huggins Theory

Regular solution theory provides an adequate description for some
simple solutions where molecules are of equivalent size. However, for
solutions of small molecules and long chain molecules which are of disparite
size, this equation is not adequate. For solutions of polymers, Flory (1942, 1953)
and Huggins (1942) found the ideal entropy of mixing to be a poor
approximation. An aqueous solution with a single high molecular weight
polymer molecule would have a very low mole fraction of polymer even
though the polymer could occupy a significant fraction of the total solution
volume. A calculation of the entropy of mixing based on the volume fraction
of polymer,4), in the solution was found to be far superior to that based on mole
fraction for polymer solutions (Flory, 1953). The volume fractions of solute, 0 S,
and solvent, @A, are defined in the same manner as mole fraction, with volume

replacing the moles of each component. The entropy of mixing per molecule
is

= - – - In - *S. In
R mA ©A S ©s

ASmix ©A ©
m

1 0



where m A and mS are the number of segments in the polymer and solute

respectively. The energy of mixing is taken to be the same as in a regular
solution, using volume fraction rather than mole fraction concentration units.

Usoln
-

ZWAA + Z WSSRT T 2RT "A " TaFT ©s + Xsa 9A bs

The free energy of the solution is therefore

Fson ZWAA Z WSS ©A ©s
RT 2RT "A " TaFT ©s mA ©A m S ©s + Xsa A ºs

and the free energy of mixing is

AF mix ©A ©s
= —C- In + →- ln +

RT mA ©A ms ©s Xsa?A ©s

Taking the derivative of Fsoln with respect to the number of moles of solute

gives the chemical potential of solute in solvent A

|ls Z WSS 2A ms
ms + |n ©s + ©A 1

- - + ms Xsa&A
mART 2RT

For the partitioning of solute between two immiscible solvents, A and B, the
partition coefficient, at equilibrium where pus” = pus”, is

B
() m m 2 2

•. mA m BS

1 1



If the solute is dilute in both solvents such that ÖA and @B are both

approximately =1

B
©s 1 1In K. = | n —- ■■ le | — - — | + ■■ l -

Ö
(i. i. s(zsa zsa)

The volume fraction partition coefficient, K6, is therefore dependent on the
sizes of the solvents and solute as will be shown in Chapter 3. The molecular
size independent volume fraction partition coefficient, K6°, is given as

In K. = In Ke + "(; ;) = mS AXmA m B

The ratio of the sizes of the solute and solvents can be approximated by the
ratio of the molar volumes of the molecules

In K. - In K, V.(...) = mS AXA B

Koº, called Kve in Ch. 3., is therefore the volume fraction partition
coefficient corrected for the configurational entropy contribution due to the
differences in molecular size of the solute and solvents.

Flory-Huggins (FH) theory was developed to describe the mixing of long
chain polymer molecules with small spherical or chain solutes. An
assumption made in the derivation is that the volume contributed by each
molecular species is equally accessible to both species. This holds for random
coil polymers but would not be the case for large globular molecules. For the
case we consider in Chapter 3, the partitioning of benzene between n-alkanes
of various chain lengths and water, two mixing processes are involved; the
mixing of benzene with n-alkanes and the mixing of benzene with water. For
mixtures of approximately spherical molecules with chain-like molecules,
where the ratio of molecular sizes is greater than 2-5, Flory-Huggins (FH)
theory is appropriate and successful (Flory, 1970, Rowlinson, 1970). FH theory
has been shown to be valid for describing the activity of benzene in n-alkanes

1 2



with 16 to 32 carbons (Gainey & Young, 1968) and for the activity of other
small aproximately spherical solutes in long chain solvents (Cruickshank et
al., 1968; Ashworth & Everett, 1960; Everett & Munn, 1964; Fung & Higuchi,
1971). In these cases the configurational contribution to the activity
coefficient accounts for most of the deviation from ideality. However, for
benzene in the water phase it is not as clear that the Flory-Huggins model is
appropriate. Strictly speaking, Flory-Huggins theory is not appropriate for
solutions containing globular species where any molecular volume is not
equally accessible to molecules of both species in solution. In mixtures in
which the molecular size disparity is due to differences in globular size or
other shape differences, and not due to the chain-like nature of one species,
some experiments have shown that Raoult's law is more satisfactory than the
FH model, even for size ratios as large as 9 (Hildebrand & Shinoda, 1958;
Shinoda, 1978). However, FH theory has been successful in treating many of
these cases (Abe & Flory, 1965, Flory, 1970). For partitioning experiments of
the type described here, some authors have preferred the use of FH theory for
solute in the chain phase and regular solution theory for the solute in water
(Chiou, 1985; Chiou et al., 1983). Other groups have used FH theory for both
phases (Suzuki et al., 1982; Wakahayashi et al., 1964) or have used FH theory for
the solubility of hydrocarbons in water (Black et al., 1948; Hildebrand & Scott,
1950; Gjaldbaek & Niemann, 1958; Lannung & Gjaldbaek, 1960). In the absence
of sound theoretical or experimental guidance, we arbitrarily choose the FH
correction for both the aqueous and organic phases.

Marqusee & Dill Theory for Bilayer Partitioning

A model for the partitioning of hydrophobic solutes into the interfacial
bilayer was developed by Marqusee and Dill (1986). The variation of the
bilayer properties with distance from the interface was modeled as a function
of the two dimensional variable surface density and the acyl chain length.
These are the two variables required to characterize the chain packing and
order profile. A lattice model was used for the statistical mechanical
calculation of the equilibrium solute concentration in the solvent and bilayer,
and the distribution of solute within the bilayer, as a function of the bilayer
surface density. The chemical interactions were modeled using regular
solution theory as described in the regular solution section, where Flory

13



interaction parameters replace Hildebrand solubility parameters. One
significant result from these calculations is that solute mixes only with the
side steps in the lattice. This makes intuitive sense as mixing a solute into a
crystal, with no side steps, would be very difficult whereas mixing with a
disordered spaghetti-like phase, with many side steps, would be much easier.
The mixing entropy is calculated in a manner similar to Flory-Huggins theory
except that only the volume fraction of the side steps in the bilayer solvent are
considered. Since the properties of the bilayer vary with depth, the free
energy of mixing of solute with each layer must be determined, with the
chemical potential of solute being equivalent in all layers at equilibrium.

A schematic representation of the mixing of solute with a lattice model
of a bilayer is shown in Fig. 3 to explain why solute partitioning should vary
with surface density.

º

Solvent Solute Solution

Fig. 3. Lattice model showing the effect of solute addition on the
configuration of the chains. Solute has the same chemical nature as the
bilayer interior. Solute replaces a side step in layer 2 resulting in a decrease
in the chain configurational entropy. Figure taken after Marqusee & Dill
(1986).

As shown in Fig. 3, the solute, which has a chemical character identical to that
of the bilayer chains, e.g. hexane, is introduced into the bilayer at the side step
in the second layer. The net result of adding the solute is that the order in

14



layer two has been increased, a side step has been converted to a forward step.
The decrease in entropy of the system, resulting from the addition of solute,
will be an unfavorable contribution to the free energy of mixing. The
addition of solute to the membrane is entropically unfavorable. The
magnitude of this effect will be determined by the bilayer surface density.
The higher the surface density, the more ordered the chains initially and the
more unfavorable will be the increase in order caused by the addition of
solute. The partitioning of hydrophobic solutes into the bilayer is therefore
predicted to decrease with increasing surface density. In addition solute mixes
only with side steps; the number of side steps increases toward bilayer
midplane, therefore, the hydrophobic solute should concentrated at the center
of the bilayer. The three major predictions of the Marqusee and Dill theory
are therefore: (i) There will be an equilibrium gradient of solute
concentration in the bilayer in contrast to the uniform distribution expected
in a bulk phase. (ii) The partial chain ordering should disfavor solute
retention in the bilayer relative to amorphous bulk phases. (iii) The solute
uptake should decrease significantly with increased surface density of the
chains.

Experimental Approach

To test the hypothesis that hydrophobic solute partitioning between
bilayers and aqueous solvent is dependent on the surface density of the
phospholipid molecules, the partitioning of hexane and benzene into
multilamellar vesicles of saturated phospholipids and bulk n-alkanes was
investigated. In Ch. 2 the bilayer partitioning of benzene, a surface active
molecule is reported. The 2H-NMR method we developed to measure bilayer
surface density is described and compared to the more complicated and widely
used x-ray diffraction technique. The surface density of the bilayers was
varied using cholesterol and temperature. Benzene partitioning into bilayers
at various surface densities was determined using a gas phase equilibration of
radiolabeled benzene. The dependence of benzene partitioning on surface
density is described.
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To ascertain whether the effect of surface density on partitioning
determined in Ch. 2 for benzene was a solute specific or general effect, the
bilayer partitioning of hexane was also determined as reported in Ch. 3.
Hexane has a chemical character similar to the bilayer interior; unlike
benzene, it has no surface affinity. The protocol for hexane was similar to that
for benzene. Due to the degradation of *H-hexane during the experiments a
purification step was required to eliminate *H-contaminants with smaller
partition coefficients. The dependence of hexane partitioning on surface
density was determined and compared with that for benzene.

To determine the effect of the partial ordering of the bilayer chains on
the partitioning of solute, it is necessary to know the partition coefficient for
the same solute into a reference hydrocarbon which has no chain ordering,
i.e., a relevant oil/water partition coefficient. However, since the
configurational entropy of the "oil" depends on its hydrocarbon chain length,
the partition coefficient of a solute will also depend on the chain length of the
reference state "oil". Our principal purpose in the final section of Ch. 3 is to
choose a standard state wherein the dependence on the hydrocarbon chain
length is taken directly into account so that the contact interactions (van der
Waals, hydrophobic contributions, etc.) may be approximately separated from
the effect of the chain configurational entropies. This will allow the testing of
theories of solute bilayer partitioning. The choice of standard state is
equivalent to a choice of concentration units for the partition coefficient. In
Ch. 3 we compare the partition coefficients of benzene between n-alkanes
with 8 to 16 carbons and water for partition coefficients expressed as a mole
fraction ratio (Kx), volume fraction ratio (Kv Or K6), and a Flory-Huggins
corrected volume fraction ratio (Kvº or Kob" ) of solute in each phase.
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ABSTRACT: We have measured the membrane/water partition coefficients of benzene into lipid bilayers
as a function of the surface density of the phospholipid chains. A simple *H NMR method was used for
the measurement of surface densities; it is shown to give results similar to those obtained from more demanding
X-ray diffraction measurements. We observe that benzene partitioning into the bilayer is dependent not
only on the partitioning chemistry, characterized by the oil/water partition coefficient, but also on the surface
density of the bilayer chains. Increasing surface density leads to solute exclusion: benzene partitioning
decreases by an order of magnitude as the surface density increases from 50% to 90% of its maximum value,
a range readily accessible in bilayers and biomembranes under physiological conditions. This effect is
independent of the nature of the agent used to alter surface density: temperature, cholesterol, and phospholipid
chain length were tested here. These observations support the recent statistical thermodynamic theory of
solute partitioning into chain molecule interphases, which predicts that the expulsion of solute is due to entropic
effects of the orientational ordering among the phospholipid chains. We conclude that the partitioning of
solutes into bilayer membranes, which are interfacial phases, is of a fundamentally different nature than
partitioning into bulk oil and octanol phases.

T. partitioning of solute molecules into lipid bilayers and
biological membranes is the basis for drug and metabolite
uptake and passive transport across membranes and may be
involved in the molecular mechanism of anesthetic drug action.
In related interfacial phases, where short chains are likewise
confined at high density to an interface, solute partitioning
processes underly micellar stability and catalysis and selectivity
and retention in reverse-phase liquid chromatography (Dill,
1987).

*This work was supported by grants from the PEW Foundation and
the NIH.

*Supported by NIH Training Grant GM07175.

This partitioning process has often been characterized with
bulk thermodynamic models as though bilayer membranes
were identical with bulk phases. Lipid bilayer membranes,
however, have high surface to volume ratios, they are inter
facial phases of matter. In interfacial phases physical prop
erties vary with distance from the interface. In contrast, in
bulk phases physical properties are uniform throughout. For
example, there is a gradient of chain disorder in the hydro
carbon core of the bilayer: the surfactant chains are most
highly aligned near the headgroups, and the order diminishes
with distance toward midbilayer (Hubbell & McConnell, 1971;
Seelig, 1977; Dill & Flory, 1980). Moreover, the chain or
dering of the bilayer phospholipids increases with surface
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density. Properties of interfacial phases depend on surface
density whereas properties of bulk phases do not.

These structural differences between bilayers and other
interfacial phases and bulk phases such as oil or octanol should
be manifested as differences in the nature of solute partitioning
into them. Recent theory (Marqusee & Dill, 1986) has pre
dicted the following: (i) There will be an equilibrium gradient
of solute concentration in the bilayer in contrast to the uniform
distribution expected in a bulk phase; this prediction is con
sistent with neutron scattering experiments (White et al., 1981)
and experiments on planar bilayers (Andrews et al., 1970;
Brooks et al., 1975; White, 1977). (ii) The partial chain
ordering should disfavor solute retention in the bilayer relative
to amorphous bulk phases. (iii) The solute uptake should
decrease significantly with increased surface density of the
chains. There is some suggestive, but indirect, evidence in
support of the latter two conclusions. The partition coefficients
of many anesthetics into membranes are 2-15-fold lower than
their coefficients of partitioning into olive oil (Seeman, 1972).
Entropies of transfer of short-chain hydrocarbons (Miller et
al., 1977; Simon et al., 1977) and noble gases (Katz & Dia
mond, 1974) into bilayers are more negative than that of
transfer into amorphous hydrocarbon. Also, factors which
cause increased surface density of the bilayer, such as de
creasing the temperature through T.,' the main phase tran
sition temperature of the phospholipid (Antunes-Madeira &
Madeira, 1985; Luxnat & Galla, 1986; Simon et al., 1979),
or incorporation of cholesterol above T. (Antunes-Madeira,
1985; Luxnat & Galla, 1986; Miller & Yu, 1977; Miller et
al., 1977; Simon & Gutknecht, 1980; Simon et al., 1977; Smith
et al., 1981), lead to lower partition coefficients. The pio
neering work of Simon and co-workers laid the groundwork
for the present studies.

Here we have undertaken a systematic experimental in
vestigation of the coefficient of partitioning of benzene from
an aqueous medium into various bilayer membranes as a
function of their surface densities. A simple *H NMR method
is used for the measurement of bilayer surface density. A
similar approach has previously been reported by Seelig and
others (Schindler & Seelig, 1975; Seelig & Seelig, 1974). We
control the surface density using temperature, phospholipid
chain length, and the incorporation of cholesterol. The ex
periments show that benzene partitioning decreases by an order
of magnitude with increasing surface density over a range of
surface densities readily accessible to biological membranes.
We also show that this solute expulsion is increased by in
creased surface density of the chains and is independent of the
nature of the agent used to control the surface density.

MATERIALS AND METHODS

Materials. Dilauroylphosphatidylcholine (DLPC), di
myristoylphosphatidylcholine (DMPC), and dipalmitoyl
phosphatidylcholine (DPPC), which were protiated or per
deuteriated along the acyl chains, and protiated egg phos
phatidylcholine (egg PC) were purchased from Avanti Polar
Lipids and used without further purification. Cholesterol was
obtained from Sigma, and ultrapure octane, hexadecane, and
benzene were obtained from Aldrich. [U-"C]Benzene was
purchased from Amersham Corp. (spact. 50-125 mci/mmol)

| Abbreviations: Tº phospholipid main phase transition temperature;
egg PC, egg yolk phosphatidylcholine; DLPC, dilauroylphosphatidyl
choline; DMPC, dimyristoylphosphatidylcholine; DPPC, dipalmitoyl
phosphatidylcholine; EDTA, ethylenediaminetetraacetic acid. Xaº, mole
fraction cholesterol; K, mole fraction partition coefficient; MLVs, mul
tilamellar vesicles.
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and diluted with benzene to a specific activity of approximately
10° cpm/ul.

Vesicle Preparation. Protiated multilamellar vesicles
(MLVs) were prepared by coevaporating phospholipid and
cholesterol (0–40 mol%) followed by a 2-h vacuum evacuation.
The lipid was rehydrated with 0.1 M NaCl and 10 “M EDTA
to a concentration of 50 umol/mL total lipid. The lipid was
then vortexed 5 min above Tº, incubated above T for 16 h,
and stored at 5 °C under nitrogen. No dependence on incu
bation time (1–24 h), cycling through Tº or alternate MPV
preparation (Gruner, 1985) was seen in the partition coeffi
cient, K. Phospholipid concentration was determined by a
modified Bartlett phosphate assay (Bartlett, 1959).

Perdeuteriated DLPC, DMPC, and DPPC MLVs were
prepared in the same manner as the protiated MLVs except
the lipid was resuspended in 0.1 M NaCl-10" M EDTA in
*H-depleted water. The MLVs were centrifuged for 10 min
at 15000 rpm and resuspended to remove small vesicles which
would give an isotropic NMR signal.

Measurement of Surface Density. The area per phospho
lipid molecule was determined by deuterium NMR. We
placed 0.4 mL of 10–20 umol/mL perdeuteriated phospholipid
with 0–40 mol % cholesterol in the cylindrical solid sample
cell, 8 mm diameter × 23 mm. Spectra were taken at 46.07
MHz in a GE GN300 spectrometer interfaced with a Nicolet
Model 2090 fast digitizer. A Fourier transform quadrupolar
echo technique (Davis et al., 1976) with 3.5-gs 90° pulses
separated by 50-us delays was used to obtain a powder pattern
in 1000–2400 acquisitions. The spectral width was 500 kHz,
corresponding to a dwell time of 1 us. A total of 4K data
points were collected, and the FID was left shifted to the top
of the echo. There were no phase-shift errors between the
transmitter and receiver signals. Spectra were collected be
tween 10 and 55 (+1)*C. Thermal equilibration was achieved
within 10 min of temperature changes. The average surface
density from two or more determinations is reported; errors
were within 3% of the mean value. The normalized surface
density o is reported, being defined as the ratio of the area
per phospholipid molecule in the crystal, Ao = 40.8 Å’, to the
area per phospholipid, A.

*H NMR is commonly used to determine the order param
eter profile of the acyl chain methylene groups in the bilayer.
The plateau value of this profile can be used to calculate
surface density, as shown below. The premise is that there
is a direct relationship between the surface density and the
chain organization, characterized by the order parameter
profile. This premise is supported by experiments of Mely et
al. (1975). They have shown that two potassium laurate
bilayer preparations of different hydration and at different
temperatures, but with the same area/molecule, have the same
order parameter profiles. The disorder gradient can also be
predicted from surface density and chain length (Dill & Flory,
1980). The surface density of the bilayer phospholipids can
be determined from the maximum quadrupolar splitting in the
*H NMR spectrum, which corresponds to the plateau value
of the order parameter (Davis, 1979). We do so as follows.
In a powder pattern the separation between peak maxima, the
quadrupolar splitting (Avo), is related to the molecular order
parameter Smol by (Seelig, 1977)

3■ e”qQ
Avo * {(#)- (1)

Sme is related to the C-D bond order parameter ScD by Smol
= -2Scp. Smºl is defined in terms of 8, the angle between the
midpoint of the C–C bond of interest in the acyl chain and
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the bilayer normal (Seelig, 1977):
3 (cos’ 8) – 1

Smo " —- (2)
The relationship between (cos' 3) and a is established through
use of the lattice theory of chain packing (Dill & Flory, 1980;
Dill, 1984). Accordingly, chain bonds are classified as either
approximately parallel (|) with the bilayer normal (8 = 0°)
or perpendicular (L) to it (8 = 90°). Therefore, the ensemble
average at depth z from the interface is simply
(cos' 3), *

(no. of || bonds), cos’ 0° + (no. of L bonds), cos’ 90°
(no. of | bonds), + (no. of L bonds),

(3)
(|),

=-

(l), + (L),
the fraction of all bonds at depth z which are parallel, since
cos' 90° = 0 and cos’ 0° = 1.

According to the theory (Dill & Flory, 1980; Dill, 1984),
pi * prºte, is calculated as the solution to
(1-p))" + (1-p))" + (1 - pl)” +...+ (1 – pl) +

1 = 1/q (5)
where n is the number of segments per chain. For chains of
sufficient length that a plateau in the order exists, we can use
the approximation 1 + x + x* + x2 + ... + x" = 1/(1-x),
and eq 5 simply becomes

-
1/p) = 1/a (6)

Combining eq 4 and 6 leads to

= p, (4)

Ao
(cos’ 8)ruteau = 0 = Z■ (7)

Taking the value of e”qQ/h = 170 kHz (Burnett & Muller,
1971), the normalized surface density is thus given in terms
of the plateau region quadrupolar splitting as

2 1 16■ A*Q(plateau) 1

• - 5s. * : - ; #): (8)
where Avogatau) is the maximum quadrupolar splitting in the
spectrum. The molecular areas determined in this manner are
comparable to those determined by X-ray diffraction mea
surements as described below. Hence, we adopt the combi
nation of *H NMR and eq 8 above for the purpose of deter
mining surface densities of the bilayer phospholipids.

Calculations of phospholipid areas from *H NMR quad
rupolar splittings have previously been reported (Schindler &
Seelig, 1975; Seelig & Seelig, 1974). However, those com
parisons are derived from the use of an empirical model
(Mar■ elja, 1974) inappropriately based on the assumption that
anisotropic attractions are responsible for chain organization
[for a discussion of this assumption, see Dill (1984), Gelbart
and Gelbart (1977), and Warner (1980)] and based on the
use of an adjustable parameter to fit the order parameters.
The approach outlined here does not require free parameters
and is based on the more appropriate physical model that
anisotropy arises from steric repulsions.

Partition Coefficient. A gas-phase equilibration of radio
labeled benzene, in the simple bottle system shown in Figure
1, was used to determine benzene partition coefficients. This
method is similar to others previously published (Wishnia &
Pinder, 1966; Simon et al., 1982). We placed 3 mL of H2O
and two glass vials containing a small magnetic stir bar and
250 ul of either 0.1 M NaCl-10 “M EDTA or MLVs in the
same aqueous solution into a 70-mL glass bottle with a
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"C-benzene
vapor

salt
solution

MLV solution magnetic
stir bar

water

FIGURE 1: Experimental apparatus used to measure partition coef
ficients. The vesicle solution and corresponding aqueous solution are
each placed in a glass vial along with a magnetic stir bar. Water
surrounds the vials to facilitate equilibration with the external water
bath. Radiolabeled benzene is pipeted into the bottle and equilibrates
through the vapor phase. A TFE-lined cap prevents vapor leakage
The bottles are placed on a magnetic stirrer, submerged in a water
bath, and incubated at fixed temperature.

TFE-lined cap to prevent gas leakage. There was no depen
dence of K on the volume of solution inside the vials, up to
500 ul. In experiments above 35 °C, the bottle and water
were preequilibrated to saturate the gas phase with water. For
oil/water partitioning, 250 ul of the water-saturated oil or
oil-saturated water was placed in the vials. A small volume
(0.25-36 ul) of the radiolabeled benzene was pipetted onto
the side of the glass bottle which was then quickly capped. To
avoid oxidation of its unsaturated acyl chains, egg PC studies
were done under nitrogen. The bottles were stirred on a 15
position magnetic stirrer submerged in a water bath. Equi
librium was reached within 2 or 4 h for samples above and
below the T of the pure phospholipid, respectively, regardless
of the cholesterol concentration. For the lowest temperatures
in DMPC and DPPC, stirring was intermittent to prevent
foaming of the lipid. For oil/water partition coefficients
samples were equilibrated for 6 h.

An aliquot was sampled from each vial and transferred
directly into scintillation fluid. The aliquots cannot be placed
into the scintillation vial first with later addition of scintillation
fluid as this causes benzene to adsorb irreversibly to the glass
surface of the scintillation vial. Mole fraction partition
coefficients were calculated after correction for the cpm in the
aqueous fraction of the MLV solution; lipid densities were
taken from Nagle and Wilkinson (1978). Mole fraction
partition coefficients are only appropriate for solute molecules
whose size is the same as that of the solvents. However, it is
currently unclear what lipid volume is appropriate to use in
the volume fraction partition coefficient. The benzene dis
tribution within the membrane likely changes with surface
density (Marqusee & Dill, 1986). Moreover, surface ad
sorption can also contribute to partitioning. Therefore, some
headgroup region, in addition to the hydrocarbon core, may
be the relevant partitioning volume. Statistical thermodynamic
theory is presently being developed to define the appropriate
concentration variable for bilayer systems with solute and
solvent molecules of different size (Naghizadeh and Dill,
unpublished results). Little benzene is lost during sampling
as determined by (i) investigation of the time dependence of
sampling and (ii) the correspondence with literature values
(see below) of partition coefficients and the Henry's law
constant for benzene in water.

The dependence of K on benzene concentration was de
termined for DMPC at 5, 15, and 30 °C, DMPC with 15 and
40 mol % cholesterol at 10 and 40 °C, and egg PC and DPPC
at 25 °C. For comparison with surface densities obtained in
the corresponding perdeuteriated MLVs, the temperature
dependence of partitioning was studied in DLPC, DMPC, and
DPPC MLVs with 0–40 mol % cholesterol in the temperature
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Table 1 Comparison of Phospholipid Molecular Areas Determined by *H NMR and X-ray Diffraction
area/phospholipid (A*)

*H NMR X-ray diffraction"
Schindler & Lewis &

Seelig Janiak et al. Engelman
phospholipid temp (°C) this study” (1975). (1976, 1979) Lis et al. (1982) (1983)* Hui & He (1983)

DLPC 25 7] 69 66
DMPC 10–15 50

25 67 59 65
35 70 62 66 61,' 66/
45 72 62

DPPC 25 49 52
41 59
45 68 (64) 67 66
50 69 (67) 61 68 71
55–57 71 (69) 63 69
64 70

*Phospholipid areas for MLVs in excess water (except Lewis and Engelman), calculated from the equations of Rand et al. (1975). *Values in
parentheses calculated from eq 8 and the average Sme of C2–C9 from Seelig and Seelig (1974). “Areas calculated from the equations of Schindler
and Seelig (1975) and the *H NMR data of Seelig and Seelig (1974). "Data for small unilamellar vesicles in excess water. Specific hydration data
not needed with their method. “Calculated from the hydration data of Janiak et al. (1976). JCalculated from the hydration data of Lis et al. (1982).

range 10–55 °C. The mole fraction of benzene in the lipid
was so.025 in these studies. This gives K values within ex
perimental error of their projected infinite-dilution values.
Benzene partition coefficients at this “infinite dilution" value
are compared with surface densities determined in the per
deuteriated phospholipid at the same temperature and cho
lesterol concentration with no benzene present.
RESULTS AND DISCUSSION

Surface Density Determination. Representative powder
patterns for perdeuteriated DMPC, 30 mol % cholesterol, at
11 and 50 °C are shown in Figure 2. It is evident from the
figure that Avo decreases with increasing temperature, indi
cating a decrease in the ordering or increase in the area per
phospholipid molecule. Below the main phase transition
temperature of the pure phospholipid, a broadened "H NMR
spectrum is obtained which is not interpretable by our analysis.
The addition of cholesterol below the T. disorders the mem
brane to an extent that results in a powder pattern. Therefore,
surface densities can be determined below T. only if cholesterol
is present.

Our values of order parameters are in agreement with those
previously measured. The reported plateau value of Smol =
0.40 for perdeuteriated DPPC at 45 °C (Davis, 1979) agrees
well with the value of 0.395 obtained in this study. Our
observation that the main phase transition temperature of the
perdeuteriated phospholipid is 5° lower than that of the pro
tiated lipid also agrees with earlier studies (Peterson et al.,
1975). The quadrupolar splittings obtained in this study
correspond closely to those obtained by Jacobs and Oldfield
(1979) for [3',3'-D,) DMPC labeled on the sn-2 chain at sim
ilar temperatures and cholesterol concentrations.

Shown in Figure 3 is the dependence of the normalized
surface density on temperature and cholesterol concentration
for DLPC, DMPC, and DPPC. The surface density is ob
served to increase with increasing cholesterol concentration
and to decrease with increasing temperature over a range of
a = 0.53–0.91 at temperatures above T. High surface den
sities with little dependence on cholesterol concentration are
seen below T.

Comparison with X-ray Diffraction. To confirm the validity
of the *H NMR technique for determining the average
phospholipid area, A, a comparison was made with X-ray
diffraction data in the literature; these data are shown in
Tables I and II. X-ray d spacings are consistent among
investigators. However, when reported, the lipid weight

<- *"opletes. ->

Å 10 °C

TT I T T

60000 4000c 20000 c -20000 -40000 -60CCC ºr

\ 50 °C

—I IT T
60000 40000 20000 o -20000 -40000 -600CC ºr

FIGURE 2: Representative *H NMR quadrupolar echo powder patterns
of perdeuteriated DMPC with 30 mol % cholesterol at 10 and 50 °C
Avoriata), the quadrupolar splitting between the outermost peaks.
decreases with increasing temperature corresponding to decreased order
of the acyl chains. Symmetrical spectra were obtained by reflecting
about the central frequency.

fractions at full hydration, necessary to calculate A, are highly
variable. The equations of Rand et al. (1980) are used to
calculate area per phospholipid molecule from the measured
d spacings and lipid hydration. The data of Lewis and En
gelman (1983) are for sonicated vesicles. The technique they
used did not require that the weight fraction of the lipid be
known.
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Table II Comparison of Phospholipid Areas Determined by *H NMR and X-ray Diffraction for Cholesterol-Containing Membranes below T.
area/phospholipid (A*)*

X-ray diffraction"
phospho- temp *H NMR Lis et al Ladbrooke & Hui &

lipid (°C) *** (this study) (1982) Chapman (1968) He (1983)
DMPC 10 0.1 (52)

0.2 46 (55)
DPPC 25 0.1 49 41 (51)

0.2 46
0.4 46 42 (57)
0.5 60 43 (60)

*Area per phospholipid only. Area from associated cholesterol molecules has been subtracted (see text). Phospholipid areas for MLVs in excess
water calculated from the equations of Rand et al. (1975). "Area values in parentheses calculated with a hydration value of 0.42 (see text)
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FIGURE 3: Normalized surface densities, determined with *H NMR,
as a function of cholesterol mole fraction at various temperatures:
DLPC at (E) 20, (x) 29, (D) 45, and (a) 55 °C; DMPC at (@) 11,
(º) 25, (x) 30, (-) 35, (O) 40, (D) 45, and (+) 50 °C; and DPPC
at (x) 30, (D) 45, (+) 50, and (A) 55 °C. The main phase transition
temperatures, T., of the pure phospholipids are 0, 23.5, and 41.5 °C
for DLPC, DMPC, and DPPC, respectively. Above Tº surface density
increases with increasing cholesterol concentration and decreasing
temperature. Below Tº surface density changes little with cholesterol
concentration.

As shown in Table I, the areas determined by X-ray dif
fraction and *H NMR, for pure DPPC above Tº, are in ex
cellent agreement. With DLPC and DMPC the NMR areas
are consistently larger than the X-ray values. However, they
appear to be within the experimental error over the range of
X-ray diffraction values reported. The DMPC and DPPC
thermal area expansion coefficients, c, - AA/(AAT), above
T. are 3.6 x 10° and 4.3 × 10^**C', respectively, in this
study and 2.8 x 10° and 3.1 x 10^**C', respectively, for the
X-ray data of Janiak et al. (1976). Using a micromechanical
technique, Evans and Kwok (1982) obtained a comparable

40+ T T —r T T

0.0 0.1 0.2 0.3 0.4 0.5

X chol

FIGURE 4: Areas per phospholipid molecule vs cholesterol concentration
determined by X-ray diffraction and *H NMR: *H NMR areas for
DMPC at (•) 35 °C; X-ray diffraction areas for (D) egg PC at
ambient temperature and 35% H2O (Lecuyer & Dervichian, 1969),
(x) DMPC at full hydration at 35 °C (Hui & He, 1983), and (m)
DPPC at full hydration at 45°C (0% cholesterol (Janiak et al., 1976):
10% cholesterol (Rand et al., 1975)]. The trend in area per molecule
is similar for all lipids and temperatures shown.

value of 4 x 10^**C-" for DMPC above T.
Also shown in Table I are the DPPC areas calculated from

the *H NMR quadrupolar splittings of Seelig and Seelig
(1974) using the equations of Schindler and Seelig (1975).
For this purpose Smol is taken to be equal to -2Sco. Their
method correctly calculates the change in phospholipid area
with temperature, c, - 3.2 x 10^**C' but does not accurately
predict the phospholipid areas. The Smol values in the plateau
region of the Seelig and Seelig (1974) study are somewhat
larger than those obtained in this work. Included in par
entheses in Table I are area values determined with eq8 and
the mean Smol value of the plateau region C2-C9 carbons from
the Seelig study. The more rigorous calculation presented here
appears to be better able to determine phospholipid areas from
*H NMR data.

Figure 4 shows the dependence of phospholipid area on
cholesterol concentration from X-ray diffraction measurements
for DMPC at 35 °C (Hui & He, 1983), DPPC at 45 °C
(Janiak et al., 1976; Rand et al., 1975), and egg PC at ambient
temperature (Lecuyer & Dervichian, 1969) and our NMR
areas for DMPC at 35 °C. These are areas per phospholipid
molecule; the area from associated cholesterol molecules has
been subtracted in the manner of Rand et al. (1975) with 37
A” as the area per cholesterol molecule (Lecuyer & Dervic
hian, 1969). For the DMPC and DPPC bilayers containing
cholesterol, the value of the weight fraction of lipid, c, at full
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hydration was taken to be 0.58 for all cholesterol concentra
tions. Lis et al. (1982) found c to be 0.58 for DPPC/chole
sterol at 1:1 and 8:1 mole ratios and 0.60 for egg PC/chole
sterol at 1:1, all at 25 °C. Hydration data for pure and
cholesterol-containing phospholipids has also been collected
by Elworthy (1962) and Jendrasiak and Mendible (1976).
Their c values tend to match each others but are larger than
those of Janiak et al. (1976) and Lis et al. (1982). The egg
PC/cholesterol bilayers at ambient temperature contain 35%
water, less than full hydration (Lecuyer & Dervichian, 1969).
Above the T of the pure phospholipid, the correlation of the
NMR areas with those of X-ray diffraction is reasonably good
for cholesterol-containing membranes. For DMPC the NMR
areas are slightly higher than those of Hui and He (1983).
However, the overall trend for all the phospholipids and both
techniques is similar.

Below Tº only areas from cholesterol-containing membranes
can be calculated from *H NMR. The correlation of the
NMR and X-ray diffraction data at these temperatures is
shown in Table II. The NMR data lie within the range of
the X-ray literature values, but little change is seen in the
NMR areas on increasing the cholesterol concentration from
20 to 40 mol %, in contrast to the X-ray diffraction areas.
However, the variation in hydration values between investi
gators again makes interpretation difficult. Some difference
may result from the inability of the NMR technique to account
for chain tilt below T. Note, however, that this discrepancy
does not obstruct our ultimate purpose of correlating benzene
partitioning with surface density, inasmuch as only the highest
surface densities, above 0.89, are from bilayers below T.
Areas for egg PC/cholesterol membranes were not calculated
from the *H NMR data of Stockton and Smith (1976) for
comparison with the X-ray diffraction data of Lecuyer and
Dervichian (1969). There is evidence that the deuteriated fatty
acid probes used in the NMR study significantly alter bilayer
properties (Pauls et al., 1983).

Subject to the caveats above, the correlation of phospholipid
areas determined by X-ray diffraction and *H NMR is quite
good. Also, the trends in the areas derived from *H NMR
as a function of temperature and cholesterol are consistent with
those of X-ray diffraction. We use the areas so determined
in the following comparison of benzene bilayer partitioning
with surface density.

Partitioning Experiments. We have measured the bulk
phase partitioning of benzene between water and several
amorphous hydrocarbons for comparison with other experi
ments reported in the literature. The partitioning of benzene
from water to benzene at 25 °C was determined to be 2397
+ 279 (SD) which is in good agreement with values of 2493
and 2425 reported respectively by McAuliffe (1986) and Gill
et al. (1976). The partition coefficients for benzene between
octane and water and between hexadecane and water at 25
°C are 1494 + 14 and 1993 + 34, respectively. The larger
partitioning into hexadecane is expected, on the basis of
Flory-Huggins theory, due to the larger volume of the hexa
decane molecule (Fung & Higuchi, 1971; De Young and Dill,
unpublished results). Reported values for benzene n-alkane/
water partition coefficients at 20–25 °C are as follows:
hexane/water, 1006 (Ben-Naim & Wilf, 1979) and 2057
(Sekine et al., 1973); heptane/water, 1594 (Suzuki et al.,
1982); hexadecane/water, 1500 (Simon et al., 1982). The
volume fraction partition coefficients of these investigators were
converted to mole fraction units by assuming a low benzene
concentration. Our data fall within this wide range of values.
All our data were collected in the Henry's law region. If the
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FIGURE 5: Dependence of membrane/water partition coefficients on
the mole fraction of benzene in the lipid phase for various lipids and
temperatures: DMPC at (x) 5, (e) 15, and (A) 30 °C, DPPC at
(D) 25 °C; egg PC at (s) 25 °C. For lipids above their T.'s, K
decreases linearly with increasing benzene concentration. Below Tº
K shows a strong positive on benzene concentration. Large
deviations of K from its infinite-dilution value are seen at higher
benzene concentrations.

benzene pressure in the bottle partitioning system is calculated
with the ideal gas law, assuming no benzene is lost, then the
Henry's law constant is KH = 330 + 30 atm at 25 °C. This
agrees with literature values of 305-360 atm (Hine &
Mookerjee, 1975; Pierotti, 1965; Simon et al., 1982).

Concentration Dependence of Partitioning. The concen
tration dependence of benzene partitioning into phosphati
dylcholine vesicles at various temperatures is shown in Figure
5. Mole fraction partition coefficients are reported as a
function of the mole fraction of benzene associated with the
lipid phase. It is evident that temperature and phospholipid
type have a significant effect on the concentration dependence
of partitioning. Egg PC at 25 °C (T = -10°C) and DMPC
at 30 °C (T = 23 °C), both above their Tº's, show a decrease
in K with increasing benzene concentration. In contrast, in
DMPC at 15 °C the partition coefficient increases with
benzene concentration. The addition of a large enough
quantity of benzene causes melting of the frozen bilayer. This
has also been observed previously with Raman spectroscopy
(Szalontai, 1976). In DMPC at 5 °C and DPPC at 25 °C
(T = 41 °C) a very rapid rise in K is seen at very low benzene
concentrations. This may be the result of benzene interacting
in the headgroup region at the hydrocarbon/water interface
of the vesicle, rather than a result of partitioning into the
hydrocarbon core. The existence of this strong concentration
dependence and the inability to obtain the surface density of
these pure phospholipid systems below their Tº's directly from
the *H NMR spectra suggest that these systems cannot be
analyzed by the methods we have used here. We do not
include these data in subsequent figures. DMPC MLVs
containing 15 and 40 mol % cholesterol showed no concen
tration dependence of partitioning at 10 or 40 °C, temperatures
below and above the T. of the pure phospholipid (data not
shown). We believe an error in the report of Simon et al.
(1982) leads to their partition coefficients not appearing to
agree with our infinite-dilution values. They reported that the
partial pressure of benzene was about 30 mmHg for most of
their experiments and that the mole fraction of benzene in the
lipid was quite small, approximately 0.1. These statements
are inconsistent with each other. Using their reported Henry's
law constant for benzene of 360 atm at 25 °C, the mole
fraction of benzene in water would be 1.1 x 10". They report
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the partition coefficient of benzene into egg PC at 25 °C to
be 3120. The mole fraction of benzene in the lipid in their
experiments is therefore approximately 0.34, rather than 0.1.
At this benzene concentration in the lipid, our partition
coefficient into egg PC is 3200, which agrees with their value
at that same concentration. However, we find the partition
coefficient at in■ inite dilution to be 4600, which implies that
their infinite-dilution concentration is somewhat too high and
leads to underestimation of the true infinite-dilution partition
coefficient. DLPC and DMPC partition coefficients also agree
with those reported by Simon et al. at similar benzene con
centrations in the lipid phase. This does not, however, explain
the difference between our strong dependence and their lack
of a dependence of K on benzene concentration for DPPC at
25 °C.

For reasons evident in Figure 5, it is very important that
partition coefficients be measured at, or extrapolated to, in
finite dilution. We have found that for mole fractions <0.025
of benzene in the lipid the value of K is within the limits of
experimental error of the infinite-dilution value. Therefore,
in all subsequent experiments mole fractions of benzene in the
lipid phase are so.025. There is no concentration dependence
in the bulk phase partitioning of benzene between hexadecane
and water.

Cholesterol and Temperature Dependence of Partitioning.
Benzene partitioning into DMPC membranes increases by
approximately a factor of 8 when the temperature is increased
from 5 to 30 °C, through Tº as shown in Figure 5. This large
change in partitioning on passing through the main phase
transition ■ emperature has been seen for several solutes, in
cluding hexane (Simon et al., 1979), lindane (Antunes-Ma
deira & Madeira, 1985), and chlorpromazine (Luxnat &
Galla, 1986). This increase in partitioning is too large to be
accounted for entirely by changes in oil or water solubilities;
it must be largely due to the change in chain organization of
the phospholipids.

The seemingly puzzling observation that benzene uptake into
the bilayer at low surface densities is higher than that into oil
(comparing the membrane/water partition coefficient to twice
the oil/water partition coefficient, due to the pair of acyl chains
per phospholipid) is readily explained by the propensity for
benzene to adsorb at the headgroup interface (Ward et al.,
1986). It has been shown that interfacial interactions
[characterized by g in the Marqusee and Dill theory (1986)]
can lead to very large concentration enhancements if the solute
prefers the interface to either the aqueous or hydrocarbon
environment. This difference in partitioning may also be due
to molecular size and shape differences.

The partitioning of benzene into DLPC, DMPC, and DPPC
MLVs as a function of cholesterol concentration is shown in
Figure 6 for various temperatures. In each lipid, increased
cholesterol concentration results in a decreased benzene par
tition coefficient at all temperatures above T. Below T. little
change in K is seen with cholesterol addition. Figure 6 also
shows that partition coefficients are decreased by as much as
a factor of 5 on addition of 40 mol % cholesterol. Our data
were too limited to interpret the effect of cholesterol concen
tration on the AH and AS of transfer. DMPC and DPPC
show increasing and then decreasing AH and AS values with
increasing cholesterol concentrations whereas in DLPC AH
and AS change little with cholesterol (data not shown).

Partitioning vs Surface Density. The principal purpose of
these experiments is to determine the dependence of the in
finite-dilution partition coefficient on the surface density of
the bilayer chains. Temperature, cholesterol, and phospholipid
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FIGURE 6: Dependence of the membrane/water partition coefficient
of benzene on mole fraction of cholesterol in the membrane at various
temperatures: DLPC at 20, 30, 45, and 55 °C; DMPC at 10, 25,
35, and 45 °C; DPPC at 30, 45, and 55 °C. Standard deviations are
shown. Symbols are the same as those used in Figure 3. Benzene
partitioning decreases with increasing cholesterol concentration at
all temperatures above Tº for each of the phospholipids. Below T.
a small partition coefficient with little dependence on cholesterol
concentration is seen.

chain length were varied to obtain normalized surface densities
between 0.53 and 0.91. In Figure 7 the dependence of K on
surface density is shown for DLPC, DMPC, and DPPC. Each
data point is the average of three or more samples; the error
bars are standard deviations. In all three lipids, K decreases
with increasing surface density. Increased chain ordering
results in solute exclusion. It is clear that the effect of mem
brane surface density on partitioning is large; K decreases
approximately 10-fold with a change in surface density from
0.5 to 0.9. Irrespective of whether the ordering agent was
temperature or cholesterol, the same dependence of K on
surface density is observed. In that regard, we have no evi
dence of specific association of benzene with the cholesterol
molecules. This point is made more clearly in Figure 8, a
composite of the three curves in Figure 7. The DMPC and
DPPC data are superimposable over the entire range of surface
density; the DLPC data are superimposable at surface densities
above 0.65. DLPC differs from DMPC and DPPC at low
surface densities; this may be due to a different DLPC physical
structure. DLPC has a hydrocarbon chain length of 12, near
the minimum length necessary to form bilayers. Near T. the
behavior of DLPC bilayers differs from that of DMPC and
DPPC (Morrow & Davis, 1987). There is some evidence from
permeability studies that cholesterol must be added to DLPC
bilayers to stabilize them (Hauser & Barratt, 1973; Kitagawa
et al., 1976). There was no evidence in our surface density
determinations that DLPC deviated from the trends in DMPC
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noume 7: Effect of surface density on the membrane/water partition
coefficient of benzene: DLPC at 20, 30, 45, and 55 °C; DMPC at
10, 25, 35, and 45 °C; DPPC at 30, 45, and 55 °C. Symbols are the
same as those used in Figures 3 and 6. Benzene partitioning decreases
with increasing surface density for each of the three phospholipids.
In DMPC and DPPC the trend is similar; K is smaller in DLPC at
low surface densities. The dependence of K on surface density is the
same irrespective of whether temperature or cholesterol is used as
the ordering agent.

or DPPC, even at low cholesterol concentrations. The cal
culated AH and AS of transfer for benzene partitioning into
DLPC (data not shown) do deviate from DMPC and DPPC,
but only at 20% cholesterol. It is important to notice that
although the partitioning of benzene into DLPC may differ
from that into DMPC and DPPC at low surface density, over
most of the surface density range, from a = 0.65 to a = 0.91,
data for all three lipids are superimposable. Therefore, the
dependence of the partition coefficient on surface density
appears to be a general physical property of the chain or
ganization, independent of whether the ordering agent is
cholesterol, temperature, or chain length.

CoNCLUSIONS

The partitioning of solutes into bilayer membranes is often
assumed to resemble the partitioning into a simple bulk oil
environment; that is, the membrane/water partition coefficient
is proportional to the oil/water partition coefficient. This
approach takes into consideration only the chemical interac
tions of the solute with the bilayer hydrocarbon interior. We
have demonstrated that this view neglects a second important
consideration, that bilayers are interfacial, not bulk, phases
of matter. Properties of interfacial phases depend on the
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surface DENsity

Floure 8: Composite of the data in Figure 7. Dependence of
membrane/water partitioning on phospholipid surface density: (*)
DLPC; (D) DMPC, and (Q) DPPC. It is clear that the relevant
physical variable is surface density and not cholesterol concentration,
temperature, or phospholipid chain length individually. Curves are
hand-drawn best fits meant only to guide the eye.

surface density of the chains; in infinite bulk phases surface
density plays no role. In particular, increased surface density
leads to increased alignment of the phospholipid chains normal
to the plane of the bilayer. One consequence is the predicted
entropic expulsion of solute with increasing surface density.
We have varied the surface density of the phospholipid mol
ecules through changes in chain length, temperature, and
cholesterol incorporation. We have measured the resultant
surface densities using a simple technique based on *H NMR
quadrupolar splittings. Surface densities determined in this
manner are comparable to those determined by X-ray dif
fraction. Using a simple gas-phase equilibration method for
radiolabeled benzene as solute, we have measured partitioning
as a function of the surface density of the phospholipid chains.
We observe that (i) solute partitioning decreases over an order
of magnitude as the reduced surface density increases from
0.5 to 0.9 and that (ii) the dependence of partitioning on
surface density is a general physical property of the system,
irrespective of the ordering agent. These observations are at
least in qualitative agreement with the principal predictions
of recent statistical thermodynamic theory (Marqusee & Dill,
1986) for solute partitioning into interfacial phases of chain
molecules.
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membrane/water partition coefficient; Kx, mole fraction partition coefficient;
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coefficient corrected for molecular size disparity; FH, Flory-Huggins.
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ABSTRACT

We have measured the partition coefficients for hexane between an

aqueous solvent and phospholipid bilayer membranes as a function of the

surface density of the bilayer chains. The surface density was varied by

temperature, phospholipid chain length, and the incorporation of cholesterol,

and was monitored by *H-NMR. We observe that increasing surface density

leads to expulsion of the solute: hexane partitioning decreases by a factor of 9

as the surface density of the bilayer chains increases from 50 to 90% of its

maximum value, a range readily accessible in biomembranes under

physiological conditions. This behavior is similar to that which we have

recently reported for benzene in bilayers. Therefore, the dependence of

partitioning on surface density appears to be a general property of the

organization of the bilayer chains. In order to evaluate the driving forces for

hydrophobic solute partitioning, we have also performed reference state

experiments on the partitioning of benzene from water into n-alkanes with 8

to 16 carbons. We find that Flory-Huggins theory satisfactorily corrects for

the molecular size differences in solute and solvents. Therefore, it is possible

to determine the relative contributions of the chemical and chain ordering

forces on partitioning into bilayers. The temperature dependence of

partitioning, at constant cholesterol concentration, shows that in addition to

the ordinary chemical driving force for partitioning among bulk phases,

there is also an entropic driving force which leads to expulsion of solute from

the bilayer as temperature is lowered. These dependencies on temperature and

on surface density support recent statistical thermodynamic theory which

predicts that this entropic driving force arises from the partial ordering of

the phospholipid chains normal to the bilayer plane.
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INTRODUCTION

Solute partitioning into lipid bilayers is important for many biological

phenomena. Examples include drug and metabolite uptake, passive transport

across membranes and possibly the molecular mechanism of anesthetic drug

action. In related interfacial phases, solute partitioning processes underly

micellar stability and catalysis, and selectivity and retention in reverse-phase

liquid chromatography (Dill, 1987).

Bulk thermodynamic models have often been used to characterize

partitioning into bilayer membranes. However, lipid bilayers differ from bulk

phases. They have high surface to volume ratios; they are interfacial phases.

In interfacial phases physical properties vary with distance from the

interface; in contrast, bulk phases are isotropic. For example, in the bilayer

the surfactant chains are most highly aligned normal to the interface near

the headgroups and the order diminishes near the chain ends (Hubbell &

McConnell, 1971; Seelig, 1977). In addition, the chain ordering of the bilayer

phospholipids increases with surface density. In contrast, the properties of

bulk phases are independent of interfacial properties such as the surface

density. Bulk phases are therefore poor models of bilayers and bulk

thermodynamic treatments must be amended to account for the interfacial

nature of the bilayer.

The structural differences between bilayers and other interfacial

phases, on the one hand, and bulk phases such as oil or octanol, on the other

hand, will be manifested as differences in the nature of solute partitioning into

them. Recent theory (Marqusee & Dill, 1986) has predicted that: (i) there will
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be an equilibrium gradient of solute concentration in the bilayer in contrast

to the uniform distribution expected in a bulk phase; this prediction is

consistent with neutron scattering experiments (White et al., 1981) and

experiments on planar bilayers (Andrews et al., 1970; Brooks et al., 1975; White,

1977), (ii) the partial chain ordering should disfavor solute retention in the

bilayer relative to amorphous bulk phases, and (iii) the solute uptake should

decrease significantly with increased surface density of the chains.

Many previous studies have shown bilayer partitioning to be dependent

on cholesterol concentration, temperature, or lipid type (Simon & Gutknecht,

1980; Colley & Metcalfe, 1972; Simon et al., 1979; Simon et al., 1982; Katz &

Diamond, 1974; Antunes-Madeira & Madeira, 1985, 1986, 1987; Miller et al., 1977;

Luxnat & Galla, 1986). For example, solute partitioning has been shown to

decrease dramatically on cooling through the main phase transition

temperature, Tcl,(Simon et al., 1979; Katz & Diamond, 1974; Dix et al., 1974; Ahmed

et al., 1981); bulk partitioning changes insignificantly in this temperature

range. Since the bulk density changes by only about 2% in this transition,

whereas the surface density changes by approximately 20% (Trauble &

Haynes, 1971), these results are more readily attributed to changes in

interfacial chain organization than to changes in attractive interactions.

Attractive interactions, in any case, should generally favor the opposite result,

solute uptake increasing with increased surface density. This more general

concept, that the individual dependencies of partitioning on temperature,

cholesterol, lipid type, etc., may simply be manifestations of the dependence

on surface density, has only recently been tested (De Young & Dill, 1988).

Studies on benzene bilayer partitioning in this laboratory have shown that

surface density is the principal underlying variable which relates changes in
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partitioning to changes in cholesterol concentration and temperature (De

Young & Dill, 1988). Benzene partitioning into the bilayer decreases

dramatically with increasing surface density. However, it could be argued that

this may not be solely a consequence of the bilayer chain organization since

benzene has some surface activity (Ward, 1986) which could complicate the

interpretation of the dependence of partitioning on surface density. In the

present investigation we therefore study hexane as a solute as it has been

observed to concentrate at the bilayer mid-plane. (White et al., 1981; Jacobs &

White, 1984). The partitioning of hexane should not be subject to large

interfacial effects and will therefore allow us to determine the generality of

the chain organizational effects on solute partitioning.

Here we have undertaken an experimental investigation of the

coefficient of partitioning of hexane from an aqueous salt solution into

various bilayer membranes as a function of their surface densities. The

experimental protocol is similar to that used previously for benzene (De Young

& Dill, 1988). The surface densities of these membranes have been determined

previously from 2H-NMR experiments (De Young & Dill). We control the

surface density by varying temperature, phospholipid chain length, and by

the incorporation of cholesterol. We observe that uptake into the bilayer is

diminished by nearly an order of magnitude with increased surface density,

independent of whether the solute is hexane or benzene.

MATERIALS AND METHODS

Materials
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Dilauroylphosphatidylcholine (DLPC), dimyristoylphosphatidylcholine

(DMPC), and dipalmitoylphosphatidylcholine (DPPC) were purchased from

Avanti Polar Lipids. The lipids were pure as determined by TLC and were used

without further purification. Cholesterol was obtained from Sigma and

ultrapure n-alkanes with 6 to 16 carbons from Aldrich. A custom preparation

of 3H-hexane was purchased from Amersham Corporation (sp act. 50

mCi/mmol) and diluted with hexane to a specific activity of approximately 105
cpm/ul. (U-14C)Benzene was also purchased from Amersham (sp act. 50

mCi/mmol) and diluted with benzene to a specific activity of approximately 105
cpm/|ll.

Vesicle Preparation

Multilamellar vesicles (MLV's) were prepared by co-evaporating

phospholipid and cholesterol (0-40 mol%) followed by a 2 hour vacuum

evacuation. The lipid was rehydrated with 0.1 M NaCl and 10-4 M EDTA to a

concentration of 50 plmol/ml total lipid. The lipid was then vortexed 5 minutes

above Tc, the lipid main phase transition temperature, incubated above Tc for

16 hours, and stored at 5 °C under nitrogen. Phospholipid concentration was

determined by a modified Bartlett phosphate assay (Bartlett, 1959). The

phospholipids were pure as determined by TLC.

Surface Density

The surface density and the length of the phospholipid acyl chains are

the principal independent variables which determine the chain organization.
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This is reflected, for example, in the disorder gradient of the bilayer

hydrocarbon region. Experiments of Mely et al. (1975) have shown that two

potassium laurate bilayer preparations of different hydration and at different

temperatures, but with the same area/molecule, have the same order

parameter profiles. The disorder gradient can be predicted from the surface

density and chain length of the phospholipid (Dill & Flory, 1980; Dill et

al., 1988). Here we define O, the normalized surface density, as Ao/A, where A is

the area occupied per phospholipid molecule and Ao is 40.8 X2, the area in the

crystal. This normalized surface density varies from 0 to 1; the value of 1

represents the completely ordered crystalline state. We determined the

surface density from deuterium NMR quadrupolar splittings in the plateau

region using the equation (De Young & Dill, 1988)

O = 16 *o■ plateau) + 1.
9 170 kHz 3

where AVO(plateau) is the maximum quadrupolar splitting observed in the

spectrum. This technique gives surface density values in agreement with X

ray diffraction values reported in the literature (De Young & Dill, 1988). Using

this 2H-NMR method, surface densities can be determined below Tc only in

cholesterol-containing vesicles. Below Tc, cholesterol disorders the

phospholipid chains resulting in normalized surface densities less than 1.

Partition Coefficients

The partitioning system has been previously described (De Young & Dill,

1988) and is similar to others previously published (Simon et al., 1982; Wishnia
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& Pinder, 1966). A gas phase equilibration of the radiolabeled hexane or

benzene was used to determine hexane and benzene partition coefficients. The

partitioning studies were done in the simple system shown in Fig. 1. Into a 70

ml glass bottle, with a TFE lined cap to prevent gas leakage, we placed 2 ml of

0.1 M NaCl and 10-4 M EDTA (hereafter called salt solution) and 2 glass vials,

each containing a small magnetic stirbar. In the bilayer/water partitioning

studies one vial contains 0.8 ml of the salt solution, the other vial contains 0.4

ml of MLV's in the same salt solution. There was no dependence of the mole

fraction bilayer/water partition coefficient, Kx, on the volume of solution

inside the vials; volumes up to 1 ml were tested. In experiments above 30 °C,

the bottle and salt solution were pre-equilibrated to saturate the gas phase

with water before introducing the vials to prevent the lipid concentration

from increasing due to the volatilization of the water in the MLV solution. A

similar technique was used for bulk hexane/water partitioning with vials

containing 0.4 ml water-saturated hexane or hexane-saturated water. 2 ml of

the hexane-saturated water surrounded the vials. A small volume of

radiolabeled hexane, 8-28 pil in the concentration dependence studies and 12 pil

in all other experiments, was pipetted onto the side of the glass bottle which

was then quickly capped. The solutions in the vials were stirred by placing

the bottles on a 15-position magnetic stirrer submerged in a water bath.

Equilibrium was reached within 6 hours in most samples but all samples were

equilibrated for 18 hours.

Experiments on the dependence of the oil/water partition coefficient of

benzene on n-alkane chain length were done in a similar manner. The n

alkanes octane, decane, dodecane, tetradecane, and hexadecane were studied.

The vials contained 0.3 ml of water-saturated alkane or alkane-saturated water.
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°H-hexane
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Fig. 1

Experimental apparatus used to measure partition coefficients. The vesicle solution

and aqueous salt solution are each contained in a glass vial along with a magnetic stir

bar. The salt solution also surrounds the vials to facilitate thermal equilibration with

the external water bath. Radiolabeled solute is pipetted into the bottle and

equilibrates through the vapor phase. A TFE-lined cap prevents vapor leakage. The

partitioning vessel is submerged in a water bath on a 15-position magnetic stirrer.
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2 ml of the alkane-saturated water surrounded the vials and 3 pil of the

radiolabeled benzene was equilibrated with the solutions which were not

degassed. Equilibrium was reached within 4 hours; vials were sampled after 6

to 18 hours.

During initial control experiments we found the solubility of hexane in

water to be an order of magnitude larger than well established values (Gill et

al., 1976; McAuliffe, 1966) A significant time dependence, leading to larger

hexane solubilities in water, was also observed in a time frame where these

other investigators found their systems to be at equilibrium. We determined

that these problems were caused by a time dependent degradation of the 3H -

hexane, during the experiment, to form a radiolabeled compound with a

solubility in water greater than that of hexane. This was the case for the 3H -

hexane prepared by Amersham Corporation and also for a 3H-hexane

preparation from Moravek Biochemicals. The chemical nature of the 3H -

contaminant is unknown. Amersham Corp. suggested that ethane and butane

were likely radiochemical self-decomposition products; this is consistent with

the observation that the hexane/water partition coefficient for the

contaminant was smaller than that for hexane.

We developed a column purification method to separate the 3H

contaminant from the 3H-hexane in the salt solution. This technique,

however, could not be used for the MLV solutions. A Bond Elut, 1 ml-C8 bonded

silica column, from Analytichem International, was used for the purification.

The column was prepared by an initial rinse with hexane, followed by a three

minute drying period, and subsequent rinses with 100% methanol, 55%

methanol/45% water and 100% water. During the column preparation and
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separation the column was not allowed to dry. An aliquot of 0.4 ml of the

equilibrated salt solution was removed from the vial in the partitioning vessel

and placed on the column. This was forced through the column with a syringe

followed by a rinse with 0.5 ml water and 3-5 rinses of 1 ml of 55% methanol to

remove the contaminant. The *H-hexane was eluted with 2-4 1-ml aliquots of

hexane. All rinse and elution fractions were counted for radioactivity. To

determine the efficiency of the column purification an aliquot of the

equilibrated aqueous sample was also transferred directly into scintillation

fluid. Total radioactivity recoveries were generally within 5% of the counts

applied to the column. Radioactive counts in the aqueous phase due to *H-

hexane were corrected to 100% recovery. An aliquot of the MLV solution was

also sampled and counted directly without column purification. The sampling

of each phase, transfer into scintillation fluid, and the transfer of the aqueous

phase aliquot onto the column required approximately 15 seconds.

Using this column purification procedure we measured the solubility of

hexane in water for comparison with literature values. The mole fraction of

hexane in water at 25 °C, at saturation, was determined to be 2.3 x 10-6,

corresponding to a partition coefficient of 4.5 x 10°. This value is in good

agreement with the generally accepted values of 4.75 x 105 and 5.1 x 105

reported by Gill et al. (1976) and McAuliffe (1966), respectively at 20-25 OC. The

agreement between our values and those in the literature indicates the success

of our purification method.

Partition coefficients were calculated as described below from the

number of radioactive counts and are reported in mole fraction units. Lipid

densities were taken from Nagle and Wilkinson (1978). The radioactive counts
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in the lipid phase were calculated by subtracting the radioactive counts in the

aqueous fraction of the MLV solution, both those due to the 3H-hexane and 3H

contaminants, from the total counts in the MLV solution. Since the identity of

the 3H-contaminant(s) is unknown it is difficult to determine the number of

counts which should be subtracted due to uncertainty about where the

contaminant partitions. If the contaminant is polar it may associate with the

polar headgroup region of the phospholipids. In the calculation of the mole

fraction of hexane in the aqueous phase only the radioactive counts from the

fractions which were eluted with hexane during the column purification are

used. These counts are due to 3H-hexane and not the contaminant. The 3H

hexane accounts for approximately 10% of the total counts in the aqueous

phase. The extent of adsorption or solubility of the contaminant in the bilayer

may vary with surface density. When the radioactive counts in the aqueous

phase are small in comparison with the MLV counts this problem would be the

source of little error. The radioactive counts in the aqueous phase (3H-hexane

and 3H-contaminant) as a percentage of the counts in the MLV phase are

approximately 10, 10, 15, 20, and 28% for MLV's with 0, 10, 20, 30, and 40%

cholesterol, respectively. Vesicles with larger cholesterol concentrations are

therefore potentially associated with errors as large as 20%, the extent of

which depends on the chemical nature of the contaminant. However, the

curve shape in the dependence of the partition coefficient on surface density

will be relatively insensitive to these errors at high cholesterol concentration

since the partition coefficients are smallest at these cholesterol

concentrations.

The dependence of the partition coefficient on hexane concentration

was determined for DMPC, DMPC/40% cholesterol, and DLPC/40% cholesterol at
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25 °C; and DMPC/40% cholesterol at 10 °C. For comparison with surface

densities determined by deuterium NMR in the corresponding perdeuterated

MLV's (De Young & Dill, 1988), the temperature dependence of partitioning was

studied in DLPC, DMPC, and DPPC MLV's with 0–40 mol% cholesterol in the

temperature range 10-55 °C.

RESULTS AND DISCUSSION

Concentration Dependence

To establish the infinite-dilution value of the partition coefficient it is

necessary to determine the concentration dependence of partitioning. The

concentration dependencies of hexane partitioning into phosphatidylcholine

vesicles at two temperatures and cholesterol concentrations are shown in Fig.

2. Mole fraction partition coefficients (Kx) are reported as a function of the

mole fraction of hexane associated with the lipid phase. Cholesterol

concentration has a significant effect on the hexane concentration

dependence. In the cholesterol-free DMPC membranes, Kx decreases with

increasing hexane concentration at 25 °C. In contrast, with 40% cholesterol,

DLPC at 25 OC and DMPC at 10 and 25 °C show an increase in Kx with hexane

concentration. It is evident from Fig. 1 that erroneous partition coefficients

will result from partitioning studies done at high hexane concentrations. In

the studies described below of the dependence of Kx on surface density,

deviations of the partition coefficients from their infinite-dilution values

increase with cholesterol concentration. This is a consequence of our having

introduced a constant volume, 3 ul, of 3H-hexane into the bottle partitioning
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system for all experiments, regardless of cholesterol concentration and

temperature. The resulting mole fraction of hexane is less than 0.07 in

cholesterol-free vesicles and less than 0.03 in MLV's with 40% cholesterol,

giving partition coefficients within 10% and 15-20% of their infinite-dilution

values, respectively. We assume that intermediate cholesterol concentrations

will have errors between these values. We also assume that the partitioning

behavior into DLPC, DMPC, and DPPC membranes is similar with regard to the

concentration dependence. The standard deviation of the partition

coefficients from their mean values is approximately 10%. At higher

cholesterol concentrations, the errors due to deviation of the partition

coefficients from their infinite-dilution values are slightly larger than errors

due to deviations from the mean value of Kx. However, these are both of

approximately the same magnitude as potential errors from the unknown

nature of the partitioning of the contaminant in the MLV solution as described

above. The errors are largest at high cholesterol concentrations, but these

partition coefficients are also the smallest. Overall, errors are in the range of

10-20%.

In previous work Simon et al. (1977, 1979) have studied the partitioning

of radiolabelled hexane into bilayers, although they did not explore the

dependence on bilayer surface density. Their results contrast with ours in

three respects: (i) their partition coefficients were an order of magnitude

smaller, (ii) they did not observe a concentration dependence of hexane

partitioning, and (iii) their partition coefficients decreased with increasing

temperature. We believe that the discrepancies between their results and ours

might be attributable to contaminants of the hexane in their experiments,

similar to those which we found prior to our purification procedure. We had
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also observed, prior to our purification step, partition coefficients that were

an order of magnitude smaller, with no concentration dependence, which

decreased with temperature. In addition, since we detected our contaminants

only through tests of oil/water partitioning and comparison with literature

values, and since Simon et al. did not report oil/water reference experiments

on their system, we believe that such contamination might not have otherwise

been obvious in their experiments. The agreement of our oil/water

partitioning values for the purified hexane with literature values gives us

confidence in the data reported here.

In the benzene oil/water partitioning studies there was no dependence

of Ko/w on the benzene concentration. Mole fractions of benzene in the

alkane up to 0.025 were tested.

47



Cholesterol and Temperature Dependence of Hexane Partitioning

The partitioning of hexane into DLPC, DMPC, and DPPC MLV's as a

function of cholesterol concentration is shown in Fig. 3 for various

temperatures. In each lipid, increased cholesterol concentration leads to a

decrease in hexane partitioning at all temperatures above Tc. Below Tc, little

dependence on cholesterol concentration is observed. Partitioning of hexane

decreases by as much as a factor of 5 upon incorporation of 40 mol%

cholesterol. At all cholesterol concentrations hexane partitioning increases

with temperature. Above Tc, Kx increases as much as 100% with an increase in

temperature of 35 °C. In contrast, the bulk hexane/water mole fraction

partition coefficient of hexane decreases approximately 20% as temperature

increases in the range of 10 to 55 °C (Gill et al., 1976). The principal effect of

temperature on partitioning into the bilayer must therefore be on the surface

density of the bilayer chains and not on changes in bulk phase hydrophobic

interactions. This same conclusion applies to benzene partitioning (Gill et

al., 1976; De Young & Dill, 1988).

In addition to hexane and benzene (De Young & Dill, 1988), alcohols

(Colley & Metcalfe, 1972; Katz & Diamond, 1974; Richards et al., 1978; Bradley &

Richards, 1984), phenothiazines (Ahmed et al., 1981), steroids (Arrowsmith et

al., 1983), and other solutes (Simon & Gutknecht, 1980; Katz & Diamond, 1974;

Dix et al., 1974) show a positive dependence of bilayer partitioning on

temperature above Tc. In contrast, the insecticides malathion (Antunes

Madeira & Madeira, 1987), lindane (Antunes-Madeira & Madeira, 1985; Jones &

Lee, 1985), and DDT (Antunes-Madeira & Madeira, 1986) show a negative

temperature dependence of partitioning above Tc.
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Partitioning vs Surface Density

The primary goal of these experiments is to determine the dependence

of hexane partitioning on the surface density of the bilayer chains. By

varying temperature, cholesterol concentration and phospholipid chain

length we can obtain normalized bilayer surface densities between 0.53 and

0.91. As the surface density increases to its maximum value of 1, the

crystalline state, the partitioning is predicted to decrease to zero if there is no

adsorption in the headgroup region (Marqusee & Dill, 1986). Shown in Fig.4 is

the dependence of the hexane mole fraction partition coefficient on the

normalized surface density for DLPC, DMPC, and DPPC. Data points indicate the

mean values of four samples; the error bars are standard deviations. Kx

decreases with increasing surface density for all three lipid types. We observe

that increased chain ordering results in solute exclusion. This effect of

membrane surface density on partitioning is large; Kx decreases

approximately 9-fold with a change in surface density from 0.5 to 0.9.

Irrespective of whether the ordering agent is temperature or cholesterol, the

same dependence of Kx on surface density is observed. We have no evidence of

specific association of hexane with the cholesterol molecules. In Fig. 5, a

composite of Fig. 4, a comparison of the three lipid types is shown. The DMPC

and DPPC data are superimposable over the entire range of surface density. At

low surface densities, below approximately O = 0.7, the partitioning into DLPC is

smaller than into DMPC and DPPC. This behavior was also previously seen for

benzene (De Young & Dill, 1988). There is little difference in DMPC and DPPC

partitioning at 45 °C but DLPC differs significantly. The origin of the

difference between DLPC and the other chain lengths is uncertain. DLPC, with

a hydrocarbon chain length of 12, is near the minimum length necessary to
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Effect of normalized surface density on the membrane/water partition coefficient of

hexane: DLPC at (A) 20, (O) 29, (L) 45, and (D) 55 °C, DMPC at (A) 10, (A) 25, (O) 35,

and ( ) 45 °C; and DPPC at (O) 30, (L) 45, and (D) 55 °C. Above Tc, hexane partitioning

decreases with increasing surface density for each of the three phospholipids. In

DMPC and DPPC the trend is similar; K is smaller in DLPC at low surface densities. The

dependence of K on surface density is the same irrespective of whether temperature

or cholesterol is used as the ordering agent.
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Composite of the data in Fig. 4. Dependence of bilayer/water partitioning of hexane
on the normalized surface density: (A) DLPC, (D) DMPC, and (-) DPPC. It is clear that

the relevant physical variable is surface density and not cholesterol concentration,

temperature, or phospholipid chain length individually.

52



form bilayers. There is some evidence from permeability studies that

cholesterol must be added to DLPC bilayers to stabilize them (Hauser & Barratt,

1973; Kitagawa et al., 1976). However, NMR studies of these three lipid types

showed DLPC to differ from DMPC and DPPC only near Tc (Morrow & Davis,

1987). In our *H-NMR determinations of surface densities, DLPC behavior was

similar to that of DMPC and DPPC (De Young & Dill, 1988). Luxnat and Galla

have reported the partition coefficient of chlorpromazine to be larger in DLPC

than in DMPC and DPPC at 50 oC (1986). Nevertheless, for the upper half of the

surface density range, the DLPC data are superimposable on DMPC and DPPC.

The dependence of hexane partitioning on surface density appears to be a

general physical property of the chain organization, independent of whether

temperature or cholesterol is the ordering agent.

Comparisons With Other Solutes and Bilayers

Several previous studies have reported solute partition coefficients as a

function of cholesterol concentration in egg phospatidylcholine (egg PC).

These data are shown in Fig. 6. For comparison, the partition coefficients in

the membranes containing cholesterol have been normalized by the partition

coefficient in the cholesterol-free membranes. The strong dependence of K

on cholesterol concentration is clearly evident for each of these solutes. We

assume that cholesterol increases the surface density in egg PC bilayers, as it

does in the pure lipid systems we have tested, but we have not measured the

egg PC surface densities. The wider variation of results in these systems may

be due to the different chemical nature of the solutes or to inherent

composition variations in different egg PC preparations. We believe the
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Fig. 6

Partitioning of various solutes into egg phosphatidylcholine vesicles at 25 °C as a

function of cholesterol mole fraction in the membrane. The partition coefficient at

each cholesterol concentration is normalized by the partition coefficient for that
solute in cholesterol-free vesicles. Data is from the literature: ( - ) DDT (Antunes

Madeira & Madeira, 1986), (A) benzyl alcohol (Colley & Metcalfe, 1972), (D)

uncharged thiopental (Korten et al., 1980), ( O ) uncharged pentobarbitone (Miller &

Yu, 1977), ( O ) malathion (Antunes-Madeira & Madeira, 1987), and (A) lindane

(Antunes-Madeira & Madeira, 1985). The partition coefficients for these solutes also

decrease substantially with cholesterol concentration suggesting that solute

expulsion is a general physical consequence of increased bilayer ordering, as

induced here by cholesterol.
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general trend is explained, as in our experiments, by solute expulsion with

increasing cholesterol due to chain ordering.

Hexane partitioning into bilayers is approximately two orders of

magnitude larger than benzene partitioning. In Fig. 7 hexane and benzene

partitioning as a function of surface density are compared. To normalize for

the chemical driving forces of partitioning, the hexane and benzene

bilayer/water partition coefficients are divided by the mole fraction oil/water

partition coefficient at the equivalent temperature; hexane/water partition

coefficients for hexane (Gill et al., 1976) and octane/water partition

coefficients for benzene were used. This "oil/water normalized" hexane

partition coefficient is then divided by that of benzene at each surface density.

This hexane/benzene ratio changes little with surface density as compared to

the large surface density dependence seen for hexane or benzene partitioning

alone. The approximately constant relationship between the hexane and

benzene partition coefficients is evidence that surface density is affecting the

partitioning of these two solutes in a similar manner. The partitioning of

chlorpromazine into DLPC, DMPC, DPPC, and DMPC/cholesterol membranes has

been investigated by Luxnat & Galla (1986) at several temperatures. The

dependence of chlorpromazine partitioning on surface density is similar to

that seen for hexane and benzene. This suggests that the partitioning of

nonpolar compounds into bilayers may have a universal dependence on

surface density and therefore on the physical organization of the bilayer

chains.

Benzene Oil/Water Partitioning
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Fig. 7

Ratio of the hexane and benzene (De Young & Dill, 1988) partition coefficients as a

function of the normalized surface density. The membrane/water partition

coefficients have been normalized by their oil/water partition coefficients (see text).

The straight line is the least squares best fit through the points. The relative

independence of this ratio on surface density suggests that the effect of chain

ordering on hexane and benzene partitioning is the same at all surface densities.
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To determine how much the partial ordering of the bilayer chains

contributes to the free energy of solute partitioning, it is necessary to know

the partition coefficient for the same solute into a reference hydrocarbon

which has no chain ordering, i.e., a relevant oil/water partition coefficient.

However, since the configurational entropy of the "oil" depends on its

hydrocarbon chain length, the partition coefficient of a solute will also

depend on the chain length of the reference state "oil". Here, we explore the

choice of a proper bulk n-alkane reference state in order to extract

information on the relative magnitudes of the driving forces for partitioning;

those due to chemical interactions of solvent and solute molecules and to the

entropic effects of chain ordering and molecular size differences. Various oils

have often been used to model the bilayer interior: olive oil, octanol and n

alkanes are examples. Since the interior of the bilayer is structurally most

like straight-chain alkanes, they would appear to be the most logical choice as

reference solvent. The problem arises of choosing a chain length as the

activity of nonpolar solutes in alkanes varies with the n-alkane chain length

(Cruickshank et al., 1967; Gainey & Young, 1967; Ashworth & Everett, 1960).

We have determined the partition coefficient of benzene into n-alkanes

with 8 to 16 carbons at various temperatures. Mole fraction (Kx) and volume

fraction (Kv) partition coefficients are reported here. Mole fraction is

identical to volume fraction when the solutes and solvents are of equal size.

Both Kv and Kx showed a dependence on the n-alkane chain length. Previous

studies determining the activity of benzene in a series of alkanes have shown

that most of the non-ideality in the activity coefficient can be ascribed to

differences in the molecular size of the solute and solvents (Gainey and Young,

1967) as described by Flory-Huggins (FH) theory (Flory, 1942; Huggins, 1942).
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Flory-Huggins theory has been used extensively in studies of the solubility

and activity coefficients of nonpolar solutes in hydrocarbon solvents to

account for deviations from ideal mixing behavior due to differences in the

sizes of solute and solvent molecules (Cruickshank et al., 1967; Gainey & Young,

1967; Ashworth & Everett, 1960; Fung & Higuchi, 1971; Everett & Munn, 1964;

Chiou & Manes, 1986). We confirm that the same approach accounts for

molecular size differences in partitioning. We apply FH theory to the case of

partitioning of benzene between n-alkanes of varying chain length and

water. The comparison of mole fraction, volume fraction, and volume fraction

corrected for molecular size, emphasizes the importance of considering the

size disparity of solutes and solvents. The choice of standard state is equivalent

to a choice of concentration units for the partition coefficient. Our principal

purpose in this section is to choose a standard state wherein the dependence of

partitioning on the hydrocarbon chain length is taken directly into account

so that the contact interactions (van der Waals, hydrophobic contributions,

etc.) may be approximately separated from the effects of the chain

configurational entropy. We consider here the partition coefficients of

benzene, from water into n-alkanes with 8 to 16 carbons, expressed in terms of

the mole fraction ratio (Kx), the volume fraction ratio (Kv), or the Flory

Huggins (Flory, 1942; Huggins, 1942) corrected volume fraction ratio (Kyº), as

described below.

Despite the considerable literature on experimental tests of solution

theories, it is not completely clear which model is best for bulk-phase

partitioning in the systems considered here. For mixtures of approximately

spherical molecules with chain-like molecules, where the ratio of molecular

sizes is greater than 2-5, Flory-Huggins (FH) theory is appropriate and



successful (Flory, 1970, Rowlinson, 1970). The FH model should therefore

provide a good description for benzene in the n-alkane phases. However, for

benzene in the water phase it is not as clear that the Flory-Huggins model is

appropriate. Strictly speaking, Flory-Huggins theory is not appropriate for

solutions containing globular species where any molecular volume is not

equally accessible to molecules of both species in solution. In mixtures in

which the molecular size disparity is due to differences in globular size or

other shape differences, and not due to the chain-like nature of one species,

some experiments have shown that Raoult's law is more satisfactory than the

FH model, even for size ratios as large as 9 (Hildebrand & Shinoda, 1958;

Shinoda, 1978). Therefore, for partitioning experiments of the type described

here, some authors have preferred the use of FH theory only for solute in the

chain phase and regular solution theory for the solute in water (Chiou, 1985;

Chiou et al., 1983). Other groups have used FH theory for both phases (Suzuki

et al., 1982; Wakahayashi et al., 1964) and for the solubility of hydrocarbons in

water (Black et al., 1948; Hildebrand & Scott, 1950; Gjaldbaek & Niemann, 1958;

Lannung & Gjaldbaek, 1960). The Stavermann model has been suggested to

offer improvements for solutions of globular species (Chapplow & Prausnitz,

1974), but Abe and Flory have shown that the principal flaws in FH theory may

instead be due to effects of compressibility (Abe & Flory, 1965, Flory, 1970). In

the absence of sound theoretical or experimental guidance in this regard we

have chosen to use Flory-Huggins theory for benzene in both phases. We

compare the FH model (Ky") with the Raoult's Law model (Kx) and with the

standard volume fraction measure (Kv).

For partitioning, the FH corrected volume fraction partition coefficient

is described by
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where V is the molar volume of solute (s), water (w), and alkane (a). In this

treatment ms is the surface area of the solute, and X is the Flory interaction

parameter per unit surface area (Flory, 1953). The sizes of the molecules in

solution are assumed to be proportional to the molar volumes of the pure solute

and solvents, a reasonable assumption for solvents of low mutual solubility and

at low solute concentration. When this assumption is made the correction for

molecular size differences proposed by Hildebrand and Scott (1950) is

equivalent to that of Flory-Huggins theory. Hydrocarbon densities for the

molar volume calculation were taken from Timmermans (1950). Kx differs

from Kv by the ratio of the molar volumes of the hydrocarbon solvent and

Water.

We determined the partition coefficients for benzene between n-alkane

hydrocarbons with 8 to 16 carbons and water at various temperatures. The

dependencies of ln Kx, ln Kv, and ln Kvº on n-alkane chain length are shown

in Figs. 8A-C. The standard deviations from the mean partition coefficients are

generally less than 5%, but are as large as 13% at a few points. The principal

conclusions from these data are that mole fraction and volume fraction

partition coefficients are dependent on the chain length of the reference

hydrocarbon but that the Flory-Huggins corrected volume fraction partition

coefficient is independent of n-alkane chain length within experimental

error. An independence of K on the alkane chain length is anticipated since

the density of the n-alkanes is dependent simply on the van der Waals volumes
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Fig. 8

Dependence of benzene oil/water partitioning on n-alkane chain length at several

temperatures: (D) 6, (O) 15, (A) 25, (L) 35, (O) 45, and (A) 55 °C. Concentration

variables for the partition coefficients are: A, mole fraction; B, volume fraction; and

C, volume fraction corrected for molecular size differences of solute and solvents. Kx

and Kv are chain length dependent; Kv" is approximately chain length independent.
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of the CH2 and CH3 groups. It is reasonable, therefore, to expect that the

interaction energetics are also approximately independent of chain length

and that the dominant effect is that of molecular size, taken into account by

the FH correction. If the FH correction had been applied only to the organic

phase the ln Kvº would be smaller by the ratio of molar volumes of benzene

and water, a factor of approximately 4.5. In that case, ln Kyº would also be

independent of chain length and ln Kvº would be approximately 5.5.

The temperature dependence of partitioning is shown in Fig. 9 for the

various chain lengths. The curvature in ln Kx and ln Kv and the maximum

partitioning at approximately 35 °C is diagnostic for hydrophobic interactions.

The peak in ln Kvº is at approximately 45 °C if the FH correction is applied to

both the organic and aqueous phases and is at approximately 35 °C if the

correction is applied only to the organic phase. We observe these same shifts

in the temperature of peak partitioning, 10 °C between ln Kv and ln Ky" and 10

9C between ln Kvº calculated using a one phase versus two phase FH

correction, for the partitioning of hexane and benzene between the pure state

and water; from the data of Gill et al. (1976). The heat capacity, and therefore

the enthalpy and entropy of partitioning, can be determined from the

temperature dependence of ln K. The errors in the Kv and Kx data are too large

to accurately estimate the heat capacity. However, since Kvº is independent of

chain length, we can average this larger data set over all chain lengths, at

each temperature, and we can estimate the heat capacity change for solute

transfer. For the transfer of benzene from n-alkane to water ACp = -66 eu,

AH0(298) = 1280 cal/mol, and ASO(298) = 23 eu. If the Flory-Huggins correction

is used only for the organic phase ACp = -52 eu, AH9(298) = 490 cal/mol, and

ASO(298) = 13 eu. The contact interactions of the solute with its neighboring
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Temperature dependence of n-alkane/water partitioning of benzene for several n

alkane chain lengths: (D) octane, (O) decane, (A) dodecane, (L) tetradecane, and (O)

hexadecane. Concentration variables are the same as in Fig. 8. Maximum partitioning

is at approximately 35 °C for Kx and Kv and at approximately 45 °C for Kv".
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solvent molecules are then simply determined (in terms of the Flory-Huggins

interaction parameters) as msAX = ms(Xsw - Xsa) = ln Kvº. Using the data for

hexadecane at 298K, and the surface area, ms, of benzene = 110 A*/molecule

(Pearlman, 1986), Ax = 0.0869/A2. This is within 2% of AX calculated as the

difference between the FH corrected solubility of benzene in water, Xsw =

0.0933/A2 (Gill et al., 1976) and the activity of benzene in hexadecane, Xsa =

5.26 x 10-3/A2 (Gainey and Young, 1967). The value of Ax varies with the

choice of concentration units. For benzene transfer between hexadecane and

water at 298K the values of AX per A2 are 0.0696, 0.0444, and 0.0868 for In Kx, In

Kv and ln Kvº respectively. A value commonly used for the free energy of

transfer of a methylene group is 25 cal/mol per A* of surface area; this value

is based on mole fraction concentration units (Tanford, 1980).

The conclusion that Flory-Huggins theory, applied to bulk-phase

partitioning, eliminates the dependence of the benzene partition coefficient

on n-alkane chain length is consistent with previous data. It has been

concluded from previous studies of alkane and benzene activity coefficients in

alkanes of varying molecular volume that the difference in molecular

volumes of the solute and solvents accounts for most of the activity coefficient

(Cruickshank, et al., 1967; Gainey & Young, 1967). Similarily for solubilities,

Fung and Higuchi (1971) applied a correction for the different sizes of the

solute and solvent to their data and concluded that the differences in solubility

of several polar nonelectrolytes in alkanes of various chain lengths was

eliminated. However, they also noted that the use of Kv, without the correction

for molecular size differences, was sufficient to account for effects of solvent

molar volume. The significant scatter in their data and the consistently large

partition coefficients into hexadecane may indicate that the use of Kvº would
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have offered further improvement. Their mole fraction and volume fraction

partitioning into hexane, heptane, decane and dodecane, for each of the

solutes, show an approximate linear dependence on chain length. The

hexadecane partitioning lies significantly above the extrapolation of this line

to hexadecane, an unexpected result when compared to other data (Gainey &

Young, 1967; Cruickshank, et al., 1967). A negative dependence of Kv on chain

length would result if their points for hexadecane were in line with their data

for hexane through dodecane. We therefore believe that Kyº would be more

appropriate for their data than Kv, as it is for ours.

Conclusions

Solute partitioning into bilayer membranes has generally been assumed

to resemble partitioning into a simple bulk oil environment. This assumption

ignores the interfacial nature of the bilayer and takes into consideration only

the chemical interactions of the solute with the bilayer hydrocarbon interior.

Properties of interfacial phases, however, also depend on the surface density

of the chains (Dill et al., 1988). Increased surface density results in greater

alignment of the phospholipid chains normal to the plane of the bilayer. One

consequence is that solute partitioning should decrease with increasing

surface density. We have tested here and in other recent work (De Young &

Dill, 1988) the degree to which the surface density affects solute partitioning

into bilayers. We varied the surface density of the phospholipid molecules

using temperature, cholesterol concentration, and chain length, and have

measured the partition coefficients for benzene and hexane at each surface

density. We have also measured benzene partitioning into reference state
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amorphous hydrocarbons, n-alkanes from C8 to C16, using Flory-Huggins

theory to correct for entropic contributions due to molecular size disparities.

We observe two important effects due to the interfacial nature of the

bilayer. First, consistent with recent statistical thermodynamic theory

(Marqusee & Dill, 1986, Dill et al., 1988), the partitioning of both benzene and

hexane are found to decrease by about a factor of 10 as the surface density

increases from 0.5 to 0.9 of its maximum value. Second, the temperature

dependence of partitioning of these solutes is dominated by the effects of

chain organization rather than by effects of solute-solvent interactions. The

partition coefficients of these nonpolar compounds between water and a

nonpolar amorphous medium decrease with temperature above 25-35 °C.

However, the partitioning of hexane and benzene into bilayers increases with

temperature, above Tc, consistent with the increased disorder of the chains

arising from the decreased surface density. Bilayer/water partitioning of

nonpolar solutes is therefore dependent on both the chemical interactions of

the solute with the bilayer interior and the bilayer surface density. These

experimental data will be compared with predictions from statistical

thermodynamic theory elsewhere.
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Chapter 4. Experimental Tips

To assist any attempts to reproduce these experiments, a few
experimental details not given elsewhere are reported here. The approach we
initially took to measure partition coefficients was an NMR technique as this
provides additional information on solute environment not obtainable with
radioactivity experiments. These efforts were unsuccessful due to the
inherently low sensitivity of NMR and the need to work at very low solute
concentration. Experiments using *H and 19F solutes failed for this reason.
Larger signals are obtained with *H solutes but this necessitates the use of
deuterated membranes. Phospholipids perdeuterated in the acyl chains are
readily available but those perdeuterated in the headgroups are not. The
headgroup H signals overlapped and had greater intensity than did the "H-
solute signals, therefore this approach also failed.

Several experimental details, that were not reported or emphasized in
Chapters 2 and 3, that will aid in repeating these experiments follow:

(i) It is necessary to use a bottle with a TFE lined cap as the partitioning vessel,
all other caps and sintered glass joints that we tested leaked vapor.

(ii) When stirring the lipid solutions below their phase transition
temperatures, caution must be taken to avoid foaming of the lipid.

(iii) For partitioning experiments above 300C, the volume of the lipid phase
decreases significantly during the time course of the experiment due to
evaporation of the water in the lipid solution. This results in an increase in
the lipid concentration and an overestimation of the partition coefficient. To
avoid this, the gas phase in the partitioning vessel should be saturated with
water vapor prior to beginning the experiment.

(iv) When pipetting hexane or benzene with an automatic pipet, the pipet tip
should first be rinsed several times in that solvent to ensure quantitative
transfer.
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(v) There was no significant adsorption of radiolabeled benzene to the pipet
tip during the sampling of the aqueous and lipid solutions in the membrane
partitioning experiments.

(vi) The inaccuracy in the pipetting of very small volumes of radiolabeled
solutes with an automatic pipet during the experimental set-up is
inconsequential in this experimental protocol. The amount of radioactivity in
the aqueous and lipid phases are determined by direct sampling. Escaped
vapor and adsorption of radiolabel to glass surfaces do not need to be
considered here as they would for the calculation of partition coefficients by a
difference method where all radioactivity must be accounted for.

(vii) It is essential that the aqueous solutions of radiolabeled benzene be
pipetted directly into scintillation fluid rather than added to a vial with later
addition of scintillation fluid. Loss of radiolabel due to vaporization and to the
irreversible adsorption of benzene to glass surfaces will otherwise result.
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Conclusions

Solute partitioning into bilayer membranes has generally been assumed
to resemble partitioning into a simple bulk oil environment. This assumption
ignores the interfacial nature of the bilayer and takes into consideration only
the chemical interactions of the solute with the bilayer hydrocarbon interior.
Properties of interfacial phases, however, also depend on the surface density
of the chains (Dill et al., 1988). Increased surface density results in greater
alignment of the phospholipid chains normal to the plane of the bilayer. One
consequence is that solute partitioning should decrease with increasing
surface density. We have tested here the degree to which the surface density
affects solute partitioning into bilayers. We have varied the surface density of
the phospholipid molecules using temperature, cholesterol concentration, and
chain length and have measured the partition coefficients for benzene and
hexane at each surface density. We have also measured the partitioning into
reference state amorphous hydrocarbons, n-alkanes from C8 to C16, using
Flory-Huggins theory to correct for entropic contributions due to molecular
size disparities.

We observe two important effects due to the interfacial nature of the
bilayer. First, consistent with recent statistical thermodynamic theory
(Marqusee & Dill, 1986, Dill et al., 1988), the partitioning of both benzene and
hexane are found to decrease by about a factor of 10 as the surface density
increases from 0.5 to 0.9 of its maximum value. Second, the temperature
dependence of partitioning of these solutes is dominated by the effects of
chain organization rather than by effects of solute-solvent interactions. The
partition coefficients of these nonpolar compounds between water and a
nonpolar amorphous medium decrease with temperature above 25-35°C.
However, partitioning into bilayers increases with temperature above this
temperature, consistent with the increased disorder of the chains due to
decreased surface density. Bilayer/water partitioning of nonpolar solutes is
therefore dependent on both the chemical interactions of the solute with the
bilayer interior and the bilayer surface density.
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