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Permeation of Halide Anions through Phospholipid Bilayers Occurs by
the Solubility-Diffusion Mechanism

S. Paula, A. G. Volkov, and D. W. Deamer
Department of Chemistry and Biochemistry, University of California, Santa Cruz, California 95064 USA

ABSTRACT Two alternative mechanisms are frequently used to describe ionic permeation of lipid bilayers. In the first, ions
partition into the hydrophobic phase and then diffuse across (the solubility-diffusion mechanism). The second mechanism
assumes that ions traverse the bilayer through transient hydrophilic defects caused by thermal fluctuations (the pore
mechanism). The theoretical predictions made by both models were tested for halide anions by measuring the permeability
coefficients for chloride, bromide, and iodide as a function of bilayer thickness, ionic radius, and sign of charge. To vary the
bilayer thickness systematically, liposomes were prepared from monounsaturated phosphatidylcholines (PC) with chain
lengths between 16 and 24 carbon atoms. The fluorescent dye MQAE (N-(ethoxycarbonylmethyl)-6-methoxyquinolinium
bromide) served as an indicator for halide concentration inside the liposomes and was used to follow the kinetics of halide
flux across the bilayer membranes. The observed permeability coefficients ranged from 107° to 10~ 7 cm/s and increased as
the bilayer thickness was reduced. Bromide was found to permeate approximately six times faster than chloride through
bilayers of identical thickness, and iodide permeated three to four times faster than bromide. The dependence of the halide
permeability coefficients on bilayer thickness and on ionic size were consistent with permeation of hydrated ions by a
solubility-diffusion mechanism rather than through transient pores. Halide permeation therefore differs from that of a
monovalent cation such as potassium, which has been accounted for by a combination of the two mechanisms depending

on bilayer thickness.

INTRODUCTION

The permeation process by which ions and small polar
molecules cross phospholipid bilayers is commonly inter-
preted in terms of two alternative theories: the solubility-
diffusion mechanism and the pore mechanism. Solubility-
diffusion satisfactorily describes the permeation of many
solutes, including water itself (Finkelstein, 1987) while
permeation through transient pores in the bilayer is the
dominant pathway for cations under certain circumstances
(Deamer and Volkov, 1995). For other species, such as the
anions thiocyanate and perchlorate, there is evidence which
strongly supports the solubility-diffusion mechanism
(Dilger et al., 1979). An effective strategy to test a given
permeation mechanism is to measure the permeability co-
efficient as a function of a parameter that can be varied
experimentally. One such parameter is the bilayer thickness,
in that the solubility-diffusion mechanism and the pore
mechanism have a markedly different dependence on bi-
layer thickness and therefore can be distinguished (Paula et
al., 1996). Other useful parameters that discriminate be-
tween the two mechanisms for both cations and anions are
the radius of the permeating ion and the sign of charge. In
either case, the theoretical predictions are sufficiently dif-
ferent from each other so that a decision in favor of one
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mechanism or the other becomes possible by comparing the
mechanism-specific expectations to the experimental findings.

We therefore measured the permeability coefficients of
chloride, bromide, and iodide as a function of bilayer thick-
ness. The experimental results were compared with theoret-
ical expectations from the solubility-diffusion mechanism
and the pore mechanism, and with earlier results for cations
(Paula et al., 1996). This approach allowed us to address the
following questions:

1. What is the effect of bilayer thickness and ionic size on
the relative permeability of halide anions? According to
the pore model, the dependence of the permeability
coefficient on bilayer thickness should be pronounced,
and the coefficient is expected to decrease with increas-
ing bare ionic radius. In contrast, the solubility-diffusion
mechanism predicts only a modest dependence of per-
meability on bilayer thickness, and the permeability co-
efficient is expected to increase in the order P < Pp, <
P,.

2. Do anions permeate as bare ions or as hydrated species?
Both the solubility-diffusion and pore mechanism make
testable predictions that help answer this question. For
instance, if anions permeate as bare ions, the permeabil-
ity coefficients of chloride, bromide, and iodide should
differ by several orders of magnitude if the solubility-
diffusion mechanism is correct.

3. How does halide anion permeation compare to that of
monovalent cations such as potassium and protons? The
solubility-diffusion mechanism allows anions to perme-
ate faster than cations of the same size. The pore mech-
anism, on the other hand, predicts that cations should
permeate faster than anions.
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MATERIALS AND METHODS
Chemicals

All phospholipids were obtained from Avanti polar lipids (Alabaster, AL).
The lipids were monounsaturated phosphatidylcholines (PC) with a cis
double bond located at the center of each hydrocarbon chain which per-
mitted measurements in the liquid-crystalline phase at 30°C. The length of
the hydrocarbon chains ranged from 16 to 24 carbon atoms (palmitoleoyl-
PC, oleoyl-PC, eicosenoyl-PC, erucoyl-PC, and nervonoyl-PC). The fluo-
rescent dye MQAE (N-(ethoxycarbonylmethyl)-6-methoxyquinolinium
bromide) was purchased from Molecular Probes (Eugene, OR). All other
chemicals were obtained from Sigma (St. Louis, MO) and used without
further purification.

Liposome preparation

Liposomes were prepared by the extrusion method (Hope et al., 1985)
using polycarbonate filters with a pore diameter of 200 nm (Nucleopore,
Pleasanton, CA). The buffer in which the liposomes were prepared was a
mixture of 20 mM HEPES (N-2-hydroxyethlypiperazine-N'-ethanesulfonic
acid), 200 mM potassium gluconate, and 10 mM MQAE, pH 7.4. External
dye was removed by passing the liposomes over a size exclusion column
(G-25) that had been equilibrated with isoosmotic, dye-free buffer (20 mM
HEPES, 210 mM potassium gluconate). The liposome mean diameter was
measured by quasi-elastic light scattering with a BI-90 analyzer
(Brookhaven Instruments Corp., Holtsville, NY).

Anion flux measurements

Anion fluxes across lipid bilayers were measured by fluorescence spec-
troscopy according to a procedure that was developed by Verkman et al. for
the study of chloride permeation in liposomes and cells (Verkman et al.,
1989a; Verkman, 1990). This method utilizes the fluorescence signal of the
dye MQAE, which is quenched by chloride via a collisional quenching
mechanism. Since MQAE is also sensitive to bromide and iodide, the
technique could be utilized to observe the permeation process of these two
ions in an analogous way.

After the dye was encapsulated inside the liposomes as described above,
halide flux across the bilayer was initiated by diluting 50 ul of the
liposome stock solution (10 mg/ml) into 3 ml of isoosmotic buffer solution
in which 50 mM potassium gluconate had been replaced by 50 mM
chloride, bromide, or iodide. All measurements were performed in a stirred
cuvette with temperature kept at 30°C. Before starting the experiments, 3.5
uM valinomycin was added to prevent the development of an electrostatic
transmembrane potential that would have restricted the unhindered move-
ment of the anions across the bilayer.

The time course of the dye fluorescence in response to the dissipation
of the halide gradient was monitored by an Aminco SLM 8000 fluorimeter
(SLM Instruments, IL). The dye was excited at a wavelength of 354 nm
and its emission was detected at 450 nm. At the end of each measurement,
5 uM ionophore tributyltin chloride (TBT) was added to the sample. TBT
immediately collapsed any remaining halide gradient, thereby providing a
calibration of fluorescence intensity at a halide concentration of 50 mM.

The fluorescence versus time curves were converted into concentration
versus time profiles using the following equations:

_ FU,- FU. 1
W) = R (FUW — FUL) ~ Kq M

- 0.050 K, 2)
Here, FU, and FUs, were the fluorescence intensities measured at 0 mM

and 50 mM quencher concentration, respectively. FU, equaled the fluo-
rescence intensity immediately after the injection of the liposomes and
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FUs, was the intensity after the addition of TBT. FU,, was the calculated
static background fluorescence intensity that was not susceptible to
quenching and originated from processes such as light scattering by the
liposomes or electronic noise of the photomultiplier. K, was the Stern-
Volmer quenching constant which serves as a measure of the sensitivity of
a fluorescent dye to a specific quencher (Lakowicz, 1983). It was deter-
mined in separate experiments as described below. FU(f) was the experi-
mentally observed fluorescence signal measured at time ¢, and ¢(f) was the
corresponding halide concentration inside the liposomes at that time.
The concentration curves obtained from Egs. 1 and 2 were fitted to a
single-exponential rise. The first derivative of the fit at time 0 gave the
permeability coefficient P according to the following relation:

P dc r 3
B dt t=0 3AC1=O ( )

where » was the mean hydrodynamic radius of the liposomes as determined
from quasi-elastic light scattering and Ac was the initial concentration
gradient of 50 mM for all experiments.

Determination of the quenching constants

For quantitative evaluation of the fluorescence data, the Stern-Volmer
quenching constants K, had to be determined for each halide. This was
done in a separate set of fluorimetric titration experiments in which 0.1 mM
MQAE was titrated with small aliquots of concentrated halide solution (1
M of the respective potassium salt) and the resulting changes in fluores-
cence intensity were recorded. The titrations were performed in the same
buffer solution that was used to make the liposomes. After correction for
dilution, the quenching constants were obtained from a linear fit of the
fluorescence intensity data to the well-known Stern-Volmer equation:

FUO)FU(Q] =1 + Ko[Q] 4)

where [Q] was the halide concentration in the sample and FU(0) and
FU([Q]) were the observed fluorescence intensities of the dye in the
absence and the presence of quencher molecules, respectively.

RESULTS
Stern-Volmer plots for MQAE

Stern-Volmer plots for the fluorimetric titration of MQAE
are shown in Fig. 1. The solid lines were obtained from
linear regression analysis and gave the following quenching
constants: K, (Cl) = 457 M™', K, (Br) = 67.8 M, K,
(I) = 111.8 M~ ". The values for the Stern-Volmer constants
reported here are smaller than previously published by
Verkman (45.7 M~ ! versus 200 M~ for chloride, 67.8 M™!
versus 293 M ™! for bromide, and 111.8 M~ versus 456
M~! for iodide, Verkman et al., 1989a). This apparent
discrepancy results from differences in the buffer composi-
tion in which the measurements were performed (5 mM
phosphate versus 20 mM HEPES/200 mM potassium glu-
conate). Because the actual values for quenching constants
are sensitive to the local environment of the fluorescent
probe, such as the ionic strength, differences in the results
for the quenching constants are expected. That is, the col-
lision rate of the negatively charged quencher ions with the
positively charged dye will decrease if the ionic strength of
solution is raised, and the quenching constants will be
lower. This conclusion was confirmed by control experi-
ments in which the HEPES/gluconate buffer system was
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perfectly.

Chloride permeation measurements

The time course of a typical chloride permeation experiment
is shown in Fig. 2. At zero time, liposomes were diluted into
buffer containing 50 mM potassium chloride (Fig. 2 A).
Over a period of 150 s, the MQAE fluorescence was
quenched as chloride diffused into the liposome interior.
The chloride ionophore TBT was added at the end of the
experiment to calibrate the signal by allowing chloride to
equilibrate freely across the bilayer. Fig. 2 B shows the time
dependence of the internal chloride concentration calculated
from the fluorescence standard curve for chloride given in
Fig. 1. The symbols represent a single exponential fit to the
data.

Comparison of chloride, bromide, and
iodide permeation

Similar experiments were performed for bromide and io-
dide, and the anion permeability coefficients observed for
the various lipids are summarized in Table 1 and Fig. 3.
Each value represents the average of five measurements. In
the case of iodide, which permeates rapidly, the permeabil-
ity coefficients could only be measured reliably for the two

FIGURE 2 Time course of a typical chloride permeation experiment.
Liposomes (10 mg/ml) composed of dioleoyl-PC were prepared in 210 mM
potassium gluconate and 20 mM HEPES (pH 7.4). The internal MQAE
concentration was 10 mM. At the time indicated, a 5 ul aliquot of liposome
stock solution was diluted into 3 ml buffer containing 50 mM potassium
chloride, 160 mM potassium gluconate, 20 mM HEPES (pH 7.4), and 3.5
uM valinomycin. The ionophore TBT (5 uM) was added at the end of the
experiment to calibrate the signal. (4) Original fluorescence trace. (B)
Time dependence of internal chloride concentration as obtained from the
fluorescence curve. The symbols (O) represent a single exponential fit to
the data.

longest lipids within the limits of the time resolution of the
experimental setup. The results of the measurements cov-
ered the range between 10~° and 10~ cm/s.

The permeability coefficient for chloride is always lower
than the corresponding coefficient for bromide. On average,
the difference amounts to a factor of six, depending slightly
on the actual chain length. lodide always permeates faster
than the other two halides. The difference between bromide
and iodide is roughly three- to fourfold.

Effect of bilayer thickness on permeation rates

Fig. 3 also shows that the measured permeability coefficient
for any of the halides is clearly a function of bilayer thick-
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TABLE 1 Permeability coefficients for chloride, bromide, and
iodide as measured for five different lipid chain lengths

d [A] Penioride * 10° [em/s] P Bromide 10° [cm/s] P Todide 10° [cm/s]
23.5 282 *+ 14.5 9.76 = 3.77 —

27.0 12.1 = 1.40 7.44 = 2.00 —

30.5 6.04 =2.24 240 = 0.16 —

34.0 4.17 = 0.87 3.04 = 0.68 12.4 = 2.80
37.5 1.87 = 0.54 1.54 = 0.65 3.90 = 0.76

Each entry represents the average of five repeats and the standard devia-
tion. d is the thickness of the hydrophobic region of the bilayer (Lewis and
Engelman, 1983).

ness. P decreases as the chain length of the lipids is in-
creased. The difference in permeability coefficients be-
tween longest and shortest lipid is ~15-fold in the case of
chloride and ~6-fold in the case of bromide. Within exper-
imental error, the increments by which the logarithm of P
decreases from one lipid to the next seem to remain constant
within a series.
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FIGURE 3 Dependence of P on bilayer thickness. Experimentally ob-
tained permeability coefficients of chloride (A), bromide (M), and iodide
(V) as a function of thickness of the hydrophobic region of the bilayer on
a semilogarithmic scale. Reference data for potassium (@) were included
for comparison (Paula et al., 1996). The upper solid line was calculated for
an anion permeating by the solubility-diffusion mechanism; the lower solid
line is the corresponding curve for a cation of the same size. The dashed
line was computed according to the pore mechanism for an anion and a
cation of unhydrated radius 1.6 A, respectively. Parameters: #(K ") = 1.49
A, 1(Cl7) = 1.64 A, r(Br™) = 1.80 A, r(I7) = 2.05 A, H(K™, hydrated) =
#(Cl~, hydrated) = #(I", hydrated) = 3.31 A, €, = 78, €. = 2. Yome =
35mNm ', Ap = —150mV,D =210 cm? s~ !, o (cation) = 10, o
(anion) = 0.1, R, = 1.05- 10 ®cm, 4 = 26,000 cm ', n, = 1.04 - 10*
em®, T'=303.15K, k, =2.2- 10 kIJmol ' ecm ™2, k, = 1.9 - 10* kJ mol !
cm !,
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DISCUSSION

Due to the biological importance of chloride transport
across membranes, literature data for chloride permeability
coefficients are plentiful. The earliest studies in liposomes
were carried out by radioactive labeling techniques in small
unilamellar liposomes prepared by sonication (Hauser et al.,
1973; Nicholls and Miller, 1974; Toyoshima and Thomp-
son, 1975). These data were later complemented by con-
ductivity measurements in planar bilayer membranes (Gut-
knecht et al., 1978). A few years ago, chloride-sensitive
fluorescent dyes were introduced that permitted measure-
ments with significantly improved time resolution and small
amounts of sample material (Verkman et al., 1989a, b;
Verkman, 1990). The overall results of these studies vary
considerably and seem to depend strongly on the technique
employed, the lipid composition of the bilayers, the prepara-
tion method of the bilayer, and experimental conditions such as
temperature, ionic strength, pH, etc. Reported values for the
permeability coefficient of chloride in liposomes are as high as
10~ cm/s and as low as 10! cm/s. Results from studies in
planar bilayers are generally somewhat higher than those in
liposomes, which is often ascribed to the differences between
these two experimental approaches (curvature of the bilayer,
traces of organic solvents present in planar bilayers, etc.). The
results of our study (3 - 10752 - 1077 cm/s) are well within the
upper half of the range of the reported values.

In contrast to chloride, reference data for bromide and
iodide are very limited. Gutknecht et al. (1978) studied
bromide permeation in planar bilayer systems composed of
egg lecithin and a long-chain secondary amine, and reported
a permeability coefficient of 5.5 - 10~® cm/s at pH 7.4. This
value is one to two orders of magnitude higher than the data
of our study. Given the differences in lipid composition (egg
lecithin and a secondary amine versus pure PC) and lipid
systems (planar bilayers versus liposomes), the deviation
seems to be within a reasonable limit.

We will now examine the experimental evidence to de-
termine the most plausible permeation mechanism. The two
alternatives that will be considered are the solubility-diffu-
sion mechanism and the pore mechanism. A reasonable
mechanism must reflect the two major experimental char-
acteristics correctly by accounting for the dependence of P
on bilayer thickness and by explaining how an increase in
the unhydrated ionic radius effects P.

In addition to the experimental data described in this
study, we will also consider earlier results obtained for
potassium permeation in identical bilayer systems (Paula et
al., 1996). As shown in Fig. 3, potassium ions permeate
slower than halides by two to three orders of magnitude,
despite a comparable hydrated ionic radius (3.31 A) and a
bare radius (1.49 A) which is ~10% lower than that of
chloride (1.64 A) and ~30% lower than that of iodide (2.05
A) (Conway, 1981). The favored permeation mechanism
must also account for the difference between cation and
anion permeability coefficients.
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The solubility-diffusion mechanism

The solubility-diffusion mechanism has been used exten-
sively to describe water permeation through lipid bilayers
(Finkelstein, 1987; Marrink and Berendsen, 1994), but can
be applied to the permeation of many other species as well.
According to this mechanism, the lipid bilayer is pictured as
a thin slab of a hydrophobic medium that separates two
aqueous phases and acts as a diffusion barrier. In order to
get from one aqueous phase into the other, the permeant
must dissolve into the hydrophobic phase, diffuse across it,
and dissolve into the second aqueous phase.

In the following paragraphs we will show what predic-
tions this mechanism makes regarding the dependence of P
on ionic radius, bilayer thickness, and sign of charge of the
permeating ion. Applying Fick’s first law of diffusion, one
can derive the following expression for the permeability
coefficient P (Hauser et al., 1973; Finkelstein, 1987; Gen-
nis, 1989):

P=—. (5)

Here, D is the diffusion coefficient of the permeating par-
ticle in the hydrophobic phase which is commonly approx-
imated by its diffusion coefficient in water. The thickness of
the hydrophobic region of the bilayer is represented by d
and can be obtained from x-ray diffraction studies (Lewis
and Engelman, 1983). K stands for the partition coefficient
of the ion between water and the hydrophobic interior of the
bilayer. K can be calculated from the change in Gibbs free
energy, AG, that is associated with the transfer of the ion
from water into the hydrocarbon phase (Markin and Volkov,
1989; Israelachvili, 1992). If only interactions between the
ion and solvent molecules are included in AG, the reference
state of AG is the state of infinite dilution and the calculated
partition coefficient will therefore be in mole fraction units
(Gurney, 1953; Tanford, 1980). Since K must be expressed
in molarities to be compatible with Eq. 5, it must be con-
verted into molarities using the molar volumes of water
(V,,) and the hydrophobic solvent (V},). It should be noted
that this conversion is equivalent to using one-molar solu-
tions as reference states and adding to the obtained config-
urational Gibbs free energy, AG,,g,, the contribution aris-
ing from the change in the entropy of mixing, AS,;,, that
occurs if the ions are transferred between two systems that
contain a different number of solvent molecules. For suffi-
ciently diluted solutions, K can be obtained from the fol-
lowing equation:

‘e Vo [~AG]  [~AGeuse + TASy .
= 7 eXp| o7 | T €XP RT . (6)
Knowing both the thickness of the hydrophobic region, d,
and the area occupied by a lipid molecule (70 A?%; Small,
1967), V},. can be estimated.

The total Gibbs free energy of transfer for an ion can be
written as the sum of several energy terms that include
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electrostatic, hydrophobic, and specific contributions (Ket-
terer et al., 1971; Flewelling and Hubbell, 1986b).

The first term, AGg, is the classical Born energy, which
accounts for the electrostatic energy required to remove an
ion of radius » and charge ¢ from the aqueous phase (di-
electric constant = €,) and place it in a hydrophobic solvent
whose dielectric constant €, resembles that of the bilayer
interior (Born, 1920). According to this model, the solvent
is considered to be a structureless medium characterized
only by its dielectric constant €. AGg is given by the
following expression:

AGy

NG T 1
q[ ] ®)

8meyr | € €|

The second electrostatic contribution to the total free energy
of transfer arises from image forces that originate from
interactions of the ion with the water-lipid interfaces. Image
forces occur when an ion located close to an interface in a
solvent of dielectric constant €, interacts with its induced
“image” counterpart in a solvent of dielectric constant €, on
the other side of the interface. Several authors have de-
scribed in detail how image energies of an ion inside a lipid
bilayer can be quantified (Neumcke and Lauger, 1969;
Parsegian, 1969; Flewelling and Hubbell, 1986b). For our
purposes, we have chosen the approach outlined by Neum-
cke and Lauger. According to them, the image energy of an
ion locted in a bilayer (AG,) can be calculated as follows:

AG - Ng*9 |1 1
G = _167T€0€hc x * d
)
o 13211 132“72 192n 1()2n72
. E + _ _
- n+x/d n—x/d n+rid n-—vrld
where
€y T €
o= €, T €,

The sum in the expression above was found to converge
rapidly and was terminated routinely at n = 100. Since the
dielectric constant of the bilayer interior is always lower
than the dielectric constant of water, the sign of the image
energy term is negative and will therefore lower the total
electrostatic energy. x denotes the distance of the ion from
the water hydrocarbon interface. Since AG, has a maximum
if the ion is located at the center of the bilayer, we will use
AG, obtained for x = d for further calculations. As com-
pared to AGg, AG is much less sensitive to the ionic radius
and becomes increasingly negative if the thickness of the
bilayer is decreased. In thin bilayers (d ~ 20 A), the
reduction of the Born energy by AG, for an ion of radius 3.3
A amounts to roughly 20% of its original value, resulting in
a notable change in both K and P.
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The observation that anions permeate much faster
through bilayers than cations of comparable size indicates
the presence of an internal dipole potential (A¢) in the
bilayer, positive inside and negative outside (Flewelling and
Hubbell, 19864, b; Franklin and Cafiso, 1993). It is believed
that dipole potentials are induced by the carbonyl groups of
the lipids and that the values for A¢ are in the order of
—200 to —280 mV. Another source of the dipole potential
might be oriented water molecules that are tightly bound in
the lipid headgroup region. The contribution of the dipole
potential to the total Gibbs free energy is given by:

AGy = —gNA¢. (10)

The sign of AGp is negative for anions and positive for
cations, lowering the energy barrier imposed by the bilayer
for anions relative to cations. Strictly, Eq. 10 applies only
for completely unhydrated ions (Volkov et al., 1997), such
as the large, hydrophobic species studied by Flewelling and
Hubbell (1986a, b). We will show below how the effects of
hydration can be included for ordinary anions such as ha-
lides.

In addition to the electrostatic terms, we also include the
energy contribution due to the hydrophobic effect. This
takes into account the energy that is required to remove a
spherical cavity of charge zero and radius r from the aque-
ous phase and place it in the hydrophobic phase of the
bilayer interior. To compute this energy, Uhlig’s equation is
frequently used (Uhlig, 1937; Kornyshev and Volkov,
1984).

Ac;H = _Na477r27W/hc (1 1)

Here, 7y 1s the interfacial energy that equals the differ-
ence in surface energy of the aqueous and the hydrophobic
medium. Although Uhlig’s equation was developed for the
hydration of inert gases, it also successfully accounts for the
resolvation of molecules and ions between two liquid
phases. Since 7y, is positive, AGy, is always negative, and
therefore favors the partitioning of the ion into the bilayer.
The contribution of AGy, to the total free energy of transfer
is substantial and can outweigh the combined electrostatic
terms in the case of very large ions.

Another factor that can affect the partition coefficient of
an ion is the number and orientation of the water molecules
in its hydration shell. One consequence of the presence of a
hydration shell is the reduction of the effect of the dipole
potential, A¢, due to screening of the electric field by the
water molecules. In other words, a small, fully hydrated ion
inside a bilayer will be less affected by a dipole potential
than a large, hydrophobic ion. This issue becomes particu-
larly interesting for the three halides, which possess practi-
cally identical hydrated radii (Conway, 1981), but differ in
their bare radius. A second factor that is affected by the
nature of the hydration shell is ion-specific interactions
occurring at the lipid-water interface, in which water dipoles
in the hydration shell interact with surface charges or di-
poles located in the lipid headgroup region (polar lipid
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headgroups or tightly bound water molecules, for example).
Again, the strength of these interactions will depend on the
number and orientation of the water molecules in the hy-
dration shell.

To include the effect of hydration in our calculations, we
introduced an ion-specific energy term in Eq. 7, AGgp.
Since the exact magnitude of this term is difficult to assess,
we restrict ourselves to a qualitative interpretation. Gener-
ally speaking, we expect AGgp to partially compensate the
effect of the dipole potential that is expressed in AGy,.
Consequently, the sign of AGg, will be positive for anions
and negative for cations. We furthermore assume that the
absolute value of AGgp is directly related to the number of
water molecules in the hydration shell.

By inserting the total Gibbs free energy of transfer in Eq.
5, we can now estimate permeability coefficients. More
importantly, we can use this equation to plot P as a function
of bilayer thickness, ionic radius, and sign of charge.

The pore mechanism

According to the pore mechanism, permeation of ions
across a bilayer occurs through transient defects that are
produced by thermal fluctuations (Nagle and Scott, 1978;
Elamrani and Blume, 1983; Markin and Kozlov, 1985;
Deamer and Nichols, 1989; Hamilton and Kaler, 1990a, b).
By passing through hydrated pores in the bilayer, the per-
meant can largely circumvent the high energy cost required
to partition into the hydrophobic region of the membrane
(Parsegian, 1969). Naturally, the pathway described by this
model is favored for permeants having low solubility in
hydrophobic solvents so that pores can provide an alterna-
tive pathway for permeation. Apparently, permeation
through pores becomes relevant for cations in thin bilayers
(Deamer and Volkov, 1995; Paula et al., 1996).

In order to analyze this mechanism, we must develop an
expression of P as a function of bilayer thickness, ionic
radius, and sign of charge. A simplified model was pro-
posed by Hamilton and Kaler (1990a, b). According to this
description, the permeability coefficient can be expressed as
a function of bilayer thickness and ionic radius using the
following expression:

Dyon RT RT| [—km?] [—hd
P= oK [mz+]exp[ T ]exp[ E ] (12)

R.Ak, k, RT RT

The parameters used in this equation are defined as follows:
Dy is the diffusion coefficient of the permeating ion in
water; o is the surface concentration enhancement due to
electric double layers at the lipid-water interface; A is the
bilayer surface; R, is the radius of the liposome; R is the gas
constant; 7 is temperature; 7, is the maximum pore number;
r is the unhydrated radius of the permeating ion; and d is the
thickness of the hydrophobic part of the bilayer. The con-
stants &, and k, refer to the energy associated with the
formation of a pore of radius r and depth d, respectively.
The values for k; and k, were obtained by Hamilton and
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Kaler from curve fits of Eq. 12 to their set of experimental
data, which were collected for cations in vesicles made from
synthetic surfactants.

It should be emphasized that this model is based on the
assumption that permeation occurs through hydrated, hy-
drophilic defects. This implies that the ion remains hydrated
as it passes through a pore and that the water molecules in
the hydration shell of an ion are replaced by water mole-
cules bound to the lipid headgroups. Therefore, bare ionic
radii rather than hydrated radii are used in Eq. 12.

Another parameter that has important implications for the
following discussion is the surface concentration enhance-
ment o. This parameter accounts for the effects of electric
double layers at the water-lipid interface. Hamilton and
Kaler specified o with a value of 10 for cations in bilayers
made from synthetic surfactants with negatively charged
headgroups. Accordingly, a factor of 0.1 should apply for
anions. Since the PC used in our study are zwitterionic
rather than negatively charged, the use of this particular
value for o is debatable. Nevertheless, even in the case of
liposomes composed of zwitterionic PC, o is expected to be
>1 for cations and <1 for anions. This effect is caused by
the dipole moments of the lipid headgroups and bound
water molecules (see previous section) that have their neg-
ative centers of charge oriented toward the aqueous phase
and thereby increase the cation concentration at the inter-
face relative to the bulk. As a result, the permeability
coefficient for cations will be higher than for anions. This
qualitative assessment is sufficient for our discussion of the
influence of the sign of ionic charge because o is the only
factor in the pore mechanism that discriminates between
cations and anions. Equation 12 represents the counterpart
to Eq. 5 and permits the calculation of P as a function of d,
r, and sign of charge.

Comparison of the two mechanisms

With the aid of the theory outlined above, we will now
compare and discuss the predictions that the two mecha-
nisms make for P with respect to the experimental variables
membrane thickness, ionic radius, and sign of charge. Table
2 summarizes the major findings.

TABLE 2 Comparison of the parameter sensitivity of the
solubility-diffusion and the pore mechanism

Solubility-Diffusion

Parameter Mechanism Pore Mechanism
Slgn of ionic Charge (i) Panion > Pcation Pcation > Panion
Bilayer thickness d P varies moderately P varies strongly
with d with d
Ionic radius r P generally P decreases with
increases with increasing

increasing ionic ionic radius

radius
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The influence of sign of charge

The crucial factor in the solubility-diffusion mechanism that
clearly differentiates between cations and anions is the
dipole potential A¢, expressed in terms of AGp. For sim-
plicity, we will not explicitly include the effect of AGgp at
this point, but describe its effect by operating with a slightly
reduced dipole potential (—150 mV instead of ~ —240
mV). This is justified since AGgp will only counteract a
certain fraction of AGp, but never fully compensate for it
(see discussion above). Fig. 3 nicely illustrates the tremen-
dous changes in P that are caused by the dipole potential.
The difference between ions that have the same hydrated
radius but a different sign of charge is 3 to 4 orders of
magnitude. This is the difference observed between potas-
sium and halide permeability coefficients in experiments.
This characteristic is obviously inconsistent with the pore
mechanism. Here, the relevant parameter that is sensitive to
the sign of ionic charge is the surface concentration en-
hancement factor o. As pointed out above, o is greater for
cations than for anions, causing the permeability coefficient
to be smaller for anions than for cations. Using values of 10
and 0.1 as an approximation (Hamilton and Kaler, 1990a),
the difference is two orders of magnitude. Thus, the exper-
imental data clearly favor the solubility-diffusion mechanism.

The influence of bilayer thickness

Fig. 3 presents experimentally determined and calculated
permeability coefficients as a function of bilayer thickness
on a semi-logarithmic scale. The curve obtained from the
pore mechanism is a straight line with a slope given by the
constant k,. The solubility-diffusion mechanism produces a
line differing from the previous one in two respects. First,
the slope is not constant but instead depends on d, with a
steeper slope for thin bilayers than for thicker ones. Second,
the slope of the line produced by the solubility-diffusion
curve is always less than that predicted by the pore mech-
anism, even for thin bilayers. Since the experimental data
for halide permeability coefficients exhibit a rather modest
dependence of P on d, the experimental data support a
solubility-diffusion mechanism and argue against perme-
ation through pores.

The influence of ionic radius

Fig. 4 illustrates how P is affected by the radius of the
permeating ion at a fixed bilayer thickness of 30 A. It should
be reemphasized that unhydrated radii are used in conjunc-
tion with the pore mechanism whereas the hydrated radii are
used for the solubility-diffusion mechanism. An obvious
feature is that the pore mechanism is dramatically less
sensitive to changes in the ionic radius than the solubility-
diffusion mechanism. Since the unhydrated radius increases
in the order r; < rg, < 1y, the permeability coefficient as
predicted by the pore mechanism should decrease very
moderately in the same order (P > Py, > P;). The
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FIGURE 4 Dependence of P on ionic radius. Experimentally determined
permeability coefficients of potassium (@) and the halides (H; the points
for chloride, bromide, and iodide coincide on this scale, if hydrated radii
are used). The solid lines were obtained from Eq. 5 for the solubility-
diffusion mechanism (upper line for an anion, lower line for a cation). The
dashed line was computed from Eq. 12 according to the pore mechanism
(parameters as in Fig. 3).

experimental results, however, indicate that exactly the op-
posite is the case.

Fig. 4 also reveals why only hydrated radii are reasonable
parameters in conjunction with the solubility-diffusion
mechanism. Bare radii yield values for P that are many
orders of magnitude lower than the experimental findings.
Furthermore, the calculated differences between the halide
permeability coefficients are too large.

Since the hydrated radii for the three halides are virtually
the same (3.31 A; Conway, 1981), the solubility-diffusion
mechanism predicts identical P values, if AGgp is neglected.
Before we include this energy term in our discussion, it
should be noted that the sensitivity of the two mechanisms
with respect to the ionic radius by itself already points to the
solubility-diffusion mechanism. Keeping in mind how sen-
sitive P is to the ionic radius, it is clear that minor changes
in this parameter will cause dramatic changes in the calcu-
lated permeability coefficient, as illustrated in Fig. 4. Given
the uncertainties that are attached to the measurements of
hydrated ionic radii, a difference of only 0.1 A can easily
account for the relatively small difference in the experimen-
tal values for P between the individual halides. It should be
noted that a similar argument cannot be made for the pore
mechanism. Due to the insensitivity of the pore mechanism,
unrealistically large differences in the unhydrated (!) ionic
radii would be required to explain the experimentally ob-
served differences in permeation rates.

We will now include AGgp in our calculation. As stated
above, the exact value of AGgp is unknown, but it will be
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largest for chloride, which has the largest hydration shell
and smallest for iodide. The sign of AGgp is positive,
reducing the effect of AGp,. As a consequence, the perme-
ability coefficients for the halides will increase in the order
P < Py, < Py, which is exactly what is observed. Fig. 5
represents an attempt to select AGgp in order to account for
the differences in the permeability coefficients of the ha-
lides. Potassium ion data were also included also in this Fig.
5. The selected values for AGgp, were 10 kJ/mol for chlo-
ride, 5 kJ/mol for bromide, 0.5 kJ/mol for iodide, and —16
kJ/mol for potassium ions, if the value of the dipole poten-
tial was selected to be —240 mV. Alternatively, one could
account for the effect of the hydration shell by using a
dipole potential specifically reduced for each ion, which
would amount to —136 mV for chloride, —188 mV for
bromide, —234 mV for iodide, and —74 mV for potassium
ions. Both of our previously stated requirements for AGgp
are fulfilled throughout this procedure: the absolute value of
AGyp increases with the number of hydrating water mole-
cules (IT < Br~ < CI- < K") and the sign of AGgp
changes as the sign of the ionic charge changes.

SUMMARY

We conclude from our analysis that the solubility-diffusion
mechanism better describes permeation of halide ions
across phospholipid bilayers than the pore mechanism. We
base our argument on the experimentally observed depen-
dence of the permeability coefficients on the sign of the

4 -

-6

-8 -

log [P/ (cm/s) ]

K+

I T I T T T I ! T i

20 25 30 35 40
bilayer thickness / A

FIGURE 5 Experimentally determined permeability coefficients and
theoretical lines derived from the solubility-diffusion mechanism, includ-
ing the effect of the hydration shell. Parameters are the same as in Fig. 3
with the following exceptions: A¢p = —240 mV, AGgp (K7) = —16.0
kJ/mol, AGgp (I7) = 0.5 kJ/mol, AGgp (Br™) = 5.0 kJ/mol, AGg, (C17) =
10.0 kJ/mol.
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ionic charge, on the bilayer thickness, and on the ionic size.
In each case, the comparison of the experimental evidence
to theoretical predictions supported the solubility-diffusion
mechanism and was inconsistent with permeation through
pores.
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