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Summary

Charge-pulse relaxation experiments with the negatively charged lipophilic
ions, dipicrylamine and tetraphenylborate, (as well as with the positively
charged carrier system Rb.valinomycin) have been carried out in order to
study the influence of sterols on the ion transport through the lipid bilayer
membrane. The mol fraction of the sterols (cholesterol, epicholesterol, ergoste-
rol, stigmasterol, dihydrocholsterol, epicoprostanol and cholesterololeate) as
referred to total lipid was varied in a wide range (mol fractions 0—0.8).

The monoolein/sterol or dioleoylphosphatidylcholine/sterol mixtures were
dissolved in n-hexadecane in order to minimize effects of the sterol on the
membrane thickness.

Cholesterol had a strong influence on the transport of the lipophilic ions. Its
incorporation into monoolein membranes increased the rate constant k; of
translocation up to 8-fold, but incorporation into phosphatidylcholine mem-
branes had virtually no influence on k;. The other sterols with one hydroxy
group and cholesterololeate had no influence on the rate constant or the parti-
tion coefficient §. The results are discussed on the basis of a possible change of
dipole potential of the membrane caused by cholesterol and its derivatives.

In the case of valinomycin-mediated Rb* transport only cholesterol had a
strong influence on transport properties. The rate constants of association
(kr) as well as the rate constants of translocation of the complex (kyg) and of
the free carrier (kg) were reduced by incorporation of cholesterol up to eight-
fold. The decrease of kg and kyg are possibly caused by a decrease of mem-
brane fluidity, whereas the decrease of kg may be due to an increase of sur-
face potential. The different action of cholesterol on the two transport systems
is discussed under the assumption that the adsorption plane of the lipophilic
ion is located more towards the aqueous side and that of the ion-carrier com-
plexes more towards the hydrocarbon side of the dipole layer.

* Permanent address: Laboratoire de Chimie Physique, Université des Sciences et Techniques du
Languedoc, Place E. Bataillon, 34060 Montpellier, France.
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Introduction

Sterols are common constituents of biological membranes. Some mamma-
lian membranes such as erythrocyte or myelin membranes contain high
amounts of cholesterol (the major mammalian sterol), up to mol fractions
between 0.5 and 0.67 (referred to total lipid) [1]. Besides this major sterol
component small amounts of other sterols like 7-dehydrocholesterol, cholesta-
nol or desmosterol are present in mammalian membranes [2—4]. Ergosterol
and stigmasterol have been found in plants [5].

Sterols were found to have a large influence on the structure of monolayers
and model membranes [6,37]. It has been shown that the addition of choleste-
rol to monolayers of phosphatidylcholine with unsaturated fatty acid residues
leads to a condensation of the monolayer [7]. A similar condensation effect has
been observed with lipid vesicles. In the presence of cholesterol the osmotically
induced swelling rate of liposomes from phospholipids in the liquid crystal-
line state decreased considerably [8], indicating a decreased water permea-
bility. A similar influence on the permeability of other uncharged molecules
has been found. In contrast to these findings the permeability of liposomes
from lecithin in the crystalline state increases, if cholesterol is present {8,9].

Calorimetric measurements showed that the phase transition of phospho-
lipids from the crystalline to the liquid crystalline state gradually disappears
with increasing cholesterol content [10]. Nuclear magnetic resonance studies
with mixed phospholipid/cholsterol systems in water indicated a strong inter-
action between the fatty acid chains of the phospholipids and cholesterol
[11]. The mobility of the chains has been found to decrease above the phase
transition temperature and to increase below the phase transition point.

Experiments with different sterols, in particular with the 3 «-hydroxy
isomers like epicholesterol showed that for the interaction of sterols with the
membrane phospholipids certain structural properties are necessary. Besides a
planar configuration of the sterol molecule, the presence of the 3-3-hydroxy-
group and of the intact side chain is critical. Epicholesterol, for instance, does
not influence the structure of model membranes to an appreciable extent [5].

The action of cholesterol on planar lipid bilayer membranes has also been
studied in the past. It has been found that the permeability of membranes is
altered in the presence of cholesterol [12—17]. Whereas for positively charged
molecules a decrease of conductivity has been observed [{12,15,16]; the oppo-
site effect has been found for negatively charged “probes™ [14,15,17}. From
these results it has been concluded that not so much the above-mentioned con-
densation effect is responsible for the permeability changes but rather the high
dipole moment of the cholesterol molecule (it should be noted that under the
conditions of these experiments the lipid bilayer membranes were always in the
liquid bilayer membranes were always in the liquid crystalline state). Choleste-
rol is assumed to change the dipole potential in the surface of the membrane,
thus altering the transport kinetics of the charged probes [13—15,18]. In addi-
tion, the concentration of the charged molecules adsorbed to the membrane-
water interface may be influenced by the change of the dipolar potential.

Most of these investigations have been performed on a more qualitative basis,
i.e. the change of membrane conductivity has been measured, which does not
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allow the separation of the above-mentioned effects [12—14]. From relaxation
studies it is possible to separate the influence of cholesterol on the transloca-
tion rate constant as well as on the partition coefficient. Such studies have been
described in three recent publications [15—17]. In addition, it has been found
that increasing the content of cholesterol in membranes made from monoolein
or dioleoyllecithin dissolved in n-decane leads to an increase in the specific
capacity of the membranes [16,17,19]. Experiments with lipophilic ions and
membranes made from one and the same lipid dissolved in different n-alkanes
have shown that thinning of the membrane leads to a dramatic increase of the
translocation rate constant of the lipophilic ion [17]. In this study we have
attempted to separate the thickness effect from the other effects of cholesterol
on the transport properties. Therefore the lipids were dissolved in n-hexadecane
where no further thinning of the membranes in the presence of cholesterol was
observed. In addition, the influence of other sterols on the transport of charged
probes was investigated. We used the negatively charged lipophilic ions tetra-
phenylborate and dipicrylamine as well as the positively-charged carrier system
valinomycin/Rb" as probes. These three different transport systems are well
established and have been used as model systems in a number of investigations
[{14—17,20—25].

Kinetic studies with lipophilic ions and carriers have been performed in the
past using the voltage-jump relaxation method [15,20—22,24] and recently
also by the charge-pulse relaxation technique [16,17,23,25]. The latter tech-
nique was used throughout this study. Its main advantage, besides a minimal
pertubation of the membrane (V, < 10 mv), lies in the increased time resolu-
tion which is given by the measuring circuit and not limited by the membrane
conductance.

Description of the transport models

The models for the transport of lipophilic ions as well as for carrier mediated
ion transport have been presented in full detail in previous publications
[20—27]. The application of the charge pulse method to both transport sys-
tems has also been described extensively [23,25]. Therefore we give here only
the main equations which relate the experimental data to the kinetic para-
meters of the model.

The transport of lipophilic ions across lipid bilayer membranes occurs in dif-
ferent steps, namely the adsorption-desorption reaction between the aqueous
phase and the membrane interface (rate constants k,;, and k,), and the
exchange of the lipophilic ion across the central potential barrier in the mem-
brane (rate constant k;) [20]. For charge-pulse experiments in the limit of small
voltages (V, << 25 mV) the decay of the voltage across the membrane is
governed by two exponentials with 7, << 7, [23]:

Vim(t) = Vi [a, exp(—t/7,) + a; exp(—t/7;)] (1)
with

a; +a, =1 (2)
r 1 3)

T 2k,(1 + bN,)
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N, is the total concentration of the lipophilic ions per cm?, C,, the specific
capacity of the membrane, R the gas constant, F the Faraday constant and T is
the absolute temperature. It has been shown that in the presence of lipophilic
ions the slow process is governed by diffusion polarisation and that it is not
possible to derive from the experimental data the values for the rate constants
kma and k., [23]. Only the ratio of both rate constants, the partition coeffi-
cient § may be obtained according to the following equation:

Ny _kam
2¢  Rma

The model for carrier mediated ion transport is based on the assumption that
the association between carrier S and ion M* (aqueous concentration Cy) takes
place at the membrane-solution interface with the rate constants of association
and dissociation of the complex being kx and kp, respectively. Complex MS*
and free carrier S cross the membrane with rate constants kyg and kg {26]. For
charge-pulse experiments in the limit of small voltages ([V,] << 35 mV) the
decay of the voltage across the membrane with time is given by [25]:

B= (6)

Vilt) = Vo [a, exp(—\;t) + a, exp(—N,t) + a3 exp(—Ast)] (7)
with:
a,ta, tas;=1 (8)

The four rate constants and the total carrier concentration N, in the membrane
may be calculated according to the following equations [25]:

1(PS )
kyms = =\——P 9
MS 2 P4 4 ( )
1 l:P,PS P, (Ps)z}
k = |2 Pp = — 2 10
P 2kMS P4 : P4 P4, ( )
1 P,
ks =05 11
S 2k, P (11)
1
kR :_(X/[‘(Pl ~_‘[)4_2ks —2kMS "‘kD) (12)
2RTC,, P, ( kp
e L 13
No =5 s i) (13)

The quantities P, may be calculated from the relaxation times 7; = 1/A; and the
relative relaxation amplitudes ¢; in the following way:

Po=X + X A, (14)
Py = NN A0+ XA, (15)
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Py =N (16)
P4 =a1>\l +a2)\2 +a3>\3 (17)
Ps = a,\? +a,\} +a;)\3 (18)

Materials and Methods

Lipid bilayer membranes were obtained in the usual way [28] from a 1—3%
(w/v) lipid solution in n-hexadecane (Merck, Darmstadt, G.F.R., standard for
gas chromatography). The cell used for bilayer formation was made from
Teflon. The circular hole in the wall between the two compartments had a dia-
meter of either 2 mm or 1 mm. The smaller membrane area was used in certain
critical cases in order to increase the lifetime of the membranes; otherwise the
membrane area had no influence on the experimental results. The temperature
was kept at 25°C throughout.

Dioleoylphosphatidylcholine was synthesized in our own laboratory accord-
ing to ref. [29]. Monoolein was obtained from Nu. Check Prep. Elysian, Minn..

Various mixtures of the lipids with the following sterols were used for the
membrane forming solutions (Fig. 1). Cholesterol (cholest-5-en-33-o0l, Eastman
reagent grade), epicholesterol (cholest-5-en-3a-ol, Merck, analytical grade), stig-
masterol (cholest-5,22-dien-24-ethyl-35-0l, Sigma), ergosterol (cholest-5,7,22-
trien-24-methyl-3B-ol, Sigma), dihydrocholesterol (5a-cholestan-3f3-ol, Sigma)
epicoprostanol (50-cholestan-3x-0l, Sigma) and cholesterolloleate (Merck,
analytical grade). Dipicrylamide (Fluka, Buchs, Switzerland, puriss), tetraphe-
nylborate (Merck, analytical grade) and valinomycin (Calbiochem) were used as
concentrated stock solutions in ethanol. Small amounts of the stock solutions
were added to the aqueous solutions to get a final concentration between 1077
M and 10 M. These concentrations were chosen in order to obtain a linear
relationship between the concentrations of the probes in the aqueous phase and
in the membrane [30], and in order to produce no ‘“boundary potential” by

CHOLESTEROL ERGOSTEROL
) HO/%@\/Y
STIGMASTEROL DIHYDROCHOLESTEROL

Fig. 1. Structure of some 3f-hydroxysterols, and one 33,5a-dihydroxysterol (dihydrocholesterol). Epicho-
lesterol and epicoprostanol (not included) are the «,3 isomers of cholesterol and dihydrocholesterol,
respectively.
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the absorption of the lipophilic ions [39]. The ethanol content in the aqueous
phase did not exceed 0.1% (v/v). The unbuffered aqueous solutions contained
either 0.1 M NaCl (experiments with lipophilic ions) or 1 M RbCl (experiments
with valinomycin). The experiments were performed 5—10 min after blacken-
ing of the membranes.

The charge pulse experiments were carried out as described in previous publi-
cations {23,25]. The membrane capacitance was charged up to a voltage of
about 10 mV by a brief current pulse (20 ns to 50 ns duration) through silver/
silverchloride or platinized platinum electrodes. The voltage transient across the
membrane was recorded in different ways in the case of experiments with lipo-
philic ions or in the case of the carrier system. Whereas in the latter case the
charge-pulse was applied repetitively, a single sweep was stored in the case of
the experiments with the lipophilic ions. (Tektronix 7633/7A13/7A22 storage
oscilloscope). The evaluation of the data from the oscillographic records was
performed as described earlier [23,35].

For the calculation of the total concentration N; of lipophilic ions and of the
total carrier concentration N, in the membrane the value of the specific mem-
brane capacity C,, is needed. For some systems studied here the specific capac-
ity has been determined previously [29,31]. For the others C,, was measured
by applying rectangular voltage pulses of 10 mV to the membranes. The capac-
itive current was measured as a voltage drop across an external resistance with a
storage oscilloscope (Tektronix 5115/5A22). The specific capacity of the mem-
brane was calculated from the data as described earlier [29].

Results

Experiments with lipophilic ions

In all experiments with the negatively charged lipophilic ions dipicrylamine
and tetraphenylborate two relaxations could be resolved. Whereas the first
purely exponential relaxation process is coupled with the distribution of lipo-
philic ions within the membrane, the second, slow relaxation process reflects
only the conductivity of undoped membranes because of slow aqueous diffu-
sion [23]. From the observed relaxation time 7, and the relative relaxation
amplitude a, of the fast process the rate constant of translocation &; as well the
total concentration N, of lipophilic ions in the membrane were calculated
according to Eqgns. 3 and 4. For each set of experimental conditions at least
6 membranes were used. The standard deviations for k; were usually less than
15% for k; and less than 30% for N,. The larger variations for N, are presum-
ably caused by the difficulty to obtain partition equilibrium because of the
short lifetime of the membranes under certain conditions.

It is seen from Eqn. 5 that for the calculation of N, from the experimental
data the specific capacity C,, is needed. In the case of pure monoolein and
pure dioleoylphosphatidylcholine dissolved in n-hexadecane the value for C,,
was taken from the literature. For the other systems it was measured in the
course of this study. In all cases the specific capacity was 600 : 30 nF - cm™
for membranes containing monoolein and 630 + 30 nF - cm™ for membranes
containing dioleoylphosphatidylcholine, irrespective of the amount of sterol in
the membrane.
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Membranes were formed from mixtures of monoolein with different sterols
and cholesterololeat dissolved in n-hexadecane. The results describing the
kinetic behaviour of dipicrylamine and tetraphenylborate for the different sys-
tems are summarized in Tables I and II. It is seen that the time constant 7, of
the fast relaxation process is strongly dependent on the molar ratio cholesterol/
monoolein. For increasing mol fraction of cholesterol from 0 to 0.8 (as referred
to total lipid) 7, decreases about eight-fold in the case of dipicrylamide and of
tetraphenylborate. This decrease is paralleled with an increase of k; for both
lipophilic ions, whereas N, remains virtually constant.

The influence of the other sterols like epicholesterol, ergosterol and stigma-
sterol on the transport kinetics of the lipophilic ions is comparably small. The
same applies for cholesterololeate. In the case of the sterols with two hydroxy
groups the influence is somewhat larger. But also in this case only the rate con-
stant of translocation is changed whereas N remains unaffected.

It is seen from Table III that cholesterol, epicholesterol, ergosterol, stigma-
sterol and cholesterololeat have no influence on the kinetics of dipicrylamine

TABLE I
KINETIC PARAMETERS OF DIPICRYLAMINE TRANSPORT THROUGH MEMBRANES MADE
FROM MONOOLEIN/STEROL MIXTURES DISSOLVED IN n-HEXADECANE

The mol fraction x of the sterols in the membrane-forming solution (referred to total lipid) is given in the
first column, The aqueous phase contained 0.1 M NaCl and 3 - 10-8 M dipicrylamine, 25°C. The results
for pure monoolein were taken from ref. 17. For the calculation of Ny a specific capacity Cp, = 600
nF - em™2 was used.

x 7, /s ay k103 s Ny/pmol - cm 2 8/1072 em
Cholesterol

0 87 0.18 4.7 0.14 0.23

0.17 76 0.18 5.4 0.14 0.23

0.33 54 0.17 7.7 0.13 0.22

0.50 26 0.21 15 0.17 0.28

0.67 16 0.19 26 0.15 0.25

0.80 11 0.19 38 0.15 0.25
Epicholesterol

0.17 78 G.17 5.3 0.13 0.22

0.33 130 0.18 3.2 0.14 0.23

0.50 110 0.19 3.7 0.15 0.25

0.67 110 0.20 3.8 0.16 0.27

0.80 94 0.23 4.1 0.19 0.32
Ergosterol

0.50 100 0.17 4.3 0.15 0.25

0.80 110 0.25 3.6 0.21 0.35
Cholesterololeate

0.50 110 0.19 3.8 0.15 0.25

0.80 110 0.21 3.7 0.17 0.28
Stigmasterol

0.80 75 0.21 5.3 0.17 0.28
Dihydrocholesterol

0.50 36 0.20 11 0.16 0.27

0.80 22 0.24 17 0.20 0.33
Epicoprostanol

0.50 51 0.17 8.2 0.13 0.22
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TABLE II

KINETIC PARAMETERS OF TETRAPHENYLBORATE TRANSPORT THROUGH MEMBRANES
MADE FROM MONOOLEIN/STEROL MIXTURES DISSOLVED IN n-HEXADECANE

The mol fraction x of the sterols in the membrane-forming solution (referred to total lipid) is given in the
first column. The aqueous phase contained 0.1 M NaCl and 10”7 M tetraphenylborate; 25°C. For the cal-
culation of N a specific capacity Cpy, = 600 nF - cm™? was used.

x T1/Hs ay kijs™t Ni/pmol - em™2 8/1073 e¢m
Cholesterol

0 3.0 0.22 130 0.18 0.90

0.17 3.3 0.21 120 0.17 0.85

0.33 1.8 0.19 230 0.15 0.75

0.50 0.74 0.20 540 0.16 0.80

0.67 0.59 0.19 690 0.15 0.75

0.80 0.37 0.19 1100 0.15 0.75
Epicholesterol

0.80 3.2 0.24 120 0.20 1.0
Ergosterol

0.50 2.8 0.23 140 0.19 0.95

0.80 3.0 0.21 130 0.17 0.85
Cholesterololeate

0.80 3.3 0.21 120 0.17 0.85
Stigmasterol

0.80 2.5 0.24 150 0.20 1.0
Dihydrocholesterol

0.67 1.4 0.21 280 0.17 0.85

0.80 1.1 0.23 350 0.19 0.95
Epicoprostanol

0.50 1.8 0.19 220 0.15 0.75
TABLE III

KINETIC PARAMETERS OF DIPICRYLAMINE TRANSPORT THROUGH MEMBRANES MADE
FROM DIOLEOYLPHOSPHATIDYLCHOLINE/STEROL MIXTURES DISSOLVED IN n-HEXADE-
CANE

The mol fraction x of sterol in the membrane-forming solution (referred to total lipid) is given in the first
column. The aqueous phase contained 0.1 M NaCl and 10~8 M dipicrylamine; 25°C. The results for pure
dioleoylphosphatidylcholine were taken from ref. 17. For the calculation of Ny a specific capacity Cyy, =
630 nF - cm™2 was used.

x T1/1s ay ki/103 s N¢/pmol - em™2 8/1072 em
Cholesterol
0 42 0.49 6.0 0.65 3.3
0.17 41 0.52 5.8 0.74 3.7
0.33 38 0.58 5.6 0.92 4.6
0.50 40 0.50 6.2 0.68 3.4
0.67 37 0.52 6.5 0.72 3.6
0.80 39 0.51 6.3 0.69 3.5
Epicholesterol
0.80 37 0.50 6.7 0.67 3.4
Ergosterol
0.80 43 0.43 6.2 0.59 3.0
Cholesterololeate

0.80 45 0.48 5.8 0.62 3.1
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TABLE IV

RELAXATION TIMES 7; AND RELATIVE RELAXATION AMPLITUDES qo; OBTAINED FROM
CHARGE-PULSE EXPERIMENTS WITH MEMBRANES MADE FROM MONOOLEIN/STEROL MIX-
TURES DISSOLVED IN n-HEXADECANE

The mol fraction x of sterol in the membrane-forming solution (referred to total lipid) is given in the first
column, The aqueous phase contained 1 M RbC and 10~7 M valinomycin; T = 26°C. The experimental
values for pure monoolein were taken from ref. 16.

x T1/us T2lus T3/us aj as
Cholesterol

o] 0.76 4.1 63 0.56 0.11

0.17 1.4 5.1 92 0.30 0.18

0.33 2.0 8.6 130 0.16 0.23

0.50 3.2 12 160 0.15 0.34

0.67 4.3 33 260 0.029 0.28

0.80 5.3 50 310 0.024 0.50
Epicholesterol

C.17 1.1 3.8 130 0.34 0.11

0.33 1.0 3.7 110 0.30 0.12

0.50 1.1 2.9 120 0.30 0.20

0.67 0.90 3.1 140 0.44 0.16

0.80 1.2 3.4 180 0.21 0.18
Ergosterol

0.67 1.3 3.3 120 0.23 0.18
Cholesterololeate

0.67 0.95 3.1 98 0.35 0.12
Stigmasterol

0.80 1.3 3.4 150 0.20 0.15

transport through membranes from dioleoylphosphatidylcholine. In a previous
publication [17] we showed that the addition of cholesterol caused an increase
of k;.in the case of membranes from the same lipid dissolved in n-decane
(instead of n-hexadecane). According to the results obtained in this study it is
very likely that the earlier observed increase is mainly caused by a thinning of
the membranes. Similar considerations apply to the finding of Szabo [15] that
cholesterol leads to increase of k; for tetraphenylborate in monoolein/n-decane
membranes of about 40-fold if the mole fraction of cholesterol is increased
from O to 0.91. As cholesterol in monoolein in n-decane membranes causes a
membrane thinning [16] this strong increase of k; may also partly be caused by
the thickness effect.

Experiments with valinomycin

The experimental results obtained with membranes from monoolein/sterol
mixtures dissolved in n-hexadecane are given in Table IV. The mol fraction of
cholesterol and epicholesterol was varied between 0 and 0.8.

The three relaxations predicted by the model could be resolved. As shown in
Table IV, all three relaxation times strongly increase, while a, the amplitude
of the fastest relaxation, shows an opposite behaviour. In contrast to this find-
ing, epicholesterol, ergosterol and stigmasterol as well as cholesterololeat show
only a small influence on the kinetics of valinomycin mediated Rb*-transport.



274

TABLE V

INFLUENCE OF STEROL ON THE RATE CONSTANTS OF VALINOMYCIN-MEDIATED Rb*-
TRANSPORT, AS CALCULATED FROM THE EXPERIMENTAL DATA OF TABLE IV

For the calculation of Ny a value for the specific capacity Cm = 600 nF - cm™? was used.

x ER/10% Mt-gt kp/10% st hvg/10% 571 kg/10% s71 No/pmol - em™2
Cholesterol

0 15 9 23 3.0 1.7

0.17 13 11 19 2.7 0.81

0.33 8.3 12 14 1.7 0.62

0.50 6.2 10 7.1 1.0 0.92

0.67 3.0 12 4.2 0.62 0.68

0.80 2.0 11 2.8 0.41 0.95
Epicholesterol

0.17 19 8 25 3.4 0.62

0.33 19 10 28 3.7 0.58

0.50 29 14 23 2.7 0.75

0.67 25 12 26 2.1 0.91

0.80 26 13 24 2.2 (.48
Ergosterol

0.67 25 12 21 3.5 0.54
Cholesterololeate

0.67 23 10 28 4.2 0.68
Stigmasterol

0.80 25 11 23 3.4 0.41

With dihydrocholesterol or epicoprostanol the experimental data are much
more effected. In these two cases only two relaxations could be resolved. Possi-
bly the first and the second relaxation process have approximately the same
time constant or the amplitude of the fastest process is too small.

Table V contains the values of the rate constants and of N, which were cal-
culated from the experimental results given in Table IV and from C,, according
to Eqns. 9—13.

It is seen from Table V that cholesterol has a strong influence on the rate
constants kg, kys and ks. As X.n0) 1S varied between 0 and 0.8, the three rate
constants kg, kys and kg decrease about 7 to 8-fold, whereas kp, remains virtu-
ally constant.

Tabel V contains also the results for the sterols with one hydroxy group and
for cholesterinoleate. According to the finding that the relaxation date are not
very much affected by these compounds, the rate constants and N, remain also
virtually constant.

Discussion

From the results given in the previous section it is seen that there is a strong
influence of cholesterol on the transport kinetics of lipophilic ions and carrier
molecules. For an increasing mol fraction of cholesterol between 0 and 0.8 the
translocation rate constant k; for dipicrylamine and tetraphenylborate increases
by a factor of about 8, whereas the partition coefficient § is almost insensitive
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to the cholesterol content of the membrane. These findings are in contrast to
the observed decrease of nonelectrolyte permeability of lipid vesicles in the
presences of cholesterol [5,8]. These results have been explained in terms of a
condensation effect of cholesterol [5] and a concomitant decrease of mem-
brane fluidity.

In experiments with lipid bilayer membranes containing increasing amounts
of cholesterol the permeability of positively charged probes decreases, whereas
the opposite is valid for negatively charged molecules [14,15]. These findings
can be explained by the assumption that the influence of cholesterol on the
kinetics of charged probes is given mainly by the change of the dipole poten-
tial of lipid bilayer membranes and to a much lesser extent by the membrane
fluidity [13,14]. No direct information is available on the magnitude of the
dipole potential between aqueous phase and membrane interior. Measurements
of surface potentials of lipid monolayers which may be considered as one halve
of a membrane indicate that the interior of a membrane is more positive by
several 100 mV with respect to the aqueous phase [32]. As indicated by mono-
layer experiments the dipole potential of membranes seems to be largely depen-
dent on the lipid composition of the membrane [32]. Monolayers of monolein
and lecithin, the lipids used in this study, have a surface potential of about 320
mV and 440 mV, respectively {32]. As the dipole potential V (Fig. 2) of a
membrane affects in general, both the partition coefficient § and the transloca-
tion rate constant k;, the product k3 for a given hydrophobic ion should be dif-
ferent by a factor of about 100 for membranes composed of either monoolein
or lecithin. This is not the case, as seen from Tables I and III. From the devia-
tion one may conclude that not only the variation of the dipole potential is
responsible for the differences between the single lipids. The adsorption of
hydrophobic ions to the zwitterionic polar head group or structural properties
of the membranes may also play a role.

I
|
!
|
|
!
|
|
I

agueous dipole hydrocarbon dipole aqueous
phase layer layer layer phase
Fig. 2. Potential course in a membrane. Vp and V) are the potentials of the membrane interior with

respect to the membrane surface and the aqueous phase, respectively. AVp is the change of the dipole
potential V.,
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The change of the dipole potential AV (Fig. 2) of a membrane may affect
in general the partition coefficient 3 as well as the translocation rate constant
k;. The relative magnitude of the effects on § and k; depends on the location of
the adsorption plane of the lipophilic ion. Under the assumption that the intro-
duction of sterol molecules in the membrane affects only the surface potential
by the amount AVp but leaves other membrane parameters unchanged, the
influence on f3k; is given by the following equation:

Bk; = B* exp(—=8F AVp/RT) - ki exp(—2(1—8) F AVp/RT) (19)

where z is the valency of the lipophilic ion, § AV and (1—6)AVyp the change of
the dipole potential with respect to the adsorption plane of the lipophilic ions
and to the translocation rate constant, respectively, and k; and § are the con-
stants for AV = 0. If the adsorption plane is located outside (on the aqueous
side) of the dipole layer then AVy acts only on k; leaving 8 unaffected (6 = 0).

The results given in Tables I, IT and III show that the partition coefficient is
almost insensitive to the composition of the membrane, whereas the transloca-
tion rate constant k; is found to increase in the case of monoolein membranes
with increasing cholesterol content. In the case of lecithin membranes %; seems
to be nearly unaffected (Table III). These results are consistent with the finding
that a monolayer of cholesterol has a surface potential of 390 mV [33], which
is much larger than that of a monoolein monolayer (about 320 mV) [32]. A
lecithin monolayer has a surface potential of 440 mV [32], k; should therefore
decrease in membranes from cholesterol lecithin mixtures with increasing
cholesterol content. It is seen from Table III that no decrease was observed for
k. The reason for this finding is not yet clear.

Using the assumption that cholesterol and monoolein are ideally mixed in
the membrane and that the membrane has the same composition as the bulk
phase, (an assumption, which is not completely fullfilled in cases where the
composition of membranes containing cholesterol has been measured [34])
Eqgn. 19 reduces in the case § = 0 to:

k; = k! exp(F x AVp/RT) (20)

when the valency z = -1 of dipicrylamine and tetraphenylborate has been
introduced. x is the mol fraction of cholesterol. Fig. 3 shows the results for the
two lipophilic ions. The theoretical curve was drawn with AV, = 70 mV. It is
seen that the dependence of the ratio k; /k; on the mol fraction of cholesterol is
very well described by Eqn. 20. This finding is not obvious, as some of the
assumptions which are implicit in equation 20 seem doubtful. Especially in
the case of epicholesterol, where a surface potential of monolayers in the order
of —100 mV has been observed [33], it is not possible to describe the results
for k;/k; in a similar way as for cholesterol. An explanation for this unexpected
behaviour is also not yet clear, but monolayer studies may help to decide this
question.

A possibility is that the sterols with one hydroxy group, besides cholesterol,
are completely excluded from a bilayer. However, a complete exclusion of
sterols from membranes seems not very likely. Similar considerations apply to
cholesterololeat, where also no influence on the kinetics of ions transport was
observed. Cholesterol, for instance is only excluded to a small extent at higher
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Fig. 3. Dependence of ki/ki* on the mol fraction of cholesterol in monoolein/cholesterol mixtures, The
theoretical curve was calculated according to Eqn. 20 using AVp = 70 mV. For further explanation see
text.

concentrations in the membrane forming solutions [34]. Monolayer studies
with lipid/sterol mixtures, especially the measurement of the surface potential
may help to decide this question.

The action of cholesterol on valinomycin mediated by Rb” transport is much
more complex as compared with the action on lipophilic ions. It is seen from
Table V that not only kyg decreases with increasing cholesterol content in the
membrane, but also kg and kg show a similar behaviour as kyg (Fig. 4). The
decrease of the three constants is of similar magnitude as the increase of k; in
the case of the lipophilic ions under identical conditions. A change in the
dipolar potential of the membranes is able to influence the stability of the ion-
carrier complex as well as the translocation rate constant kyg But its influence

rate
constants
1/5 —
. \o\
.,
5 x_\__,’-x\ /x\x
107+ x/ \ \x
\o
.\
\a
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\A .
10°F  *krom \A
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Fig. 4. Dependence of the rate constants of valinomycin mediated Rb* transport on the mol fraction of
cholesterol in monoolein/cholesterol mixtures. The lipid was dissolved in n-hexadecane. The aqueous
phase contained 1 M RbCl and 10”7 M valinomyein, T = 25°C.
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on uncharged molecules should be negligible. The decrease of the translocation
rate constant kg of the free carrier may therefore be caused by a decrease of the
fluidity of the membrane in the presence of cholesterol. A very similar
condensing effect, which lowers the permeability of uncharged molecules, has
been observed with model membranes in the fluid state [5]. The finding that
the influence of cholesterol on kg and kyg is approximately the same seems to
indicate that the change of the translocation rate constant kyg is presumably
caused by a fluidity change of the membrane and not by the change of the
dipolar potential.

Depending on the location of the adsorbed carrier-ion with respect to the
dipolar layer a change of the dipolar potential may affect the heterogeneous
stability constant of the complex K, = kg/kp, as well as the translocation rate
constant kyg. As kys and kg show the same dependence and K, decreases about
8-fold if the mol fraction x of cholesterol is increased from 0 to 0.8 the dipole
potential change AV seems to act only on the stability of the complex. The
decrease of K, is caused by a decrease of the association rate constant kg
whereas kp remains virtually constant. The finding that only kg is affected by
cholesterol may be explained by the assumption that the charged complex is
located on the hydrocarbon side of the dipole layer. In this case, Rb" from the
aqueous phase has to surmount the additional potential difference AVyp, thus
apparently decreasing ky. The decrease of ki for increasing mol fraction x of
cholesterol can be described in a similar way as given by Eqn. 20 for k;. The
experimental data for kg fits very well for AV, = 70 mV. The hypothesis that
the carrier-ion complex is located towards the membrane interior is supported
by the fact that only part of an applied voltage seems to act on the carrier-ion
complex [24,35,36].

The results obtained with the valinomycin/Rb* system in membranes
containing the other sterols reflect in principle the results found with the lipo-
philic ions. Also in this case the transport parameters are not influenced by epi-
cholesterol, ergosterol and stigmasterol. The same applies to cholesterololeate.

It is interesting to note that the 383-hydrosterols ergosterol and stigmasterol
show also in model systems like monolayers and liposomes a somewhat differ-
ent behaviour than cholesterol [6,37]. For instance, the high collapse pressure
for cholesterol monolayers is reduced in the case of these sterols [6] and the
decrease of the permeability of lecithin liposomes for glucose, glycerol and Rb’
is smaller [37]. In a recent publication [38] an opposite action of cholesterol
on the permeability of lecithin vesicles has been reported. Whereas in the earlier
publications {5,6,8,37] a reduced permeability of the liposomes obtained by
stirring for charged and uncharged molecules has been found, the opposite is
valid for vesicles obtained by sonication [38]. The contradictory results may
caused by the different preparations of the model systems in the two cases
[37,38].

From the results obtained with membranes containing cholesterol and
related studies with membranes of different composition and thickness [16,17]
it is possible to deduce which membrane properties act on the two transport
systems, the negatively charged lipophilic ion and the positively charged ion-
carrier complex. The transport kinetics of lipophilic ions seems to be mostly
influenced by membrane thickness and magnitude of the dipole potential and
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to a neglectible extent by the membrane fluidity. The translocation rate con-
stants kyg and kg of carrier mediated ion transport are limited to large extend
by the membrane fluidity, whereas the stability constant K;, seems to be partly
influenced by the dipole potential. The different behaviour of the two trans-
port systems may be caused by the different location of the adsorption planes.
Whereas the lipophilic ions are possibly adsorbed towards the aqueous side of
the dipole layer, the charged carrier-ion complex seems to be located on its
hydrocarbon side.
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