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The Inner Membrane Barrier of Lipid Membranes Experienced by the
Valinomycin/Rb* Complex: Charge Pulse Experiments at High
Membrane Voltages

Hermann Bihler and Guinther Stark*
Department of Biology, University of Konstanz, Konstanz, Germany

ABSTRACT The kinetic analysis of charge pulse experiments at planar lipid membranes in the presence of macrocyclic ion
carriers has been limited so far to the low voltage range, where, under certain simplifying conditions, an analytical solution
is available. In the present study, initial voltages of up to 300 mV were applied to the membrane, and the voltage decay
through the conductive pathways of the membrane was followed as a function of time. The system of differential equations
derived from the transport model was solved numerically and was compared with the experimental data. The generalized
kinetic analysis of charge pulse experiments and of steady-state current-voltage curves was used to study the voltage
dependence of the individual transport steps and to obtain information on the shape of the inner membrane barrier. The data
were found to be consistent with a comparatively broad inner barrier such as a trapezoidal barrier or an image force barrier.
The inner barrier was found to sense 70-76% of the voltage applied to the membrane. As a consequence, 24-30% of the
voltage acts on the two interfacial barriers between membrane and water. The data refer to membranes formed from

monoolein, monoeicosenoin, or monoerucin in n-decane.

INTRODUCTION

Lipid membranes are known to represent high dielectric
barriers for the movement of simple inorganic ions such as
K*, Na*,orCl™. As a consequence, their membrane per-
meability—in the absence of special transport systems—is
extremely small. Certain organic ions, on the other hand, in
which the charge is delocalized or shielded by hydrophobic
groups, are able to cross the membrane at considerable
rates. Typical examples are the lipophilic anions tetraphe-
nylborate and dipicrylamine, or the positively charged
monovalent complexes formed between K™ and the ion
carriers valinomycin and nonactin. The kinetics of their
movement across lipid membranes has been studied in
considerable detail in the past (for a review see Hladky,
1979, 1992; Liuger et al., 1981; Stark, 1984; Benz et al.,
1989; Smejtek, 1995). The corresponding experiments are
usually interpreted on the basis of a specific profile of the
potential energy, which is characterized by minima near the
two membrane/water interfaces and by a maximum in the
center of the membrane. The profile (see Fig. 1) is the sum
of different energetic contributions (Ketterer et al., 1971;
Liuger et al., 1981): the image force experienced by any ion
near the boundary of two different dielectric media, the
hydrophobic interaction of the lipophilic ion with the mem-
brane, the electrostatic interaction due to the interfacial
potential at the membrane-solution interface, and energy
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terms arising from the distortion of the membrane structure
around the ion.

Although there seems to be general agreement about the
fundamental characteristics of the energy profile, the details
of its shape are still unknown. The shape of the central
barrier has been modeled by application of different approx-
imations: 1) the Eyring barrier, a narrow and steep barrier in
the middle of the membrane (Liuger and Stark, 1970); 2)
the image force barrier, which is based solely on the calcu-
lation of the electrostatic energy of an ion near the mem-
brane/water interface (Neumcke and Lauger, 1969; Haydon
and Hladky, 1972; Andersen and Fuchs, 1975); and 3) the
trapezoidal barrier (Hall et al., 1973; Hladky, 1974), which
includes the rectangular barrier, which is valid for mem-
branes of macroscopic dimensions. The different types of
barriers have mainly been studied by considering their con-
sequences for the description of the shape of current-voltage
curves. Clear discrepancies between theory (based on the
Eyring barrier) and experiments were observed at large
membrane voltages (Stark and Benz, 1971), whereas theo-
ries based on image force or trapezoidal barriers show better
agreement with the experimental data (Hall et al., 1973;
Hladky, 1974; Andersen and Fuchs, 1975; Krasne and
Eisenman, 1976; Ciani, 1976; Benz and McLaughlin, 1983).

In the present communication, the charge pulse method, a
fast kinetic technique, in combination with steady-state cur-
rent-voltage curves, is applied to study the voltage depen-
dence of the rate of ion translocation across the central
barrier. This allows one to investigate the problem in ques-
tion in a more extensive way. So far, charge pulse experi-
ments have been analyzed within the limits of small mem-
brane voltages only, where analytical solutions of the
problem are available (Benz and Liuger, 1976; Benz et al.,
1976). At high membrane voltages, the analysis has hitherto
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FIGURE 1 Schematic representation of the potential energy experienced
by lipophilic organic ions or by hydrophobic ion carrier complexes during
their passage through a membrane of thickness d.

been restricted to the steady-state domain (Feldberg and
Kissel, 1975), which does not allow determination of indi-
vidual rate constants. In the present study the relevant set of
differential equations (under the conditions of a charge
pulse experiment) is numerically integrated, and the result is
compared with the time-dependent decay of the membrane
voltage. The latter is found to depend on the shape of the
membrane barrier (if sufficiently high membrane voltages
are applied). Thus the first complete solution of the charge
pulse problem independent of the value of the membrane
voltage is obtained. The generalized kinetic analysis is
applied to study rubidium transport mediated by the mac-
rocyclic ion carrier valinomycin across lipid membranes
formed from monoglycerides. The voltage dependence of
the individual transport steps and the shape of the inner
membrane barrier are the main issues investigated.

MATERIALS AND METHODS
Membrane formation

Planar lipid membranes of the Mueller-Rudin type were formed from three
different monoglycerides (Nu Chek Prep, Elysian, MN) dissolved in n-
decane (standard for gas chromatography; Fluka, Buchs, Switzerland):
monoolein (18:1 MG), monoeicosenocin (20:1 MG), and monoerucin (22:1
MG). In addition, the membrane-forming solution contained 5 X 107 * M
valinomycin (Boehringer Mannheim, Mannheim, Germany). Most of the
experiments were performed with 1 M RbCl (pH 5.6, unbuffered) in the
aqueous solutions surrounding the membrane. The temperature was 20°C
throughout.

Current-voltage relationship

Current-voltage curves were measured by the application of a voltage ramp
from a function generator (model 90; Wavetek, San Diego, CA). Both the
current and the voltage signal, after appropriate amplification, were fed
into an IBM-compatible computer equipped with an analog/digital board
DAS-1600 (Keithly MetraByte, Taunton, MA). A series of precautions
were taken into account to ensure that the measurements reflected the
steady-state current-voltage behavior (see Bihler, 1996, for details): 1) The
frequency of the ramp (f = 1 Hz) was many orders of magnitude smaller
than the frequency range of the (non-steady-state) specific relaxations of
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the carrier system investigated (see below). 2) The capacitive current I, =
C, dV /dt + V,, dC,/dt (C,, = membrane capacity, V,, = membrane
voltage) was found to be negligible under the conditions applied, i.e., [ =
I + I. =~ I, (I, = ionic current). 3) The conversion-delay of the analog/
digital converter between subsequent current and voltage data was cor-
rected for. Measurements were performed using membranes of 1-mm
diameter. The signal-to-noise ratio was improved by the averaging of 100
signals.

Charge-pulse experiments

Charge pulses were supplied to the membrane by a new technique that was
described recently (Barth et al., 1995; Hladky et al., 1995; Bihler, 1996).
The method is based on the capacitive coupling of a voltage jump of
amplitude, V, at time ¢ = 0 to the membrane (cf. Fig. 2). As a consequence
(because C, << C,), a charge pulse AQ = VC, is transferred to the
membrane capacity, C,,, at t = 0. The resulting membrane voltage, V9, =
VC_/C,, in view of the conductive pathways of the membrane, will
subsequently decay to zero. If the membrane is approximated by a parallel
arrangement of capacity, C,,, and resistance, R, the time dependence of
V.. is given by the simple relation

V() = V(C./Cy) exp(—1/RyCn) ey

Measurement of the initial voltage, V3, = VC/C,y,, allows determination of
the membrane capacity, C,,,. If the membrane is doped with a special
transport system, the time dependence, V, (1), contains information about
the specific relaxation processes of the system. The shape of the function,
V..(f), may be used to derive the parameters of the transport model in this
case (see below).

The time resolution of the method is determined by the time interval
necessary for the transfer of the initial charge, AQ, to the membrane and by
the bandwidth of the applied instrumentation. The time interval is limited
by the series resistance, R, to the membrane. The characteristic time
constant R,.C. of the charge transfer may be reduced to the order of a
nanosecond with our present instrumentation (Barth et al., 1995; Bihler,
1996). The value holds for comparatively small membrane voltages. At the
high voltages applied throughout the present study, the time resolution is
impaired by about an order of magnitude. This is caused by the larger value
of the coupling capacity, C_, required. For initial membrane voltages on the
order of 200-300 mV, the charge transfer was found to be completed after
~200-300 ns.

The method implies that the decay of V,, is due to the conductive
pathways of the membrane only (i.e., charge transfer through the external
electronic circuit must be negligible). Therefore, the preamplifier, apart
from a sufficient bandwidth, must have a sufficiently high impedance. The
preamplifier used throughout the present study was built in the electronic
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FIGURE 2 Charge-pulse technique based on capacitive coupling (capac-
ity Cc) of a voltage jump from a pulse generator (PG) to a lipid membrane
(Barth et al., 1995). The time-dependent voltage difference between the
two electrodes is detected by a high-impedance preamplifier (PA), stored
in a digital oscilloscope (DO), and finally transferred to the computer (PC).



748 Biophysical Journal

workshop of our university (bandwidth 20 MHz, input resistance 10'' ,
gain 10-fold). The digital oscilloscope applied (Tektronix 7903/7D20) had
a memory size of 1024 words. Because V,,(f) extends over several orders
of magnitude in time (cf. Fig. 4), the different time ranges of the signal had
to be measured successively. The complete signal was subsequently as-
sembled in the computer. Data analysis was performed using the software
package Asyst (Keithly MetraByte).

THE CARRIER MODEL AND ITS ANALYSIS
Carrier model

The transport of monovalent cations, M, by neutral, mac-
rocyclic ion carriers, S, of the valinomycin type is due to 1:1
complexes, MS™, formed near the membrane/water inter-
face. Numerous experiments were found to be largely con-
sistent with a simple reaction scheme shown in Fig. 3 (for a
review see Hladky, 1979, 1992; Liuger et al., 1981; Stark,
1984; Benz et al., 1989). It is based on profiles of the
potential energy depicted in Fig. 1. Similar profiles (al-
though of different barrier heights or widths) are assumed to
hold for both carrier species S and MS™. In view of the
steep energy barriers, species MS™ and S are largely con-
fined to the two minima at a distance, &d, from the aqueous
phase. If the concentrations of S and MS™ outside the
minima are neglected, the scheme may be treated according
to the formalism of chemical kinetics, i.e., the relative
interfacial concentrations ng, n%, nys, and niys (nf = N¥/N,,
N!‘ = interfacial concentrations, N, = total carrier concen-
tration) are related to each other by rate equations. Both
complex formation and dissociation as well as translocation
of species S and MS™ across the inner membrane barrier are
described by appropriate rate constants:

ng+ ns+ nys +nys = 1 )
dné ? ! 14 "
W —(krem + 2ks) * ng + (kp — ks) * nys — ksniys + ks
3)
dnhs 1 ! ! ’ n ”
T = krey * ns — (kp + kys) * nus + kivis * s @

/ U4

ks +
M + S S |+ M

ks
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+ kius +
MS MS
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FIGURE 3 Reaction scheme of the transport of cations M™ mediated by
macrocyclic carrier molecules S of the valinomycin type (Liuger and
Stark, 1970).
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cy and cy, represent the ion concentrations at the place of
complex formation (i.e., at the minima of the energy profile;
see below).

The voltage dependence of the transport model is intro-
duced as follows (see Knoll and Stark, 1975, and the Dis-
cussion for justification). The membrane voltage, V,,
changes the shape of the inner membrane barrier. As a
consequence, the rate constants of translocation in opposite
directions, kyg and ky,g, of the positively charged com-
plexes, MS™, are increased and decreased, respectively.
Modified Eyring relations were applied to account for the
voltage dependence, i.e.,

ks = ks - €™ f (u) 6
ks = kws e ™ f(u) M
with
1+g
fl) = e A+ (®)

u = FV_/RT is the reduced voltage (F, Faraday constant; R,
gas constant). g, h, and 8 are free parameters to be deter-
mined experimentally. For 2 = 0 (i.e., f(u) = 1), Egs. 6-8
describe ion translocation across the Eyring barrier, a steep
and narrow barrier in the middle of the membrane (Liuger
and Stark, 1970). For 2 > 0 (i.e., f(u) < 1 for u > 0), Eq.
8 represents a correction function to account for broader
barrier shapes, as compared with the Eyring barrier (see
Discussion).

For B = 0.5, translocation of MS™ is the only voltage-
dependent process. For 8 < 0 (i.e., 8 > 0; cf. Fig. 1), the
interfacial reaction becomes voltage dependent. This may
be accounted for in different ways, either by the introduc-
tion of voltage-dependent rate constants of complex forma-
tion and dissociation (Hladky, 1974), or by the assumption
of voltage-dependent ion concentrations, ¢y, and cy,, at the
place of complex formation (i.e., at the minima of the
potential energy; cf. Knoll and Stark, 1975). The latter
alternative has been selected in the present study. By intro-
duction of a voltage-dependent partition coefficient, yy,, the
concentrations ¢y, and cy, are obtained as

CM = YMCM = ‘Y(}ide&uCM &)
" o_ " —_ a0 —8u

CM = YMCM = YME T Cm (10)
6=05—-p8 (11)

¥ is the partition coefficient for u = 0. The rate constants
kg, kp, and kg are assumed to be voltage independent.
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The current, I, detected in the external circuit at a con-
stant membrane voltage, V,,, is determined by the transition
rates, @, of ion translocation across the different barriers of
the energy profile according to (Lauger et al., 1981)

I=¢ 2 ad,

14

12)

If a constant dielectric constant, €, is assumed inside the
membrane, the displacement coefficients, a,, are given by

(13)

o, =z
td
where z is valency, and a, are the distances between the
different energy minima.
In the case of charge pulse experiments (i.e., at zero
current in the external circuit), the relation

AV,

€
& - C. Ev:a,,tb,, (14)

holds (C,, is the membrane capacity). Lauger et al. (1981)
should be consulted for the derivation of Eqs. 12-14. Ap-
plication of Eqs. 13—-14 to the reaction scheme (cf. Fig. 3)
yields the following result for the time derivative of the
reduced voltage, u (instead of V,):

LR (kRCM%'vl *ng — kp * nys)

du F2N,
= 28+ 2B (kigs * nias — ks * i) +

dt ~  RTC,

n " n
8+ (kp* nvs — krcmym * ns

Charge-pulse experiments were analyzed using the initial
conditions

Nys = Nyvs = Nys (16)
ng = ng = ng amn
and
n ke
ﬁ = R*M (18)
ng kp
kg = kR'Y%l
Analysis

Current-voltage relationship

Instead of the current, I, the steady-state conductance, A =
1/V,,, is analyzed as a function of the reduced voltage, u. By
applying Eq. 12 in combination with Eqgs. 2—11 and 13, the
following result is obtained (A, = A(z — 0)):

A)  2-f(u)-sinh(u/2) - A,
To_u°[A2 +A3 +A4+A5]

19
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with
A =1+ 27+ yzenm) - (1 + xcy)
A, = xzewf(u)cosh(Bu) - (2 cosh(du) + yeu)
A; = yzeuf (u)cosh{u/2)
A, = 2zf (u)cosh(Bu)
As = 1 + xcy, cosh(8u)
and

ok

kMS
x = —

kp’ y=k—s, Z—k—D

f(u) is defined via Eq. 8.

Equation 19 contains information about the correction
function f(x) and on the width, 28, of the inner barrier.
Depending on the size of the parameters x, y, and z, the
reduced conductance, A(u)/A,, either increases or decreases
with u. In certain limiting cases, Eq. 19 is completely
determined either by f(x) or by B. This is shown by con-
sidering sufficiently small concentrations, cy,. By using this
assumption, Eq. 19 is reduced to

Aw) _ 2(1 + 22) f(u) sinh(u/2)
Ao u[1+ 2zf(u) cosh(Bu)]

1. If 2z << 1, Mu)/Ay = 2f(u)sinh(u/2)/u depends on the
correction function f{u) only. As a consequence, f(u) may
be derived from experimentally determined current-voltage
curves under these conditions.

2. By assuming 2z >> 1, Eq. 20 is reduced to A(u)/Ay =
2 sinh(u/2)/(u cos(Bu)). The relative distances B (and §; cf.
Eq. 11) may be easily determined in this case.

The same result is obtained at arbitrary concentrations,
cp» but at sufficiently small values of x and y.

(20)

Charge-pulse experiments

The analysis consists in the solution of the system of dif-
ferential equations (Egs. 3-5 and 15, including Eqs. 2 and
6-11), and the initial conditions (Eqs. 16-18). Benz and
Liuger (1976) have shown that the problem has an analyt-
ical solution, if ion translocation by the carrier is the only
voltage-dependent process (i.e., B = 0.5), and if the analysis
is restricted to the low voltage range (so that f(¥) = 1 and
exp(*u) can be replaced by (1 = u)). In that case, V(9 is
obtained as a sum of three exponential terms, i.e.,

V() = Vo (a, exp(—t/1) + a, exp(—t/T,)
+ asexp(—t/m3)) (21)
a + a + as = 1

The three relaxation times, 7,, 7,, and 73, and the two
independent relaxation amplitudes, @, and a,, depend on the
four rate constants kg, kp, kys, and kg of the carrier model
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and on the total concentration, »,, inside the membrane.
The reader should consult Benz and Liuger (1976) for the
detailed equations and for the procedure, which allows
determination of the model parameters under these condi-
tions. The practical aspects of data analysis have been
described in a recent publication (Barth et al., 1995).

If B8 <05 (or u = 1), the problem must be solved
numerically. This was done as follows. The variables V,
(i.e., ng, ng, nyg, Nys> and u) were obtained by a Runge-
Kutta procedure. The values of the five model parameters P,
(i.e., of kg, kp, ks, kyps, and Ny) were selected from the
analytical solution obtained for 8 = 0.5 and u < 1. The
goodness of the fit (x°) was tested by calculation of the sum
of the squares of deviations from the data. x* was mini-
mized by a random procedure of data simulation. Random
numbers Z; were generated in the interval —1 to +1, and the
model parameters P; were replaced by P(1 + Z, * S). S
represents a free selectable step size (0 < § < 1) common
to all parameters P;. In the case of an improvement of x?, the
new parameters were selected as starting values and the
procedure was repeated. If x* did not improve, the old
parameters were used as starting values and new random
numbers were generated. After a certain number of unsuc-
cessful trials of improvement, the step size was reduced
(because the minimum of x* was assumed to be in the close
neighborhood of the set of parameters chosen). Typically
some 10® simulations had to be performed to obtain satis-
factory agreement between theory and experimental data.
About 150 digital data were used for the fitting procedure.
The data were selected at equidistant time intervals. Be-
cause the decay of V,, extends over three to four orders of
magnitude in time, the size of the intervals was changed
three times to adjust to the different time domains of the
decay. Calculations were performed with the software pack-
age Asyst. To increase the speed of simulation, a FOR-
TRAN routine of the Runge-Kutta procedure was interfaced
to Asyst. For further details see Bihler (1996).

Determination of the correction function f(u)

The charge-pulse relaxation data could be fitted by a broad
range of different B-values. Therefore, 3 was determined
via the shape of the current-voltage relationship (see above).
Further analysis was as follows. Charge-pulse experiments
were performed at small membrane voltages (i.e., u < 1)
and at high membrane voltages (i.e., ¥ = 6-12) at the same
membrane. By using the low voltage data, the model pa-
rameters were determined as described under point 2). Sim-
ulation of the high voltage data was performed by using the
model parameters obtained from the low voltage data. For
f@w) = 1, a clear discrepancy between data and simulation
was observed (cf. Fig. 4). Therefore, Eq. 8 was applied. By
using a simple algorithm, the parameters g and 4 of f(u)
were adjusted in such a way as to obtain an optimum fit to
the data.

Volume 73 August 1997

RESULTS

Charge-pulse experiments at lipid membranes formed from
monoglycerides in the presence of valinomycin have been
found to agree with Eq. 21, provided the initial voltage was
small enough and the voltage dependence of the interfacial
reaction was neglected (Benz and Liuger, 1976; Barth et al.,
1995; Hladky et al., 1995). Detection of the three relaxation
times and the corresponding amplitudes allows one to de-
termine the four rate constants of the model and the total
carrier concentration inside the membrane. The good agree-
ment between theory and experiment is limited, however, to
the low voltage range. Independent of the detailed shape of
the inner barrier, kyg and kg are linearly dependent on the
voltage, u, in this case. The deviations between theory and
experiment observed at high initial membrane voltage are
illustrated in Fig. 4. A charge pulse of sufficient amplitude
was applied to obtain an initial voltage, V9, of 200 mV. The
decay of V° extends over more than four orders of magni-
tude to virtually zero. The dashed line was calculated on the
basis of low voltage data from the same membrane, assum-
ing f(u) = 1. Clear discrepancies are observed in the time
domain up to 30 us, and there was good agreement over the
complete time range in the case of the low voltage experi-
ment (data not shown). The deviations disappear if the
translocation rate constants kg and ky, are corrected for a
barrier shape different from the Eyring barrier, i.e., if Eq. 8
is applied with appropriate values of the parameters g and &
(determined via the fitting procedure described in the pre-
vious section). Fig. 4 also shows the time dependence of the
relative interfacial concentrations ng, ng, mys, and npyg.
Starting with identical values at the two interfaces, the
concentrations are increased at one interface (") and dimin-
ished at the other ('). The asymmetry is induced by the
stepwise generation of the initial membrane voltage, v,
and is subsequently reduced to zero as the membrane ca-
pacity is discharged by carrier-mediated ion transport
through the membrane. All of the curves were obtained by
numerical integration of the relevant set of the differential
equations (see last section).

The decay, V,(?), of the membrane voltage could be fitted
with sufficient accuracy by using different values of 8 (8 =
0.5), i.e.,, V(t) was found to be rather insensitive to the
distance, Bd, between the two energy minima (see Fig. 1).
Therefore B was obtained by analysis of the current-voltage
relationship. The procedure was as follows. Charge-pulse
experiments were fitted for different values of B. The rate
constants obtained (together with the B-value selected) were
used to compare Eq. 19 with current-voltage curves deter-
mined experimentally (cf. Fig. 5). In the case of membranes
formed from 20:1 MG, there is fairly good agreement with
the theory for 8 =~ 0.38. The small discrepances observed at
voltages V,, > 0.1 V may be caused by the effects of
electrostriction (leading to an enlargement of the membrane
area and to a reduction of the membrane thickness). The
reduced conductance, A(u)/A,, is found to decrease with
increasing voltage (equivalent to a saturating current-volt-
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FIGURE 5 Current-voltage relationship of membranes formed from
20:1 MG in n-decane (containing 5 X 10™* M valinomycin) in the
presence of 1 M RbCl in the aqueous phase. Instead of the current, the
conductance A, devided by the conductance A, (obtained for V,, — 0), is
plotted as a function of voltage V,,. The solid line consists of 10° digital
data and represents mean values of five different membranes. The error
bars at four selected data show the standard deviation. The dashed lines
were calculated from Eq. 19. The values of the parameter, B, are indicated.

age curve). The shape of the current-voltage relation is
largely determined by the value of 8 under these conditions,
i.e., it is hardly affected by the correction function f(x) (see
discussion of Eq. 20).

The analysis allows the determination of all model pa-
rameters and was carried out for monoglyceride membranes
of different chain lengths of their fatty acid residues (i.e.,
different membrane thickness). Figs. 6 and 7 illustrate the
shape of the correction function f{u). The shape is found to
be independent of the initial voltage applied. The deviation
from the behavior of an ideal Eyring barrier (i.e., f(u) = 1)
increases with the applied voltage. The deviation is larger
for 22:1 MG as compared with 20:1 MG. In the case of 18:1
MG, the charge pulse data could be fitte by different func-
tions f(u), i.e., the definite shape of f(x) could not be
determined.

Tables 1-4 summarize the values of the model parame-
ters obtained. 3 was definitely found to be smaller than 0.5.
The value used for numerical analysis of the charge pulse
experiments (i.e., 0.35 and 0.38; cf. Table 3) represent the
best estimates obtained from current-voltage curves. The
rate constants found for different B-values differ by less
than a factor of 2 from the previous analysis (Benz and
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FIGURE 6 Shape of the correction function f(u) for the valinomycin/
Rb* complex. The three (nearly coincident) lines were obtained from
charge pulse experiments (cf. Fig. 4) at three different initial voltages of
150 mV, 200 mV, and 250 mV. The measurements were performed at a
single membrane formed from 22:1 MG. f(u) was calculated according to
Eq. 8. For mean values of the parameters g and h, see Table 4.

Lauger, 1976), which was based on the analytical solution,
assuming 3 = 0.5 (compare Tables 2 and 3). The constants,
g and h, which determine the shape of f(u), are summarized
in Table 4. They represent a fit of Eq. 8 to the mean value
of six independent determinations of f(x). The B values
obtained indicate that 70-76% of the voltage applied to
monoglyceride membranes (of chain length 18:1 to 22:1)
drop across the inner barrier. As a consequence, 24-30% of
the voltage acts on the two interfacial barriers between
membrane and water.

Similar experiments were performed at smaller Rb* con-
centrations in water. The amplitudes of the specific relax-
ation processes of the carrier model (and, as a consequence,
the accuracy of the resulting interpretation) are, however,
considerably reduced under these conditions (data not
shown).

DISCUSSION

The movement of lipophilic molecules across the central
barrier of lipid membranes has been described in different
ways. In applying the classical approach of electrodiffusion,
the ion flux, ®, over the barrier is given by a generalized
Nernst-Planck equation (Neumcke and Lauger, 1969; Benz

FIGURE 4 Time dependence of the membrane voltage, V,,, and of the (relative) interfacial concentrations ny,g, 1y, 1§, and ng in a charge pulse
experiment. The membrane voltage, after completion of the initial voltage spike, was ~200 mV. The decay of V,, (and the variation of the interfacial
concentrations) is shown at three different time scales (Fig. 4 A-C). The experiment was performed by application of a voltage jump of amplitude 1.16
V to a membrane (of ~0.6 mm diameter) formed from 20:1 MG in n-decane (containing 5 X 10™*M valinomycin) in the presence of 1 M RbCl in the
aqueous phase (coupling capacity C. = 224 pF, membrane capacity C,, = 1.09 nF). The lines correspond to numerical calculations using V%, = 197 mV,
and the following values: kys = 3.25 X 10* s™', ks = 0.82 X 10* 7!, kg = 3.65 X 10* M~ ' 57 kp = 1.02 X 10*s™!, Ny = 1.55 X 107'? mol cm™2,
and B = 0.38. These values (as well as the value of the membrane capacity, C,,,) were obtained from a charge pulse experiment with the same membrane
but at sufficiently low membrane voltage (f(x) = 1 in this case; see text for details; data not shown). The dashed line was calculated for f(x) = 1, but
for the high membrane voltage, V2, = 197 mV, applied at the experiment illustrated. The solid line was adjusted to the data by using a voltage-dependent
f(u) according to Eq. 8. The best fit was obtained for g = 131 and & = 2.15. The latter data were also applied to the calculation of the time dependence

of the interfacial concentrations nys, nys, 2, and ng.
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FIGURE 7 Comparison of the correction function f(u) for an Arrhenius
type of barrier (usually designated as an Eyring barrier; cf. Zwolinski et al.,
1949) and for the barrier of the two kinds of monoolein membranes
investigated.

et al., 1976):

dc de dw
¢=—D(a+ZCa+Ca) 22)
D(x) is the diffusion coefficient and C(x) is the concentra-
tion of the permeable ion in the membrane. X represents the
space coordinate perpendicular to the membrane, ¢(x) =
Fd(x)/RT is the reduced electrical potential (¢d(x) = elec-
trical potential), and w(x) is the potential energy (expressed
in units of RT) of the ion at # = 0. Under steady-state

conditions, Eq. 22 may be integrated to give

o = CCEBI(—Bd) — C(Bd)h(Bd)
254 [R(x)/D(x) Jdx

(23)

with A(x) = exp(ze(x) + w(x) (cf. also Fig. 1).

The Nernst-Planck approach has a series of limitations.
The shape of the potential energy w(x) and the function,
D(x), are unknown. The diffusion coefficient, D, is not a
constant but will depend on the coordinate x, i.e., on the
position inside the layer of molecular dimensions. Finally,
there is no analytical solution available for the time-depen-
dent problem, i.e., kinetic experiments cannot be explained
on the basis of this theory so far.

Part of these shortcomings is removed by an alternative
theory. Ion movement across the barrier is described by the
formalism of chemical kinetics in this case (Ketterer et al.,
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1971; Lauger and Stark, 1970), i.e.,
® = kyus Nus — kus Nus (24)

with Ny and N, representing interfacial concentrations in
the energy minima, and ky,g and kj,q rate constants of ion
translocation across the barrier (cf. Figs. 1 and 3). Applica-
tion of Eq. 24 is only correct if ion concentrations outside
the energy minima can be neglected, i.e., in the case of a
sufficiently steep and high energy barrier. When this as-
sumption is used, the Nernst-Planck approach and the ki-
netic approach become equivalent (Ciani et al., 1973; Benz
et al., 1976). By comparison of Egs. 23 and 24, the voltage
dependence of the rate constants, kg and ky,g, is obtained
in the form of Egs. 6 and 7, with

1
ks = 5 P2 (explw(x) — w(BA)VD(x)dx

(25)

and

) = %34 (exp[w(x))/D(x))dx
rw= JB%a (exp[w(x) + ze(x))/D(x))dx

(26)

9 represents a length that is characteristic of the distance
between diffusional energy minima.

Equations 25 and 26 may be used to discuss certain
limiting cases. For a rectangular barrier of width b and
height w, one obtains (under the assumption of a constant
diffusion coefficient, D, inside the membrane)

D 1
K = bd explwo — w(Bd] @n
and
_ zbul?
flw) = sinh(zbu/2) (28)

For sufficiently small values of the width b, Eq. 28 is
reduced to f(#) = 1. In this case, Egs. 6 and 7 correspond to
Eyring’s treatment of membrane diffusion, which describes
ion movement across barriers in terms of single jumps
(Zwolinski et al., 1949; Lauger and Stark, 1970). By assum-
ing that b > 0, Eq. 28 has been repeatedly applied to explain
discrepancies observed between experimental current-volt-
age curves and a kinetic treatment based on Eyring’s theory
(Hladky, 1974; Krasne and Eisenman, 1976; Ciani, 1976;
Benz and McLaughlin, 1983). In a similar way, the correc-

TABLE 1 Charge-puise relaxation data analyzed according to Eq. 21, assuming g = 0.5

Lipid T/us T,/ us T3/ us o, o,
18:1 MG (n = 15) 0.67 = 0.12 5.55*+0.35 88.6 = 9.6 0.79 + 0.03 0.08 = 0.014
20:1 MG (n = 17) 4.04 + 0.67 10.5 £ 1.77 264 * 9.60 0.64 = 0.08 0.10 = 0.03
22:1 MG (n = 14) 3.04 £ 048 9.60 * 2.65 123 =29.3 0.84 = 0.09 0.10 + 0.05

Experimental conditions: 5 X 10™* M valinomycin in the membrane-forming solution, 1 M RbCl in water, T = 20°C (n = number of measurements). The
initial voltage was less than 20 mV. The data represent mean values with standard deviation.
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TABLE 2 Rate constants obtained from the data in Table 1
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Lipid kys/10% 571 kg/10* 7! kp/10* 57! kgem/10* 57! N,/pmol cm™2
18:1 MG 147 34 1.55 +0.13 8.50 + 1.38 9.60 * 1.01 3.35 +0.58
20:1 MG 3.50 £ 0.31 1.16 £ 0.08 271 +0.27 6.98 * 0.40 129 + 0.12
22:1 MG 1.40 £ 0.25 0.94 £ 0.16 546 £ 2.15 592 +1.63 6.16 £ 0.83
tion function gular barrier is supported by comparison of the width, b, of

the rectangular barrier with the constant, 8, which deter-
£) = exp(—wn) 29) e g

has been used to account for the shape of an image force
barrier (Haydon and Hladky, 1972; Andersen and Fuchs,
1975; Hladky, 1974).

In the present study the function f(x) was chosen in the
form of Eq. 8. This function has two free parameters and has
been found to be flexible enough to account for different
shapes of the internal barrier (see below).

The applied formalism allows analysis of both the shape
of current-voltage curves and fast kinetic experiments,
which were designed to determine the value of the model
parameters. The continuum approach, which is based on the
Nernst-Planck equation, has been found to provide a better
description of current-voltage curves than the pure Eyring
formalism (Hall et al., 1973; van Dijk and de Levie, 1985).
It has a number of shortcomings, however, which have been
summarized above. The modified kinetic approach used in
the present study, via Egs. 25 and 26, connects both treat-
ments and allows a quantitative description of all relevant
experiments.

The correction function f(u) obtained by the present
analysis (cf. Fig. 7) is clearly different from f(x) = 1, which
holds for the simple Arrhenius (or Eyring) barrier (assumed
throughout earlier interpretations of carrier-mediated trans-
port (Liuger and Stark, 1970; Stark and Benz, 1971). In
principle, if f(u) is known, the shape of the potential energy
w(x) may be determined by deconvolution of Eq. 26 (as-
suming D(x) = D as a constant). In practice, however, in
view of the limited, experimentally accessible voltage
range, there is no unique solution to the problem. This is
illustrated as follows. The shape of the experimentally de-
termined function f(u) (i.e., of Eq. 8 with the parameters of
Table 4) was found to be hardly distinguishable from Eqs 28
and 29 (cf. Fig. 8). This means that the two kinds of barriers,
the rectangular barrier and the image force barrier—within
the experimental error—can hardly be distinguished from
one another and represent appropriate approximations of the
true barrier shape experienced by the carrier complexes. The
close correspondence between the true barrier and a rectan-

mines the voltage dependence of ion translocation (cf. Fig.
1 and Egs. 6 and 7). The relative distance, 28 = 0.76 (cf.
Table 3), between the two energy minima is only slightly
larger than the relative width, » = 0.66, of the rectangular
barrier (cf. Fig. 8 a). The same holds for membranes formed
from 20:1 MG (28 = 0.76, b = 0.59, data not shown). A
comparatively steep trapezoidal barrier for macrocyclic ion
carriers was already deduced throughout an early analysis of
the shape of steady-state current-voltage curves, assuming
B = 0.5 (Hall et al., 1973). The present Kinetic analysis may
be regarded as a generalization of these early efforts, which
allows independent determination of the value of .

f(u) may also be approximated by Eq. 29, i.e., by assum-
ing the shape of an image force barrier (cf. Fig. 8 b). The
value obtained for the parameter w is larger by a factor of
2-3 as compared with the theory (Haydon and Hladky,
1972; Andersen and Fuchs, 1975). The latter was performed
under the assumption 8 = 0.5, however, i.e., by neglecting
the voltage dependence of the interfacial reaction.

The shapes of the different membrane barriers are illus-
trated in Fig. 9. Discrimination between them requires ini-
tial voltages larger than 300 mV, the maximum voltage
applied throughout the charge-pulse experiments of the
present study. The shape of the interfacial barriers is tenta-
tive. The voltage dependence of the partition coefficient, vy
(Egs. 9-11), is only a function of the parameter, 3, i.e., it
does not depend on the interfacial barrier.

Our study is based on experiments with monoglyceride
membranes. This system is most appropriate for the analysis
presented, because it shows comparatively large amplitudes
of the specific relaxation processes of valinomycin-induced
ion transport. The effectiveness of carrier-mediated trans-
port is strongly dependent on the nature of the lipid (Szabo
et al.,, 1973). As a consequence, the rate constants of the
model (and therefore the height of the corresponding energy
barriers) may change considerably (Benz et al., 1977,
Lapointe and Laprade, 1982). Future studies will show
whether this also holds for the general shape of the barrier
(described by the quantities g, h, and B).

TABLE 3 Rate constants obtained by numerical analysis at the g values indicated

Lipid kys/10% 571 kg/10% 57! kp/10% s7! kpep/10* 57! N,/pmol cm~?
18:1MG B=035(n="7) 15.7 £ 2.55 1.34 £ 0.16 4.62 *0.79 8.84 + 0.74 4.57 £ 0.55
20:1 MG B = 0.38 (n = 8) 4.15 + 1.49 0.85 = 0.19 1.52 £ 0.38 4.81 =094 1.75 £ 0.72
22:1 MG 3 =038 (n = 6) 2.18 £ 0.38 0.64 * 0.07 3.36 £ 0.71 2.49 + 043 8.38 * 0.62

For experimental conditions, see Table 1.
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TABLE 4 The constants g and h of Eq. 8

20:1 MG 22:1 MG
g 303.0 = 0.63 588.8 + 0.88
h 2.7 = 0.001 3.16 = 0.001

The applied carrier model is based on a series of assump-
tions and simplifications:

1. The time dependence of ion equilibration between the
aqueous phase and the interfacial energy minima is ne-
glected. This means that the height of the interfacial barrier
is assumed to be smaller than the height of the inner mem-
brane barrier.

2. The dielectric constant, €, was assumed to be voltage
independent.

3. A possible voltage dependence of the rate constants ky
and kp (Hladky, 1974) is neglected. The same holds for the
translocation rate constant, kg, of the neutral carrier mole-
cules S. Although these molecules cannot be influenced in
a direct way, it cannot be excluded a priori that the move-
ment of neutral molecules is indirectly affected by the
application of high membrane voltages, namely via the
pressure of the charged membrane capacity. As a conse-

A
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0.6 1

f(u)

0.4

0.2 1

f(u)

0.0

J

u

FIGURE 8 Fit of the experimentally determined correction function f{u)
for 22:1 MG membranes ( ) with Eq. 28 (a) (b = 0.66; — - -) and with
Eq. 29 (b) (w = 0.0156; — - -).
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FIGURE 9 Schematic representation of a rectangular barrier, a trapezoi-
dal barrier of height w, and width b, and a tentative image force barrier.

quence of this pressure, voltage-dependent capacitance (or
thickness) changes have been reported that depend on the
second power of the membrane voltage (see Benz and
Janko, 1976; van Dijk and de Levie, 1985; and the discus-
sion in these papers). We think, however, that in the case of
very fast charge-pulse experiments, despite the high initial
voltage applied, changes in the membrane thickness can be
largely neglected. This holds in view of the comparatively
long time interval (milliseconds to seconds) required to
produce these changes (Benz and Janko, 1976). The mem-
brane voltage in a charge-pulse experiment, however, de-
cays in a time range of less than 1 ms.

4. Further simplification applies to interfacial complex
formation, which is described as a simple bimolecular re-
action (cf. Fig. 3). Complex formation has been found,
however, to proceed via one or several intermediate states
(Grell and Funck, 1973; Grell et al., 1975). The intermediate
states may be neglected under certain experimental condi-
tions, if their concentration is comparatively small. In such
a case the extended reaction scheme has been found to
become kinetically equivalent to the basic four-state model
applied in the present study (Knoll and Stark, 1975; Hladky
et al., 1995). As a result, the time dependence of the mem-
brane voltage in a charge-pulse experiment is not affected
by intermediate states of low concentration. Intermediate
states must be considered, however, if the dependence of the
relaxation parameters on the ion concentration in water is
studied.

Despite the simplifications, the applied model has been
found to agree with the experimental data presented. A
further refinement of the model would inevitably require
introduction of further adaptable parameters which, in view
of the limited experimental information available, would
give rise to redundancy in determination.

The present analysis is largely based on charge-pulse
experiments at high membrane voltages. Similar informa-
tion is, in principle, available from voltage-jump experi-
ments. The time resolution of this technique, which was



756 Biophysical Journal

originally used to investigate the kinetics of carrier-medi-
ated ion transport (Stark et al., 1971), is, however, smaller
by one order of magnitude at least. The application of high
membrane voltages, which is an inevitable requirement for
the analysis of the barrier shape (see above), shifts the
kinetics of the investigated phenomena into a time range
where the improved time resolution of the charge-pulse
technique provides a significant advantage.
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