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Abstract

Voltage-clamp experiments were performed on lipid bilayer membranes to study the voltage dependence of the iodine-mediated halide
transport. Under all experimental conditions only one exponential current relaxation, apart from the capacitive spike, could be resolved up
to a clamp voltage of 200 mV. The current relaxation could be described by an initial conductance, G, the relaxation time constant, 7,
and the relaxation amplitude, «, that is the difference between the initial current, /), and the steady state current, I, divided by the
steady state current. The occurrence of one single exponential relaxation suggested that one of the different transport steps involved in the
carrier-mediated ion transport according to the Lauger-model is always in equilibrium. This is most probably the transport of the free
carriers across the membrane. The voltage dependence of G, 7, and of & were used to determine the voltage dependence of the
translocation rate constants of the complexed carriers, k,g. In the case of the iodine-mediated iodide transport, G,, T and « were only
mediate voltage-dependent, which means the voltage dependent translocation of the complex encounters a trapezoidal barrier shape. For
the iodine-mediated bromide translocation G, 7 and « exhibited no dependence on the applied clamp-voltage, which suggested that a

square Nernst-Planck barrier limits the transport of the corresponding complex.
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1. Introduction

Small ions such as sodium, potassium and chloride are
extremely insoluble in lipid membranes because of its
small relative dielectric constant. Responsible for the small
solubility of ions and the insulator effect of membranes are
the Born charging energy and the image force {1,2]. To
overcome this considerable energy and to make ions solu-
ble in membranes it is necessary to decrease the charge
density of the ions. One possibility for establishing a
smaller charge density is to enlarge the volume of the ions
by adding bulky hydrocarbon groups. Two examples are
dipicrylamine and tetraphenylborate which are widely
prominent as so-called lipophilic ions. Both have a high
permeability through artificial and natural membranes [3—

Abbreviations: DPhPC, diphytanoylphosphatidylcholine (molecular
mass 846 Da); DOPC, dioleoylphosphatidylcholine (molecular mass 786
Da).
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9]. Another possibility to smear the charges over a large
surface and thus to overcome the electrostatic energy
within the membrane is the binding of small ions to large
organic carrier molecules. Examples for this are the valino-
mycin- and macrotetrolide-mediated transport of potassium
ions [10-13]. In these carrier-ion complexes, the positive
charge is smeared across a large sphere, which again
results in a decreased charge density of the entire complex.

The lipophilic ions and the ion-carrier complexes have
to move across a potential energy barrier in the mem-
branes. The shape of this barrier is dependent on the
transport system. It can assume two extremes. A high
voltage-dependence of the charged form of the carrier or
the lipophilic ions is given for an Eyring-type of potential
energy barrier [14,15], whereas a linear dependence of the
translocation rate constant on membrane potential is ob-
tained for a Nernst-Planck barrier [3,16,17]. In reality
neither of the two barrier shapes is able to describe the
voltage-dependence in a correct way. In particular, for
voltages > 80-100 mV considerable discrepancies be-
tween the theoretical predicted and the experimental ob-
served current voltage curves have been found. Only by a
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modified Nernst-Planck barrier [18], which represents a
trapezoid, it is possible to describe the current voltage
characteristics of the carrier-mediated ion transport with
more accuracy. This barrier model describes the transition
of a square Nernst-Planck barrier with a linear voltage
dependence to a triangular Eyring barrier with an exponen-
tial voltage dependence. Indeed, this formalism yielded a
much better fit of the voltage dependence of lipophilic ions
and carrier-mediated ion transport [4,19,20]. In all these
studies the modified Nernst-Planck barrier gives the best
fit of the voltage dependence. However, the observed
current-voltage characteristics are still more exponential
than linear.

In this study we present voltage-clamp experiments on
the iodine-mediated halide transport. The data of the pre-
sent study indicate a considerably different current-voltage
dependence for these transport systems than reported for
all the other systems mentioned above. This means that we
observed in the case of the carrier-mediated halide trans-
port a more linear rather than an exponential voltage
dependence. This suggests that the shape of the central
energy barrier can be better approximated by a square
Nernst-Planck barrier than by triangular barrier of the
Eyring-type. Another interesting outcome of our experi-
ments is that the current-voltage characteristics varies with
the transported halide. In the case of the iodine-mediated
iodide transport the charged complex is only slightly de-
pendent on the applied voltage, whereas for the iodine-
mediated bromide transport the complex was virtually
voltage-independent.

2. Materials and methods

Black lipid bilayer membranes were formed of a 1%
solution of DPhPC and DOPC (Avanti Polar Lipids, Al-
abaster, AL) in n-decane or n-chlorodecane (Fluka, Buchs,
Switzerland). The membranes were spread across circular
holes with a diameter of about 1 mm in a wall separating
two aqueous phases in a Teflon cell. lodine (Merck,
Darmstadt, Germany) was dissolved in ethanol to obtain
concentrated stock solution. Small amounts of these stock
solution were added to the aqueous phase containing 1 M
NaCl (analytical grade, Merck, Darmstadt, Germany) and
different concentrations of potassium iodide or potassium
bromide (Aldrich Chemie, Steinheim, Germany). The final
concentrations of I, in the aqueous phase was 3 uM. The
aqueous solutions were prepared freshly each day with
ultrapure water (18 M{2) (MilliQ, Millipore, Bedford,
MA), degassed and stored dark and cool to prevent oxida-
tion of the I~ and Br™. All experiments were carried out at
least 5 min after the membranes had completely turned
black to reach partition equilibrium for the adsorption of
iodine to the lipid bilayer membranes.

The experimental setup for voltage clamp has been
described previously [19-22]. In brief: the voltage clamp

experiments were performed applying a single voltage
pulse of an amplitude of 20-200 mV and a duration of 10
ms across the membrane with a fast pulse generator
(Hewlett Packard 214B, Hewlett-Packard, Palo Alto, CA)
connected to Ag/AgCl electrodes. The current flowing
through the membrane was determined by measuring the
voltage drop across a resistor (200 £2) in series to the
membrane. The voltage drop was measured with a Tek-
tronix storage oscilloscope with a 7A22 differential ampli-
fier (Tektronix, Beaverton, OR). The output signal of the
oscilloscope was recorded with a digital storage oscillo-
scope (Nicolet 4094A, Nicolet Instruments, Madison, WI).
The voltage relaxations were analyzed with a HP 98580AD
computer (Hewlett-Packard) and a 486DX33 personal
computer. After the capacitance spike, which was in good
agreement with the calculated RC-time constant of the
membrane, had subsided, the current transient in the volt-
age-clamp experiments could always be described by a
single exponential. To analyze the transient, the stationary
current was subtracted, the logarithm of the current plotted
as a function of time, and a linear least-square fit program
was used to determine the values of the relaxation time
constant, 7, and the initial current, /.

The monolayer experiments were performed as reported
previously [23]. After formation of the monolayer the
surface potential of the pure lipid monolayer was used as
reference. Following potassium iodide respectively bro-
mide was added to the subphase in the concentrations
mentioned above. After equilibration the surface potential
was measured. Then the iodine was added to the subphase
to reach a final concentration of 3 uM and again the
surface potential was determined after equilibration.

3. Theoretical considerations

We have recent demonstrated that the so-called
Liuger-model [24,25] provides an excellent description of
the halogenide-mediated transport of halides across mem-
branes [26]. This model has been described in detail in a
number of publications [25,27,28]. Hence, we list only the
basic assumptions of the kinetic model and the equations
used to determine the translocation parameters from the
experimental data. The basic equations which describe the
iodine-mediated halide transport are given in the appendix
(Egs. (A1-A5)). The results of our previous investigation
[25] support the assumption of the Liauger-model that a 1:1
complex is formed at the membrane-solution interface
(IC-mechanism). The heterogeneous complexation reaction
is described by overall rate constants &, (association) and
kp, (dissociation). The translocation of free and charged
carriers through the membrane are treated as simple first
order reactions with rate constants kg and k,g, respec-
tively. Of all the rate constants only k,g is assumed to be
voltage-dependent. Its dependence is calculated on the
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basis of a single barrier of the Eyring or Nernst-Planck
type [19]:
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u=FV_ /RT is the reduced voltage. V, is the membrane
voltage, F is the Faraday constant, R is the gas constant
and T is the temperature (the valency of the carrier-ion
complex is —1). For b =0 the carrier-ion complex en-
counters an Eyring barrier. For b =1 (and also for small
voltages in the case of an Eyring barrier) ks and k¢ are
proportional to (1 + u/2) and (1 — u/2), respectively, as
predicted by a Nernst-Planck model with a square barrier
[19].

The concentrations of I™ and Br™ on both sides of the
membrane are identical. Applying a potential across the
membrane changes the interfacial concentrations of the
free and complexed carrier as described previously [26].
The total concentration of carriers within the membrane
(complexed and uncomplexed) is assumed to be constant
at the time scale of an experiment [19,26,27].

In our previous investigation of the iodine-mediated
halide transport using the charge-pulse technique we could
detect only two out of three possible exponential relax-
ations within the time resolution of our experimental de-
vice [26]. These results are in agreement with the findings
of the present study using the voltage-clamp technique,
i.e., under all experimental conditions only one current
relaxation (apart from the capacitive spike) could be
recorded. These results indicate that one step of the
iodine-mediated halide transport is always in equilibrium
because it is much faster than the others [19,26]. We
identified the translocation rate constant, kg, of the free
carrier to be much faster than all the other steps involved
in the iodine-mediated halide transport [26]:

kg > kpcy, kp,s kas (3)

It is assumed that under voltage clamp conditions the
system is at equilibrium for times < 0. At =0 a voltage
V is applied. The subsequent flowing current, neglecting
the capacitance transient, is given by the net flux of the
charged complexes within the membrane multiplied by the
valence, z, and F.

1= zF (kjs Nys — kias Nis) 4)

Analysis of the model shows that in general the time-
course of the membrane current density is governed by
two relaxation processes [19,21]. Due to the back translo-
cation of the free carrier being too fast to be resolved, the

time course of the current density, I(¢), reduces to just one
exponential relaxation (see Appendix):

I(1) = L(I + ae™) (5)
with

ks + Kas
o= (6)
and

1
)‘=;=k;\s+k7xs+kn (7)

The initial current /; is given by:
IO=ZFNAS(%(k;%S+k:;S) —k//,xs) (8)

and the stationary current I, (i.e., the current density after
many relaxation times) by:

%kn( k;\s - kxs)

I, =zFN,,——m—
A Ks + Kias + kp

(%)

4. Results
4.1. Kinetic voltage-clamp measurements

All voltage-clamp experiments presented in this study
were performed on DOPC-membranes dissolved in n-chlo-
rodecane. This system was used to increase the rate con-
stant of the voltage dependent step, the translocation rate
constant, k,g, of the complexed carrier. Previous studies
have shown that the translocation of charged molecules is
higher by a factor of about 500 because of the increased
dielectric constant of these membranes [19,26,29]. Fig. 1A
illustrates a current record taken from a lipid bilayer
membrane made of DOPC /n-chlorodecane immersed in a
solution containing 1 M NaCl, 0.3 mM Kl and 3 uM I, at
a clamp voltage of 20 mV. The initial current decays with
two clearly distinguishable relaxations. The fast relaxation
with a time constant of about 2 us reflects the capacitive
spike (Fig. 1B). The second relaxation is caused by the
movement of the complexes within the membrane. Fig. 1B
illustrates the analysis data by the computer: the logarithm
of (I(¢t) — L), where I(t) is the current at a time ¢ and I,
is the steady state current. This means that we observed a
single exponential current relaxation (despite the capaci-
tive spike) with a time constant of 28 us.

This situation was comparable to that for charge-pulse
experiments: in these experiments two voltage relaxations
have been observed, since the membrane voltage repre-
sents an additional variable in these measurements [26].
One single exponential current relaxation out of two pre-
dicted by the ‘Lduger’-model means that one of the differ-
ent reactions involved in iodine-mediated iodide transport
is always in equilibrium. We have demonstrated in a
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Table 1

Dependence of voltage-clamp data on the complex type and halide concentration for small voltages

Salt 7/( us) a I, (mA /cm?) I, (mA /cm?) N, (pmol/cm?) kp (1/5) kag (1/5)
0.1 mM KI 24+ 1 7 +1 0.87 +0.33 0.11 + 0.04 1.48 +0.33 5200 + 500 18100
0.3 mM KI 24+ 3 6 +2 1.39 + 0.54 0.19 £ 0.05 1.90 + 0.42 6000 + 600 17500
0.1 M KBr 146+ 9 09+01 0.17 £ 0.02 0.10 + 0.02 2.89 +0.48 3600 + 200 1600
0.3 M KBr 163+ 8 1.8+04 0.19 + 0.05 0.07 + 0.02 2.70 £ 0.67 2200 + 300 2000
1.0 M KBr 206 + 34 39403 0.26 + 0.04 0.05 + 0.01 3.74 £ 0.96 1000 + 300 2000

Kinetic parameters of the iodine-mediated halide translocation across DOPC/n-chlorodecane membranes at V,, =20 mV. The data are given as
means + S.D. of at least eight experiments. For all systems 1 M NaCl was used as electrolyte. The temperature was 20° C. The aqueous phase contained 3
uM 1,. The voltage dependent translocation constant, kg, was obtained by linearizing Eqs. (1) and (2) (see text). The rate constant of the dissociation
process, kp,, and the total surface concentration, Nyg, of the complexed carriers were calculated from the experimental data according to Egs. (11) and

(12).

previous study that this step is the movement of the free
carriers in the membrane [26]. This means that also under
voltage-clamp conditions only the translocation rate, k,g,
the dissociation rate, kp,, and the surface concentration of
the complexed carrier, N,g, can be evaluated from one
single voltage clamp experiment (Eqgs. (8), (11) and (12)).

Table 1 shows the experimental data obtained from
voltage-clamp measurements performed on DOPC/n-chlo-
rodecane membranes at two different halide concentrations
(100 and 300 uM) and a fixed iodine concentration (3
uM). Each data set represents the mean value of at least
eight membranes. The data were derived at a clamp volt-
age of 20 mV. The increase of the carrier concentration by
a factor of three had neither any significant influence on
the time constant nor on the amplitude of the current
relaxation. Similarly the kinetic parameters of the system

Table 2

were independent of the carrier concentration. This is
expected from the theory since the relaxation parameters
are not dependent on the carrier concentration in a
voltage-clamp experiment (in contrast to charge-pulse re-
laxation). The increase of the iodide concentration had
some influence on the relaxation parameters since the total
surface concentration of the complexes changed. Similar
results were obtained for voltage-clamp experiment with
the iodine /bromide system (see Table 1). However, the
scatter of the experimental data was for this system some-
what higher probably caused by the smaller amplitude of
the current relaxation. It is noteworthy that the kinetic
parameters of both systems, the iodine/iodide- and the
iodine /bromide-system, as determined here with the volt-
age-clamp technique are in good agreement with those
obtained previously from charge-pulse measurements [26].

Results of voltage-clamp experiments performed with different complexes as a function of the applied clamp potential

V,, (mV) 7/(s) a I, (mA /cm?) I. (mA /cm?) N,s (pmol /cm?) kp/(1/s) Ky + Kig (1/5)
(A)0.1 mM KI

20 24+1 7+ 1 0.87 +£0.33 0.11 + 0.04 1.48 + 0.33 5200 + 500 36200
30 2342 7+ 1 1.29 + 0.52 0.16 + 0.06 1.51 +£0.39 5100 + 400 37200
50 2141 8+ 1 2.08 +1.07 023+ 0.09 1.57+0.40 5100 + 400 43800
70 17+ 1 10+ 2 3.27+1.48 0.28 + 0.10 1.58 £ 0.35 5200 + 600 55800
100 13+1 14+ 1 5.8241.46 0.38 + 0.08 1.72 + 0.40 5100 + 200 73 800
120 10+1 18+ 2 7.84 +2.02 0.40 + 0.08 1.79 + 0.47 5100 + 600 92200
140 8+1 22+ 4 10.39 + 2.89 0.45 + 0.08 1.88 +0.51 5400 + 900 118 700
160 6+1 31411 15.03 +3.71 0.48 +0.09 2.09 + 0.44 5200 + 500 157200
180 5+1 45+ 8 2413 £1.93 0.54 +0.12 248 +0.44 4600 + 300 206 700
200 4+1 57+15 34.54 + 3.02 0.62 4+ 0.14 292 + 1.54 4500 + 400 250 600
(B) 0.3 M KBr

20 163+ 8 1.8+ 04 0.19 + 0.05 0.07 £ 0.02 2.70 + 0.67 2200 + 300 4000
30 159 + 11 1.9+03 0.28 + 0.07 0.10 + 0.02 2.70 + 0.64 2200 + 200 3700
50 145 + 10 1.9+ 03 0.47 +0.12 0.16 + 0.04 284 +£0.71 2300 + 300 4400
70 128+ 9 20+ 04 0.68 +0.18 0.23 + 0.06 3.10 + 0.81 2600 + 300 5300
100 102 + 10 21+04 1.06 + 0.26 0.32+0.11 3.44 +0.90 3200 + 400 6 600
120 91+ 11 21+03 1.32 4+ 0.32 0.42 +0.10 3.71 £ 0.95 3600 + 500 7700
140 77+ 7 20+03 1.58 £0.45 0.54 + 0.12 393+ 0.81 4300 + 500 8900

Results of voltage-clamp experiments in the presence of two different halide ions in the aqueous phase. The data are given as means + S.D. of at least eight
experiments performed on DOPC membranes. For both systems 1 M NaCl was used as electrolyte. The temperature was 20° C. The aqueous phase
contained 3 uM I,. The rate constants, ks, kx5 and kp,, and the total surface concentration, N,g, of the complexed carriers were calculated from the
experimental data according to Eqs. (1), (2), (8), (11) and (12).
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Fig. 1. (A) Voltage-clamp experiment on application of 20 mV on a
DOPC /n-chlorodecane membrane, bathed in an aqueous solution con-
taining 1 M NaCl, 3 uM I, and 0.3 mM KI. The temperature was 20° C.
(B) Semilogarithmic plot of the current versus time curve. The current
decay was fitted to only one single exponential relaxation with the
following relaxation parameters: I, =1.03 mA /cm?, I, = 0.17 mA /cm?,
T =28 us. The rate constants were calculated according to Egs. (8), (11)
and (12): ks =14000 s™!, k, =5800 s~ ' and N,5 =1.89 pmol /cm?.

4.2. Shape of the internal membrane potential barrier

In further experiments we increased the clamp voltage
from 20 mV up to 200 mV. The experimental data are
summarized in Table 2. The analysis of the experimental
data was performed using Egs. (8), (11) and (12). Table 2
shows the sum of the translocation rate constants in the
both directions, k)5 + k5 the dissociation rate constant,
kp,, and the surface concentration of the complexed carrier,
N,s. The dissociation rate constant, k, remained nearly
unchanged for increasing clamp voltage. Only the surface
concentration of the complexed carrier, N,q, increased
slightly with rising clamp potential. This may be caused by
a small contribution of the solution complexation mecha-
nism (SC-mechanism) to the current although most of the
current was due to the interfacial complexation mechanism
(IC-mechanism) as has been shown previously [26]. The
data of Table 2 support our assumption that from all the

steps involved in the iodine-mediated halide transport only
the translocation of the complexed carrier across the mem-
brane is assumed to be voltage dependent (see Eqs. (1) and
).

We used the voltage dependent parameters, i.e., the
initial conductance, G, the relaxation time constant, 7,
and the current relaxation, «, for the evaluation of the
internal energy barrier which is encountered by a complex
AS™ crossing a low dielectric membrane. For a given
membrane the voltage-clamp data were highly repro-
ducible. However, for different membranes we observed
some variations. Hence for analysis the initial conduc-
tance, G,(V), plotted as a function of the applied reduced
voltage, was normalized by division by the corresponding
conductivity at 20 mV, G,(20).

From the Egs. (1), (2) and (A11) its apparent that
G(V)/G(20) is a function of the applied reduced volt-
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Fig. 2. Conductance versus voltage curves for the iodine-mediated trans-
port of iodide (A) and bromide (B), respectively through diphy-
tanoylphosphatidylcholine /n-decane membranes. The initial conduc-
tance, Go(V), was divided by the initial conductance, G(20), measured
on application of 20 mV and plotted against the reduced voltage. Experi-
ments performed on different membranes are shown by different symbols.
The dotted line represents the voltage dependence obtained by a Nernst-
Planck type of barrier (b=1; Eq. (10)), and the dashed line is the
prediction of Eq. (10) in the limit that b approaches 0, a single-barrier
Eyring model. The solid in (A) was drawn according to Eq. (10) with
b=07.
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age, u, and the parameter b, reflecting the steepness of the
energy barrier.

Go(V) bsinh(g)
a0 2]

(10)

2

Fig. 2 shows the voltage dependence of the experimen-
tally determined initial conductance G(V)/G,(20) of the
iodine /iodide- (A) and the iodine /bromide-system (B). It
demonstrates also the predictions of two theoretical ap-
proaches. The dotted lines reflect the situation if an ion
encounters an Nernst-Planck barrier with a square barrier
shape, equivalent to b =1. For such a barrier Gy(V)/
G,(20) is constant and independent of the applied voltage.
The dashed lines show the voltage dependence when the
carrier-ion complex has to cross a single-jump Eyring
barrier with a triangular barrier shape (i.e., b = 0). In this
case G(V)/G(20) has an exponential dependence on the
applied voltage. Comparison of these two extreme cases
with the experimental data presented in Fig. 2A and B,
respectively, clearly indicated different barrier shapes for
both types of complex. In the case of the iodine-mediated
iodide transport the fit of the data according to Eq. (10)
yielded an value of b= 0.7 (solid line in Fig. 2A). The
comparison between experimental data and the solid line
shows that the fit was not exceptional but provided a good
description for the data up to 120 to 150 mV. Above these
membrane potentials we obtained some variation between
experimental data and theoretical predictions. However,
the use of smaller values for b corresponding to steeper
potential energy barriers lead to worse fits for membrane
potentials up to 100 mV. Interestingly, the iodine /bromide
complex was virtually voltage-independent, which means
that it encounters a square potential barrier of the Nernst-
Planck type (Fig. 2B).

Almost identical results were obtained plotting the in-
verse relaxation time constants, A, against the applied
voltage for both iodine /halide systems. According to Eqs.
(1), (2) and (7) the voltage dependence of the inverse
relaxation time constant, A, could be described by:

bu)f"_“'(_;)_

1
/\=—7—.=2kAS(— . (bu)
sinh| —
2

2

In Fig. 3 the data of the iodine/iodide (A) and the
iodine /bromide system (B) are compared to the predic-
tions of an Eyring (dashed line) and a Nernst-Planck
barrier (dotted line), respectively. The values obtained for
b by fitting the data with Eq. (11) were consistent with the
results of the plots of the membrane conductance (Fig. 2).
This means that we obtained a value of b= 0.7 for the fit
of the I5-system. On the other hand, the inverse relaxation
time constant of the I, Br~-system showed no dependence
on the applied voltage (i.e., b= 1).
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Fig. 3. Voltage dependence of the inverse relaxation time constant, A, for
the iodine-mediated transport of iodide (A) and bromide (B), respectively.
The lines through the data were drawn using Eq. (11) when (A):
kps =16500 571, ky =5700 s~ ! and b= 0.7 and (B): k,g5 =1900 571,
ky, =2200s"! and b= 1. The aqueous halide concentration was 0.1 mM
KI (A) and 0.3 M KBr (B), respectively, at a fixed iodine concentration
of 3 uM; diphytanoylphosphatidylcholine /n-decane membranes.

A third possibility for the identification of the shape of
the central membrane potential barrier consists in the plot
of the relaxation amplitude, a, as a function of the applied
voltage. From Egs. (1), (2) and (6) one obtains:

u
cosh(E) 1
a=kASbu—T+k—D (12)
sinA 7

From Fig. 4A its clearly visible that the data obtained
from the iodine-mediated iodide transport could be fitted
according to Eq. (12) with sufficient accuracy. Again a
value of b =0.7 (solid line), could be used as fit parame-
ter. Examination of the data of the iodine /bromide system
exhibited a totally different situation. The lines were drawn
assuming b = 1. Accurate fitting of the data would give
even a value of b > 1, which did not make much sense.
This means that once again the translocation rate constant
of the iodine-bromide complex appeared to be voltage
independent.
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Fig. 4. Voltage dependence of the current relaxation amplitude, «, for the
iodine-mediated transport of iodide (A) and bromide (B), respectively.
The lines through the data were drawn using Eq. (12) when (A):
kps =16500 57", k;, =5700s™" and b =0.7 and (B): kog =1900 s~ ',
kp=2200s"" and b= 1. The aqueous halide concentration was 0.1 mM
KI (A) and 0.3 M KBr (B) respectively at a fixed iodine concentration of
3 uM; diphytanoylphosphatidylcholine /n-decane membranes.

4.3. Voltage dependence of the stationary current

In our previous investigation [26] we identified the
heterogeneous interfacial reaction with the rate constants
kg (association) and k, (dissociation) to be the rate-limit-
ing step of the entire carrier-mediated halide transport.
Therefore the stationary current, I, after subsiding of the
initial current, [, is limited by this step and should
saturate for increasing clamp potential according to Eq.
(9). In both cases, for I and I,Br~, saturation of the
stationary current could be observed (data not shown). The
experimental data were in good agreement with the theo-
retical prediction (see Eq. (9)) up to 150 mV. Rising the
clamp voltage a considerable deviation from the theory
was found. Inspection of Fig. 2A shows that also the initial
conductance data of the iodine/iodide-system and the
theoretical predictions differ for potentials higher than 150
mV. These results are in contrast to those recently reported

for a chloride transport system in a marine alga [21]. In
this publication the discrepancy between the theoretical
prediction and the experimental observed dependence of
the stationary current on the applied voltage was explained
by the assumption of another transport system in the
plasmalemma.

5. Discussion

5.1. The Lduger-model provides a good description of the
voltage-clamp results

In our previous study [26] we have investigated the
iodine- and bromine-mediated halide transport in terms of
the kinetic parameters of ion transport, the description of
the complex formation and the magnitude of the central
potential energy barrier. In the present work we focused
our interest on the profile of the central energy barrier
inside the membrane, which must be overcome by the
halogen-halide complexes to cross the membrane. There-
fore we performed voltage-clamp experiments on mem-
branes in the presence of the iodine/iodide and the io-
dine /bromide complexes. This was done since the treat-
ment of carrier transport under charge-pulse conditions
leads to non-linear differential equations that are difficult
to handle [6]. This means that both methods have their
advantages: the charge-pulse method has a superior time
resolution but it is difficult to elucidate the voltage-depen-
dence of the transport systems. The voltage-clamp allows a
simple description of the barrier shape but has a limited
time resolution. In particular it was impossible to deter-
mine the current relaxations for the bromine-iodide and the
bromine-bromide systems, which could easily be measured
under charge-pulse conditions. It is noteworthy that
charge-pulse and voltage-clamp experiments yielded nearly
identical results for the two systems investigated here.

The Liuger-model provided the most adequate descrip-
tion of the iodine-mediated halide transport. As reported
elsewhere for similar carrier systems [26,31] only one out
of two theoretical predicted current relaxations could be
resolved. There are two possible explanations for the exis-
tence of only one single current exponential within such a
model system under voltage-clamp conditions. One is that
the time resolution of the detection system is too small to
resolve the two current relaxations predicted by the
Liuger-model as has been argued previously [21]. How-
ever, it seems to be more likely that the amplitude of the
second current relaxation is too small to be resolved [31].
The findings of our charge-pulse measurements performed
on the iodine /halide systems [26] confirm this suggestion
and provide evidence that one of the steps involved in the
carrier-mediated ion transport is always in equilibrium
[19,27,30], i.e., kg > kpc,, kp, k,s. That means the
translocation of the free carrier is much faster than all the
other steps involved in the halide transport. Here, we gave
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the first theoretical treatment of this case under voltage-
clamp conditions.

5.2. The voltage dependence of the charge translocation
step varies with the ion radius

Two different formalisms have been developed to ex-
plain the voltage dependence of the charge translocation
through low dielectric membranes. One is based on the
assumption of a steep barrier in the center of the mem-
brane. A charged molecule crossing the membrane over-
comes this type of barrier in one single step. Hence the ion
transport can be described by a simple first-order kinetics
[14,15]. The voltage dependence of the so-called Eyring
barrier is given according to the theory of absolute reaction
rates [15]. Following Egs. (1) and (2) it is very steep and
follows an exponential function of the applied voltage.

The other formalism is derived from the integrated form
of the Nernst-Planck equation. This means that it has to do
with a diffusion process, which implies a very shallow
voltage dependence of the charge translocation, i.e., the
charge transport occurs in many steps [1]. Evidence has
been presented that neither the Eyring barrier nor the
Nernst-Planck formalism describes the barrier shape best
[18]. Indeed, a trapezoidal barrier (i.e., the use of Egs. (1)
and (2)) provided the best explanation for the voltage-de-
pendence of charge transfer across membranes [4,19,20,22].
The use of the initial conductance, G,(V), is a well-estab-
lished method to evaluate the voltage dependence of the
charge translocation through membranes [4,19,20,22]. In
most of these studies the smaller base of the trapezoid, b
was found to be between 0.2 and 0.5, which means that the
voltage dependence of the charge translocation step was
still more exponential than linear. There exists only one
exception. In a recent study of the chloride carrier in V.
utricularis [31] evidence has been given that a square
barrier (b = 1) limits the charge transfer within a biologi-
cal membrane.

Our data show a substantial influence of the structure of
the halogen-halide complexes on the translocation rate
constant, k,q. This may be explained by an increase of the
effective radii (i.e., the smearage of the charge across
larger spheres) of these complexes from I,Br~ to I5. The
increase of the effective radii apparently results in a de-
crease of the central barrier in the membrane. The change
of the barrier height could be calculated from the change
of the free energy difference, AG®, between the aqueous
phase and the center of the membrane which is given by
[3,9]:

d
AG® = —RTln( Bas kASB) (12)

AG" has for I; and for I,Br~ values of —10.1 kJ/mol
and 3.0 kJ/mol, respectively ( B, =7.2-107° cm and
0.3-107% cm, respectively {26]). For the calculation of
AG® a value for the diffusion coefficient, D, of 107°
cm? /s was assumed. The absolute height of the barrier in

10kJ/mol

I

—

5nm

Fig. 5. Profile of the free energy, AG, of the complexes 15, and I, Br™ in
a DOPC /n-chlorodecane membrane. See text for details.

the middle of the membrane (with respect to the depths of
the interfacial wells) is given by the difference between
AG" and AG. AG is obtained from the partition coeffi-
cient B,s, as has been shown previously [2,19,20,32] and
has values of —28.9 and —21.2 kJ /mol, respectively for
the two complexes.

Fig. 5 shows the free energy profiles for I3 and I,Br~
in DOPC membranes. The profiles are only approximate
values because a value for the diffusion coefficient of the
complexes within the membranes had to be assumed for
the calculation of AG® (D =10"% cm?/s). It is obvious
that both the absolute barrier height and the shape of the
potential energy barrier are different for the two com-
plexes. It is noteworthy that I; is more soluble in the
membrane interior than it is in the aqueous phase. Similar
results have been found for the anionic forms of the
uncouplers FCCP (carbonylcyanide p-trifluoromethoxy-
phenylhydrazone) [19] and S-13 (5-chloro-3-tert-butyl-2'-
chloro-4'nitrosalicylanilide) [20] in phosphatidyl-
choline /chlorodecane membranes. The shape of the bar-
rier for I; can be adequately modelled as a trapezoid with
a shorter side which has a length about 0.7 of the base.
I,Br~ encounters a higher square barrier (~ 8 kJ/mol)
and its adsorption wells are somewhat shallower.

Appendix 1

The halogen-mediated halide transport is described ac-
cording to the Liuger-model by the following differential
equations:

dNAS ! ! " " ! 1 ! ! r
P = (—kis Nis + kas Nis) + (—Kp Nig + KRy Ng)
(A1)
dN[;’S ’ i " " " " " Ui "
dr = (ks Nas — Kas Nis) + (—kp Nis + kR ciNg)
(A2)
dNS/ ’ ! " " ’ ! ! !
dt =(“kst+kst) +(kDNAs_kRNs) (A3)
dNé, ’ 1 " " 1 (4 " I "
ds = (ksNg — ksNg) + (K5 Nis — krca Ng) (Ad)
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Nis» N{g and N§ and N{ are the surface concentrations of
the complexed and the free carriers on the left and on the
right side of the membrane. We assume that the total
concentration of carriers does not vary during the voltage-
clamp experiment.

Ny =N,g + Ng =N, + N5 + Ng + N (AS)

The current density within the membrane is given by the
flux of charges due to the carrier system (Eq. (4)).

In a previous study we have demonstrated that the
translocation rate constant, kg of the free carriers is much
faster than the other rate constants involved in iodine-
mediated halide transport. This means that the free carriers
are always in equilibrium within the membrane:

Ng = N¢ (A6)
Furthermore, the surface concentration of the free carriers
is independent of time [26]:

ks

Ns(‘)=NS(°°)=N0k koc
p T KRrCx

(A7)

The differential equations (A1)-(A4) together with the
conditions (A5) and (A7) reduce to one single differential
equation using the following substitution [30).

v=—, (A8)

dV ’ " n kD
o —(kis + ks +kp) v+ | kps + —

The combination of Egs. (4) and (A8) yields the following
expression for the current density:

I'=zFNys(v(Kis + Kas) — Kas) (A10)

For times ¢ <0 the entire system is in equilibrium, i.e.,
according to Eqgs. (A6) and (A8):

(A9)

(Al11)

Together with the Egs. (1) and (2) the description of the
initial current, I, can be given as shown in Eq. (8). Using
the substitutions:

ko

a=—(kﬁ\s+k’lgs+kD);b=kj§S+7 (A12)

yields the solution for the differential equation (A8):

1 b . b AL
H)y=[=+—|e*~—
W) =[5+ =] -2 (A13)
Hence for times ¢ — % Eq. (A13) reduces to
v(w) =~ (A14)
a

Replacement of a and b in Eq. (A14) leads to the expres-
sion for the steady state current, L, Eq. (9).

In the limit of small voltages, V,, < 25 mV, the specific
conductivities, G, and G,, can be calculated from Egs. (8)
and (9) by division of the corresponding current densities
by the membrane voltage, V.

I, z*F*N,

G,= V = —(%(k;\s + kis) — k’f'\s)

Al5
' RTzu ( )

and the stationary current I, (i.e., the current density after
many relaxation times) by:

22 1 ' "
_Z FNys skp( ks — Kas)

" RTmu Ky +Ki+kp

(A16)
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