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Abstract 

We report on a modified charge-pulse relaxation technique applied at planar lipid membranes. The method has an 
improved time resolution of 20-30 ns. It is based on the capacitive coupling of a voltage-jump to the membrane. The 
method was used to study the fast relaxation processes induced by valinomycin/K+ in the presence of 2,4-dichloropheno- 
xyacetic acid (2,4-D). The change of the rate constants of the ion carrier valinomycin was analysed as a consequence of the 
adsorption of the dipolar substance 2,4-D to the membrane/water interface of monoolein membranes. The effect of 2,4-D 
can be explained solely via the influence of the introduced dipole potential, V,. The latter was found to act (primarily) on 
the inner membrane barrier experienced by the positively charged carrier-ion complex and on the interfacial barriers 
responsible for complex formation and dissociation. No evidence for a change of the microviscosity of the membrane 
interior was obtained. 
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1. Introduction 

The kinetics of ion transport across planar lipid 
membranes have been studied by a variety of differ- 
ent methods. Usually the time dependence of the 
electric current across the membrane or of the mem- 
brane voltage is followed after an external stimulus 
such as a voltage-jump, a charge-pulse, a T-jump or 
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a photo-generated concentration-jump (see [l] for a 
review). The time resolution, which has so far been 
achieved under favourable conditions, is of the order 
of 2 ps (V-jump, [2]), 40 ns (charge-pulse tech- 
nique, [3]) and 10 /JS (T-jump, [4]). To study charge 
separation in bacteriorhodopsin and in photosynthe- 
sis, photoelectric measurements with a time resolu- 
tion in the ps region [5,6] have been published. 
These experiments, however, were performed with 
suspensions of biological membranes (e.g. from 
halophilic bacteria), i.e. not with the planar bilayer 
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system. The excellent time resolution was obtained 
by capacitive coupling of the membrane suspension 
to the electrodes used for the detection of the electri- 
cal signals. 

The method of capacitive coupling was also ap- 
plied throughout the present study to improve the 
time resolution of the charge-pulse method at planar 
lipid membranes. So far the optimal time resolution 
of 40 ns was obtained only at the extremely small 
values of the membrane resistance observed at the 
electrical breakdown of the membrane [3]. The tech- 
nique which is suggested in the present paper allows 
signal detection in the time range well below 100 ns 
over the complete range of the membrane resistances 
normally encountered. 

The technique is applied to study the kinetics of 
valinomycin-induced K+-transport across monoolein 
membranes in the presence of dipolar substances. 
The adsorption of compounds such as the herbicide 
2,4-dichlorophenoxyacetic acid (2,4-D) or phloretin 
have been found to change the electrical membrane 
properties. As a result the membrane conductance 
induced by macrocyclic ion carriers of the valino- 
mycin type is increased up to several orders of 
magnitude [7-111. The effect has been explained on 
the basis of a modified dipole potential of the mem- 
brane/water interface, though a contribution of addi- 
tional membrane properties, such as a change of the 
membrane fluidity, could not be excluded. The pre- 
sent communication reports on kinetic experiments 
which were performed in order to study the influence 
of the dipolar substance 2,4-D on the single rate 
constants of valinomycin-mediated K+-transport. It 
is shown that the action of 2,4-D can be explained 
solely on the basis of the electrostatic effect induced 
by the changed dipole potential. 

2. Charge-pulse technique 

The principle of this method consists in the appli- 
cation of a brief charge-pulse to the membrane and 
the subsequent detection of the membrane voltage 
under virtually infinite external resistance. The decay 
of the voltage only proceeds by charge transport 
through the conductive pathways of the membrane 
under this condition. Therefore, the time dependence 
of the decay contains information about the kinetics 
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Fig. 1. A p&x-charge technique based on capacitive coupling 
(capacity C,) of a voltage-jump from a pulse-generator PC to a 
lipid membrane. The voltage difference between the two elec- 
trodes is detected by the high-impedance preamplifier (PA). The 
signal is stored in a digital oscilloscope (DO), transferred to a 
personal computer (PC) and printed (PR). 

of charge movement across the membrane. Ref. [l] 
provides a review about the development of this 
method. 

So far application of the charge-pulse was 
achieved by a brief current pulse of lo-100 ns 
duration. At the end of the pulse the external circuit 
is switched to virtually infinite resistance either by 
means of a fast FET switch [12] or by using a fast 
diode (reverse resistance > 10” 0) [13]. The time 
resolution achieved by this method was reported to 
be of the order of 100 ns. 

The technique applied throughout the present 
study is illustrated in Fig. 1. This method differs 
from the previous one by the kind of charge-pulse 
generation. Instead of a current pulse of high ampli- 
tude, the charge-pulse is achieved by capacitive cou- 
pling of a rapidly rising voltage-jump to the mem- 
brane. The principle of the method is explained on 
the basis of the simplified equivalent circuit shown 
in Fig. 2. The membrane is represented by a parallel 
arrangement of a capacitance C, and a resistance 
R,. The time resolution of the method is substan- 
tially influenced by the magnitude of the series 
resistance R, including the aqueous phases adjacent 
to the membrane, the output impedance of the pulse 
generator, and the electrodes. The application of a 
voltage-jump at time t = 0 to the circuit yields the 
following result (cf. Appendix A): The time depen- 
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Fig. 2. Equivalent circuit of the arrangement according to Fig. 1. 
The membrane is represented by the capacitance, C,, and the 
resistance, R,. The series resistance, R,, includes the aqueous 
phases adjacent to the membrane and the electrodes (PC = pulse- 
generator). 

dence of the sum of voltages (V, + V,> measured by 
a high impedance preamplifier is given by Eq. (1): 

Vm+~=~,exp(-t/r,)+~,exp(-t/r,) (1) 

with 

71 = R,C,C,/( C, + C,) > 72 = R,( C, + C,) 

a, = VC,/(C, + C,) and cr2 = VC,/(C, + C,) 

The expressions for r,, r2, (Y, and (Y? are ap- 
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proximations, which hold for R, -=x R,. For C, -=K C, 
and for t B- R,C,, Eq. (1) is reduced to 

V, + V, = V, = V(C,/C,) exp( - t/R,C,,) (2) 

Thus the time constant, r2 = R,C,, which deter- 
mines the exponential decay of V, according to Eq. 
(2) corresponds to the normal result of a charge-pulse 
experiment (if the membrane is approximated by a 
simple RC element). The time constant, rr = R,C,, 
of the initial voltage spike determines the time reso- 
lution of the method. Assuming R, = 100 Q, C, = 10 
pF, C, = 1 nF, and a voltage-jump amplitude of 
V = 500 mV, there is an initial voltage spike of 
(Y, = 495 mV, which decays with a time constant 
T, = 1 ns to a2 = 5 mV. The subsequent decay of 
V, provides information about the kinetics of ion 
translocation across the membrane (or in the case of 
the simple equivalent circuit about the time constant 
R,C,). 

In the experimental reality the decay of the initial 
voltage spike is distorted and delayed because of the 
limited band width of the instrumentation applied. 
Instead of a few ns, the decay lasts for 20 ns at least. 
Fig. 3 illustrates the result obtained for a membrane 
formed from dioleoyllecithin in the presence of the 
Kf-carrier valinomycin. The conditions were chosen 
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Fig. 3. The decay of V,(t) at two different time scales. The membrane was formed from diolcoyllecithin/n-dccane with 10-j M 
valinomycin in the membrane-forming solution and with 1 M KC1 in the aqueous phase (T = 298 K). The measurement was performed 
using a coupling capacity C, = 5.7 pF. The diameter of the membrane was about 0.6 mm CC,,, = 1000 pF). The series resistance, R,, was 
minimiscd (cf. ‘Materials and Methods’). (A) Ordinate: 2 mV/division, abscissa: 50 ns/division. (B) Ordinate: 1 mV/division, abscissa: 
100 KS/division. 
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Fig. 4. Reaction scheme of the transport of cations Mi mediated 
by macrocyclic carriers S of the valinomycin-type [l]. 

to ensure a simple ‘RC-behaviour’ of the membrane 
(i.e. the amplitudes of the specific relaxation of 
valinomycin-induced transport are comparatively 
small). 

In view of the limited band width of the instru- 
mentation the fast relaxation process (i.e. time r1 in 
Eq. (1)) can only be determined, if the series resis- 
tance R, is increased. A good agreement between 
theory and experiment was obtained in this case 
(data not shown). Though this fast exponential term 
determines the time resolution of the method, it is 
not of relevance for the general applicability of the 
method, since the information about the dynamics of 
transport phenomena inside the membrane is derived 
from the decay of the voltage after completion of the 
initial voltage spike (see below). Fig. 3 indicates that 
the minimal time, where the onset of membrane- 
specific relaxation processes can be detected, is of 
the order of 20-30 ns with our present instrumenta- 
tion. 

Application of the method is demonstrated by 
studying the kinetics of ion transport in the presence 
of macrocyclic ion carriers of the valinomycin-type. 
Fig. 4 shows the reaction scheme usually applied in 
this case (cf. refs. [1,14-161 for a review). It may be 
analysed using the circuit shown in Fig. 2. 

The membrane resistance has to be replaced by 
the reaction scheme of Fig. 4 in this case. In order to 
simplify the treatment, we neglect the series resis- 
tance, R, (i.e. we neglect description of the initial 
voltage spike, cf. Eq. (1)). Then, application of 
Kirchhoff’s laws yields the following equations: 

v, + v, = v (3) 

V is the amplitude of the voltage-jump applied to the 

circuit, V’ is the voltage across the coupling capac- 
ity, V, is the membrane voltage, and 

.I=,,: =c$$ +F(N;,k’,, - N;,k’h,) 

(4) 
The term in brackets represents the flux of carrier- 
mediated transport of cations M+ (N,& and N;, are 
the interfacial concentrations of complexes MS’). 

Combining Eqs. (3) and (4) and taking into ac- 
count that (after the voltage jump) dV/dt = 0, one 
obtains 

This result agrees with the analysis of the carrier 
model by the previous charge-pulse technique, if the 
denominator (C, + C,) is replaced by C, (cf. Eq. 
(9) of ref. [12]). Eq. (5) may be integrated together 
with the differential equations for Nhs and Nb, 
derived from the carrier scheme (Fig. 4). The result 
obtained by Benz and Lauger [12] is 

V,(t) = Vi( a, exp( - t/T1) + a2 exp( -t/T,) 

+a,exp(-t/r3)),ul+uZ+u3=1 (6) 

The three relaxation times, TV, TV, and TV of Eq. 
(6) and the two independent relaxation amplitudes, 
a, and u2, depend on the four rate constants k,, k,, 
k,, and k,, of the carrier model and on the carrier 
concentration, N,,, inside the membrane. The reader 
should consult ref. [12] for the detailed equations and 
for the procedure, which allows determination of the 
model parameters. The equations hold for suffi- 
ciently small membrane voltages of the order of a 
few mV. 

The validity of Eq. (6) in order to explain the 
time-dependent decay of V, in the presence of 
valinomycin is illustrated by Fig. 5. The experiment 
was performed in the presence of 2,4-D in order to 
accelerate the decay of the process (see below). The 
three relaxation times of 346 ns, 5.59 ps and 75.93 
ps are clearly separated under these conditions. 

3. Materials and methods 

Planar lipid membranes of the Mueller-Rudin 
type were formed from 1% solutions of either 
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monoolein (Nu Check Prep or Sigma) or of 1,2-di- following electronic equipment was used: Pulsgener- 
oleoyllecithin (Avanti Polar Lipids) in n-decane ator Philips PM 5785 (rise time < 1 ns>, digital 
(Fluka, standard for gas chromatography) containing oscilloscope Tektronix 7603/7D20 (70 MHz band 
an appropriate concentration of valinomycin (Boeh- width, 1024 words memory size, 8 bit solution) and 
ringer). The aqueous phase contained 1 M KC1 and an IBM compatible 486-PC. Two different kinds of 
variable amounts of 2,4-dichlorophenoxyacetic acid preamplifiers were applied: The faster one (Tektronix 
(2,4-D) (Aldrich). The experiments were performed Differential Probe P6046) had a band width of 100 
at pH 2 to ensure that 2,4-D was largely in the MHz but a comparatively small input resistance of 
neutral form [17]. R, = 1 MO. Its application is limited to membranes 

The principle of the charge-pulse technique was 
described in detail in the last section (cf. Fig. 1). The 

of comparatively large conductance (the condition 
Ri x- R, must be fulfilled in order to avoid that the 
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Fig. 5. The decay of V,(t) in the presence of valinomycin/K+ and 2,4-D. Three different time scales are applied to demonstrate the 
validity of Eq. (6). For t > 20 ~LS the decrease of V,,, is only due to the third exponential term (A: 73 = 75.93 us, LYE = 0.33). The two 
faster relaxation terms (B: T? = 5.59 FCLS, LYE = 0.06 and C: 7, = 346 ns, (Y, = 0.61) were determined by successive subtraction of the slower 
terms. The fit (solid lines) was optimised by a nonlinear curve fitting procedure (cf. Materials and Methods). The experiment was performed 
with 5.0 X lo-” M valinomycin in the membrane forming solution (1% monoolein in decane), 1 M KC1 and 0.3 mM 2,4-D in the aqueous 
phase (pH 2, T = 25°C). 
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decay of V, is influenced by R,). In most cases a 
preamplifier was used which was built in our work- 
sliop (band width 20 MHz, input resistance 10” a, 
gain 10 fold). The time resolution obtained with it is 
about 100 ns (cf. Fig. 5). 

In order to optimise the time resolution of the 
method, the series resistance, R,, must be kept as 
low as possible (cf. Eqs. (1) and (2)). This was 
achieved by using L-shaped low-impedance pla- 
tinised platinum electrodes, which - by way of two 
manipulators - were moved as close as possible 
(distance < 1 mm) to the membrane. The time 
resolution (defined as the completion of the initial 
voltage spike, cf. Fig. 3) is of the order of 20-30 ns 

in this case. It may be further improved by using 
electronic equipment with an increased band width. 

The diameter of the hole across which the mem- 
brane was formed was typically 0.5-l mm. The 
coupling capacity C, usually applied was of the 
order of 5-20 pF. 

The decay of V,(t) in the presence of ion carriers 
extends over several orders of magnitude in time (cf. 
Fig. 5). Therefore, in view of the limited memory 
size of the digital oscilloscope applied, the different 
time ranges of V,(t) had to be measured succes- 
sively. The complete signal was subsequently assem- 
bled in the computer. Signal analysis in terms of Eq. 
(6) was obtained using the software package Asyst 
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Fig. 6. The rate constants of valinomycin-induced K+-transport across monoolein membranes in the presence of 1 M KC1 and varying 
concentrations of the herbizide 2,4-D in water (pH 2, T = 10°C). The values were calculated from the relaxation data summarised in Table 
1. The solid lines in B and C were calculated according to Eqs. (S), (9), and (13) assuming s = 0 (values for bp, a, and PNo see Table 2). 
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(Keithly Instruments). The analysis was performed in 
the following way: The slowest relaxation time was 
obtained from the exponential decay of V,(t) ob- 
served at sufficiently long times. The two faster 
relaxation times were determined by successive sub- 
traction of the slower exponential terms from the 
original data. As a final step, the complete fit was 
optimised by using the nonlinear curve fitting proce- 
dures supplied by Asyst. The additional minimisation 
of chi-square, i.e. of the sum of squares of deviations 
of the experimental data from the fitting function, 
was found to provide a significant improvement, if 
the two faster relaxation times differed by less than a 
factor of three. 

4. Results and discussion 

The charge-pulse technique was used to study the 
influence of the herbicide 2,4-D on the single rate 
constants of valinomycin-induced K+-transport 
across monoolein membranes. The substance has 
been found to adsorb to the membrane/water inter- 
face and to modify the interfacial dipole potential 
[7,8]. We have been studying the kinetics of the 
adsorption process in previous publications [ 17,181. 
Applying a laser T-jump technique and using the 
membrane conductance (induced by macrocyclic ion 
carriers) as a sensor for the adsorbing molecules, we 
were able to estimate the surface density of the 
ligands as a function of their concentration in water. 
The data were interpreted on the basis of Langmuir’s 
isotherm. In addition we have been able to calculate 
the contribution, 6, of a single adsorbed ligand 
molecule to the dipole potential. The calculation was 
based on an electrostatic model which allowed to 
correlate the rate constants of the carrier model with 
the ligand concentration in water. The present inves- 
tigation was intended to provide an experimental test 
for this model. 

The time dependence of the membrane voltage, 
V,(t), following a charge-pulse in the presence of 
macrocyclic ion carriers, is given by Eq. (6). The 
data shown in Fig. 5 illustrate that Eq. (6) is also 
valid in the presence of 2,4-D. Table 1 summarises 
the relaxation data as a function of the aqueous 
concentration of 2,4-D. There is a pronounced short- 
ening of the fast relaxation time r,, while T* is less 

Table 1 
Relaxation times and amplitudes as a function of 2.4-D concentra- 
tion, c,,, in water. The data refer to valinomycin-induced Kf- 
transport across monoolein membranes (c, = 1 M, pH 2, cVa, = 
5.0~ lo-” M, T = 10°C) 

co (mM) T, (ps) 72 (us) TV (ws) aI az a? 

0 5.09 10.33 311 0.129 0.380 0.491 
0.2 2.54 7.60 412 0.395 0.118 0.487 
0.4 1.21 6.63 566 0.428 0.050 0.522 
0.6 0.68 6.10 549 0.501 0.043 0.456 
0.8 0.56 7.09 749 0.416 0.030 0.554 
1.0 0.39 9.31 632 0.482 0.025 0.492 

affected. At the same time the relaxation amplitude 
cr2 is strongly decreased, while CY, is increased 
correspondingly. Therefore, the overall effect of 2,4- 
D consists in a shift of the relaxation curve to shorter 
times. 

Fig. 6 illustrates the consequences of this effect 
for the rate constants of valinomycin-induced Kf- 
transport. A pronounced increase of the translocation 
rate constant k,, for the positively charged ion-car- 
rier complex MS+ is obtained, while the correspond- 
ing rate constant, k,, remains unaffected. The same 
holds for the rate constant of complex formation, k,. 
The rate constant of dissociation, k,, shows a small 
but significant decrease. 

The results will be analysed on the basis of the 
simple electrostatic model shown in Fig. 7. The 
electric potential difference, V,, introduced by ad- 

water membrane interior 

+ t dip&r lipophilic molecule 

f 
dipole potential V, 

I 

adsorption plane of ion carriers 

‘;_ complexataon barnet of ion canters 

Fig. 7. The dipole potential, V,, induced by oriented adsorption of 
dipolar molecules to the membrane/water interface and its effect 
on the complex formation of macrocyclic ion carriers. 
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sorption of dipolar molecules is assumed to decay 
over a certain distance inside the membrane. If the 
adsorption plane of the carrier complexes, MS+, is 
located at the inner part of the interface, the hetero- 
geneous equilibrium constant K, = k,/k, of inter- 
facial complex formation will experience the poten- 
tial difference, V,” (0 I Vi 5 V,). The difference, 
V, - Vi, is assumed to act on the inner membrane 
barrier for the positively charged complexes MS+ 
(not shown). The height of the inner energy barrier 
will be lowered by F(V, - V,“), giving rise to a 
change of the translocation rate constant, k,,, i.e. 

k MS = k& exp( -F( V, - V,“/RT)) (7) 

where F is the Faraday constant, R is the gas 
constant, and T is the temperature. 

The effect of V,” on the complex formation and 
dissociation may be accounted for by an unsymmet- 
rical barrier (characterised by the distances (Y and E) 
between the aqueous phase and the adsorption plane 
of the ion carriers. If V, is approximated by a linear 
decay, one obtains 

k, = ki exp( - sFV,f/RT) 

k, = kt exp[ (1 - s) FV,j/RT] 

with 
c! 

s=- 
a+e 

(8) 

(9) 

(10) 
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Fig. 8. V, and V,” as function of the concentration of 2,4-D in 
water. The solid lines were calculated according to Eqs. (1 l-13) 
(values for b/3, a, and pNo see Table 2). 

Table 2 
Parameters of adsorption of the herbicide 2,4-D to lipid mem- 
branes formed from monoolein (MO, present study) and to di- 
oleoyllecitin (PC, [17]) 

hp/[mV mM_‘] a P/N, (mM- ‘1 V&“” (mV) 

MO 225 0.24 1.35 - 167 
PC 850 0.26 3.7 - 239 

Similar expressions have been applied by Hladky 
[19] to account for the dependence of k, and k, on 
the voltage difference, V, across the membrane. There 
is a comparatively weak dependence on V which is 
neglected in the present treatment. This is justified 
by the fact that V, acts across a very thin layer 
(comparable to the dimensions of the dipolar 
molecule), whereas the membrane voltage, V, drops 
across the complete thickness of the membrane. 
Therefore, at comparably absolute values of V,, and 
V, the effect of VD on the interfacial reaction is 
considerably larger. 

Applying Eqs. (7-9), the dipole potential V, as 
well as Vi = aV, may be obtained from the experi- 
mental values of the rate constants: 

(11) 

(12) 

We have shown previously [17] that the interfacial 
concentration, N, of 2,4-D as a function of its con- 
centration, cB, in water obeys Langmuir’s isotherm, 
i.e. 

V,=uVD”= -bN= -6@B/(1+&JND) (13) 

where /3 is the concentration independent partition 
coefficient at low-surface density of 2,4-D and Nn is 
the number of binding sites at the interface. 

Combining Eqs. (11) and (12) with Eq. (131, 
theoretical expressions for V, and Vi are obtained 
as a function of 2,4-D concentration in water. The 
corresponding fit allows determination of the quanti- 
ties b@, a, and /3/N,. From this the maximum 
dipole potential VT’ = - bND may be estimated (cf. 
Fig. 8 and Table 2). In a similar way combination of 
Eqs. (7-10) with Eq. (13) yields theoretical expres- 
sions for the dependence of the rate constants kMs, 
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k, and k, on cn and allows estimation of s (cf. Fig. 
6 and Table 2). 

The behaviour of k, and k, can be explained 
only, if s << 1, i.e. if we assume a highly unsymmet- 
rical barrier for the complexation reaction. The ex- 
perimental result of a rather constant k, and a 
decreasing k, with increasing cn is in contrast to 
the analysis of our previous T-jump studies [17]. 
There, a less general treatment of the effect of V, on 
the complexation reaction was applied (though the 
present model could not be excluded). Discrimina- 
tion between the two models is made difficult by the 
fact that the decrease of k, is small, if compared 
with possible experimental errors of the analysis. 
The amplitude of the relaxation amplitude, CQ, is 
drastically reduced at high cn (cf. Table 1). It cannot 
be excluded that the accuracy of the analysis in this 
region is influenced by systematic errors arising 
from ‘ unspecific’ (i.e. carrier-independent) relax- 
ations of the pure lipid membrane (see [20] for a 
discussion of this problem). 

The main effect of the adsorption of 2,4-D, how- 
ever, is the 20-fold increase of the translocation rate 
constant, k,, . This is a clear confirmation of previ- 
ous investigations [7,8,17] on these subjects, which 
were, however, only based on indirect methods such 
as the rise of the membrane conductance. The in- 
crease of k,, deduced from these studies is several 
orders of magnitude, i.e. it is considerably larger 
than observed throughout the present investigation. 
This is a result of the different lipids used for 
membrane formation. While previous studies were 
performed with phospholipid membranes, the present 
analysis was based on monoolein membranes, which 
(contrary to phospholipid membranes) allow good 
resolution of all characteristic relaxation processes of 
valinomycin-induced K’-transport [2,12]. On the 
other hand the dipole potential, V,, introduced by 
adsorption of 2,4-D is substantially smaller for 
monoolein membranes (as may be concluded from a 
comparison of the Vrx values, cf. Table 2). As a 
consequence the increase of the rate constant k,, 
induced by 2,4-D is less prominent for monoolein. 

The different behaviour of dioleoylphosphatidyl- 
choline and monoolein may in principle be under- 
stood on the basis of the different intrinsic dipole 
potentials of the two lipids between membrane inte- 
rior and water. The latter is of the order of 100-300 

mV depending on the kind of lipid. The dipole 
potential has been found to be responsible for the 
enhanced permeability of negatively charged hy- 
drophobic ions as compared with positively charged 
ions [21-241. The intrinsic dipole potential generates 
a positive potential inside the membrane. This is 
contrary to the dipole potential, V,, introduced by 
ligand binding (cf. Fig. 7). Therefore ligand binding 
may be assumed to be favoured by electrostatic 
interaction of the antiparallelly oriented intrinsic 
dipoles and of the ligand dipoles. The intrinsic dipole 
potential of monoolein membranes is smaller by 
about 100 mV as compared with membranes formed 
from dioleoylphosphatidylcholine [23]. Therefore 
electrostatic interactions will be reduced for 
monoolein giving rise to a smaller partition coeffi- 
cient, /?, and to a smaller VFX-value of 2,4-D. 

Summarising our conclusions, the simple electro- 
static model applied is sufficient to explain the main 
features of the effect of 2,4-D adsorption on valino- 
mycin-induced Kf-transport. The change of the rate 
constants observed experimentally can be explained 
solely as an effect of the introduced dipole potential, 
V,, on the inner membrane barrier and on the inter- 
facial barriers, as was explained above in detail. This 
may be considered a surprising result in view of 
different other possibilities of interference between 
ligand adsorption and carrier-mediated transport: 
Properties such as the microviscosity of the mem- 
brane interior and of the membrane/water interface 
may depend on the concentration of the adsorbed 
ligand and may be considered to modify the rate 
constants of complexation and/or of translocation 
across the membrane. A more complex behaviour 
was, indeed, found for the dipolar substance phloretin 
and its analogues (unpublished). In the case of 2,4-D, 
however, there is no experimental evidence for such 
phenomena. 

Acknowledgements 

The study has been supported by a grant of the 
Deutsche Forschungsgemeinschaft (AZ. Sta 236/3- 
1). 



136 C. Barth et ai./Biophysical Chemistry 54 (1995) 127-136 

Appendix A: The time dependence of V, after a 
voltage-jump to the equivalent circuit of Fig. 2 

Application of Kirchhoff’s laws yields 

v=v,+v,+v, (Al) 

(A21 

where V,, V,, and V, are the voltages across the 
coupling capacity C,, the series resistance R, and 
the membrane resistance R,, respectively. 

Combining (Al) and (A2) leads to the differential 
equation 

d2V, dV, dV 
-+aT+hV,=cdt 

dt (‘43) 

1 
a= -+- 

&Cc 

1 1 
b= 

R,C, R,C, ’ ’ = R,C, 

Eq. (A3) has to be solved assuming a voltage-jump 
at time t = 0, i.e. 

V(t20)=V,V~=V,“=0 

and from Eqs. (Al), (A2) 

dKl 
i I V 

dt t=“=- R,Cm 
(‘44) 

The solution of the problem is obtained by stan- 
dard techniques. The sum of voltages (V, + V,> de- 
tected by the high impedance preamplifier (cf. Fig. 
1) reads 

V, + V, = a, exp( - t/T1) + a2 exp( - t/T2) 

(AS) 

-1/7,=cr-6, -1/T2=crf16 

1 
g= -- -+- - 

+ RSC, 

a=’ i 1 1 1 I 2 1 
-+--- +- 

4 4% 4nC, Wk R,ZC& 

-V R, +R,(l -RmCm/~,) 

“’ = (l/T1 - l/7?) R,ki,C, i 

V 

! 

R, +R,(l -4i,W~2) 

ff2 = (l/T, - 1/T2) R,R,C, i 

Assuming R, -es R,, Eqs. (A5) are reduced to 
Eqs. (1). 
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