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Abstract. The adsorption of the herbicide 2,4-di- 
chlorophenoxyacetic acid (2,4-D) as well as of other 
dipolar molecules to the interface of artificial lipid 
membranes gives rise to a change of the dipole poten- 
tial between the membrane interior and water. As a 
consequence of the adsorption Of the neutral species, 
the conductance of planar membranes, observed in the 
presence of the macrocyclic ion carriers nonactin or 
valinomycin, may change by many orders of magni- 
tude. Using this effect in combination with a laser-T- 
jump technique, the kinetics of the adsorption process 
were measured and were interpreted on the basis of a 
Langmuir-isotherm. A partition coefficient (at small 
concentrations) of fl~Ia = 4.7" 10-4 cm, a rate constant 
of desorption ktt A ~ 100 S- 1 and a maximum surface 
density No = 7.7. 1013/cm z were found. The concen- 
tration at half saturation is KI-IA = 2.7.10 -4 M. 

Using these values the membrane conductance in- 
duced by the ion carrier nonactin and the shape of the 
current-voltage relationship as a function of the ligand 
concentration in water was analyzed. A maximum di- 
pole potential of V~ ax = - 239 mV and a contribution 
of b = 3.1 • 10 - is  Vcm z per single adsorbed 2,4-D 
molecule was found. 74% of the dipole potential acts 
on the inner membrane barrier separating the two in- 
terracial adsorption planes of nonactin. The remainder 
(26%) favours interracial complex formation between 
nonactin and K ÷ from the aqueous phase. The data 
hold for membranes formed from dioleoyllecithin in 
n-decane. 

Key words: Adsorption, lipid membranes, laser-T- 
jump, Langmuir isotherm, 2,4-D 

Introduction 

The adsorption of lipophilic molecules to biological 
membranes is of great importance for their permeabil- 
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ity properties. The measurement of the concentration 
of adsorbed molecules as a function of the free concen- 
tration in water has, however, turned out to be diffi- 
cult. Therefore, starting with the pioneering work of 
Collander and B/irlund (1933) the membrane concen- 
tration on nonelectrolytes is usually estimated via the 
oil/water partition coefficient, thus avoiding a direct 
determination. 

The present study deals with adsorption to an arti- 
ficial membrane system. Planar lipid membranes have 
proven to be an excellent in vitro-system for the in- 
vestigation of mechanisms of ion transport across bio- 
logical membranes. It was found, however, that these 
membranes can also be used to study the behaviour of 
nonelectrolytes which, as a consequence of their ad- 
sorption to the membrane interface, modify the electri- 
cal properties of the membrane. The herbicide 2,4- 
dichlorophenoxyacetic acid (2,4-D) (Smejtek and 
Paulis-Illangasekare 1979 a,b) and phloretin, the in- 
hibitor of certain routes of transport across biological 
membranes (Andersen et al. 1976; Melnik et al. 1977; 
Reyes et al. 1983) as well as other dipolar molecules 
(McLaughlin 1973; Szabo 1974) were found to modify 
the dipole potential at the membrane/water interface. 
As a result, the membrane permeability for hydropho- 
bic ions and for alkali ions in the presence of macro- 
cyclic ion carriers may be changed by many orders of 
magnitude. 

We use this effect to study the kinetics of adsorp- 
tion of dipolar molecules using a laser-T-jump meth- 
od. The data are analyzed on the basis of Langmuir's 
equation. The maximum number of available sites at 
the interface, the aqueous concentration at half- 
saturation and the contribution of a single adsorbed 
molecule to the dipole potential were obtained. In fa- 
vourable cases the method also allows one to deter- 
mine the rate constants of adsorption and desorption. 

The present paper concentrates on the method- 
ological aspects, illustrating the procedure with the 
herbicide 2,4-D. In a second paper the adsorption of 
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phloretin will be considered and compared with a se- 
ries of analogues which show only small structural 
differences (Reyes et al. 1983). The method allows one 
to study the effect of substituents on membrane ad- 
sorption in a more detailed way than has so far been 
possible. 

Experimental 

The experiments were performed on optically black 
lipid membranes made from a 1% solution of 1,2-di- 
oleoyllecithin (Avanti Polar Lipids) in n-decane (Fluka, 
standard for gas chromatography). The aqueous solu- 
tions normally contained 0.1 M KC1, 0.9 M LiC1, 
10mM buffer and 10-7M nonactin (Boehringer). In 
some experiments valinomycin (Boehringer) was used 
instead of nonactin. It was added to the membrane 
forming solution (10-3M). The solutions also con- 
tained appropriate concentrations of either 2,4-di- 
chlorophenoxyacetic acid (2,4-D) (Aldrich) or phlore- 
tin (Sigma) added from stock solutions in ethanol. 
Most of the experiments in the presence of 2,4-D (pK 

2.7) were performed at pH 2 (phosphate buffer). In 
the case of phloretin (pK = 7.35) the pH was adjusted 
to 5 (acetate buffer). The pH was selected to ensure 
that the substances were largely in the protonated 
(neutral) form. The PTFE-cuvette used for bilayer for- 
mation was cleaned after every experiment (ethanol in 
case of phloretin, chromic acid in the case of 2,4-D). 

The laser-T-jump method as applied to planar lip- 
id membranes was described in previous publications 
(Brock et al. 1981; Stark et al. 1986). In brief, the tem- 
perature of the membrane and of the surrounding 
aqueous phase is increased by a few tenths of a degree 
(typically 0.2°-0.3 °C) by absorption of a high inten- 
sity infrared flash (wavelength 1.06 gin), which is pro- 
duced by a Nd-glass laser (JK Lasers Ltd. GB). The 
response of the electric current was observed at con, 
stant applied voltage. The current transient after am- 
plification was stored in a digital oscilloscope (Tektro- 
nix 7603/7D20, 1024 words memory size, 8bit 
resolution). The time range of the signal extended over 
more than two orders of magnitude in time. To allow 
for simultaneous detection of the fast and slow compo- 
nents of the signal the time base of the oscilloscope was 
controlled by an external clock. The clock emits sig- 
nals at a constant rate, which after a preselected num- 
ber of points can be changed to another value. In this 
way the time per oscilloscope division can be changed 
up to four times. 

The digital data were transferred to a microcom- 
puter (Victor, Sirius I) and fitted to the equations out- 
lined below. The criterion for the selection of the val- 
ues of the parameters given in the legends to the figures 
and tables was to minimize chi-square. This was 

achieved by using procedures such as that proposed by 
Marquardt (Bevington 1969). The uncertainty of the 
values is about 20%. This refers to those cases, where 
a good agreement between theory and experiment was 
observed (as for all 2,4-D data). 

The time range of the method is limited by the 
width of the laser flash (400 ~ts in the fixed Q mode of 
the laser) and at long times by the temperature stabil- 
ity of the membrane and its environment (limited by 
heat conduction and convection to about 5 s). The 
heating time can be reduced to 40 ns by using the 
Q-switch mode of the laser. The problems of signal 
distortion associated with this technique (due to the 
presence of shock waves) have been solved recently. 
For 2,4-D and phloretin the comparatively low time 
resolution of the fixed Q-mode was sufficient. For 
some of the analogues of phloretin the high time reso- 
lution of the Q-switch-technique was necessary (cf. the 
subsequent paper). Details of the fast technique will be 
published elsewhere (R. Awiszus, G. Stark, in prepara- 
tion). 

The measurement of the current-voltage character- 
istics was carried out as described previously (Stark 
and Benz 1971). All experiments were performed at 
25 °C. 

Theory 

The theoretical treatment of adsorption of dipolar 
lipophilic molecules is based on a model proposed by 
Ketterer et al. (1971) to explain saturation effects in the 
presence of lipid soluble ions. The model is illustrated 
in Fig. 1. The molecules adsorb to the membrane/ 
water-interface, where they find a fixed surface density, 
N/), of binding sites. The rate constants of adsorption 
and desorption are fl k and k. The rate of adsorption 
for a symmetrical problem is given by 

dNdt - fl kC° ( 1 -  ~ )  - k N" (1) 

Co is the aqueous concentration adjacent to the mem- 
brane (bulk aqueous concentration CB), N is the actual 
surface density at time t. The factor (1 --N/ND) ac- 
counts for the probability that an adsorbing molecule 
will find a free site at the interface. 
At equilibrium 

X = fl CB/(I + q), (2) 

with 

q = fi CB/ND • (3) 

fl is the concentration independent partition coeffi- 
cient at low surface density 

fi = N/Cu, (N ~ ND). (4) 
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Fig. 1. The dipole potential V o induced by adsorption of dipolar 
lipophilic molecules at the membrane/water interface (intrinsic 
dipole potential of the interface not shown). The part, V~, of V D 
acts at the adsorption plane of the sensor molecules (see text) 

The aqueous concentration at half saturation of the 
binding sites, K s, obtained from Eqs. (2) and (3) is 

Ks = N,,/~. (5) 

A T-jump taking place at time t = 0 gives rise to an 
instantaneous change of the model parameters: 

k -  Ak ~ k ,  /3-d/~-- , /~.  

Consequently the surface density, N, will change its 
value. The kinetics of this process are influenced by the 
diffusion in the unstirred aqueous layers adjacent to 
the membrane. A decrease (increase) of N gives rise to 
a transient increase (decrease) of the aqueous concen- 
tration C near the membrane interface. Therefore, the 
solution of the problem requires Eq. (1), the diffusion 
equation, i.e. (D = diffusion coefficient) 

~C 82C 
- D (6) 

a t  ~ x  2 ' 

and the boundary condition 

D ~ C  dN 
x=o = d~" 

(7) 

The surface density of binding sites, No,  is assumed to 
be (virtually) temperature independent. 

We show (for a more general case) in appendix A 
that Eq. (1) may be reduced to the problem of simple 
partitioning of molecules between membrane and wa- 
ter, i.e. N ~ No.  This holds, if the amplitude of the 
T-jump is small enough to ensure a small perturbation 
of the system. Then, the general problem is formally 
identical to that obtained in the case of negligible satu- 
ration (No ~ 0% q = 0), which was considered pre- 
viously (Jordan and Stark 1979; Brock et al. 1981; 
Brock t981). The result is 

N(O = N ~  [~ - (d/3//3)F(t)], (8) 
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with 

2t/ ~ e x p ( - k * t v  z) dv 
F (t) =--r~ "o (~- 2 1 7 +  q 27~' (9) 

,1 = / 3 * , / k * / D  (10) 

/3* =/3/(1 + q)2 and (11) 

k* = k(1 + q) (12) 

v is a dimensionless integration variable. Noo is the 
equilibrium interfacial concentration at the tempera- 
ture T + A T. 

Since F (0) = 1 and F (t --+ oo) = 0 one finds from 
Eq.(8) 

N (t) - Noo 
F (t) - (13) 

No - N~ 

with No = N ( t  = O) = N~ (1 - A/3/B) being the inter- 
facial concentration before the T-jump. 

Therefore, measurement of N (0 or F (t) allows one 
to determine the effective partition coefficient, fi*, and 
the effective rate constant of desorption, k*, by fitting 
Eqs. (9) and (10) to the data. 

In the case of comparatively fast aqueous diffusion, 
i.e. t/--, 0 (D > k*/3*2/4), Eq. (9) is reduced to the sim- 
ple exponential 

F(t) = exp(-- k* t). (14) 

In general, however, F (t) depends also on the effective 
partition coefficient, fi*. This is an effect of diffusion 
through the unstirred aqueous layers. In the case of 
sufficiently large values of fi* (D < k*/3* 2/4), f (t) be- 
comes independent of k*, i.e. 

F (t) = e ~ erfc [(z 01/2] (15) 

with z = D//3* 2. 
The measurement of F (t) proceeds as follows: We 

assume that the membrane - in addition to the neutral 
lipophilic substance L under study - contains a con- 
ductance probe with the following properties: 

1) There is no T-jump induced relaxation in the 
presence of the conductance probe alone, i.e. in the 
absence of L. 

2) The current density J - which is due to the 
presence of the probe molecules at a constant voltage 
V -  depends on the surface density N of adsorbed 
molecules L, i.e. 

J = f (N). (16) 

3) A change of N is followed by a virtually simulta- 
neous change of J. A possible delay in the adjustment 
of Eq. (16) is much shorter than the time behaviour of 
the adsorption process of the ligand L. 

4) The presence of the conductance probe has no 
influence on the adsorption of L, i.e. molecular inter- 
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actions between L and the conductance probe can be 
neglected. 

A T-jump experiment - at sufficiently small A T-  repre- 
sents a minor perturbation of the system. Consequent- 
ly, since IN - No [ ~ No,  the function f may be ap- 
proximated by the first two members of a Taylor 
expansion, i.e. (as) 
f (N) ,~ f (No) + (N - No) ~ No" 

Combining Eqs. (13), (16) and (17) gives 

J (t) - J ~  
F (t) - , (18) 

Jo - J~o 

Jo~ = steady state current at the temperature T + A T. 
Thus, the kinetics of adsorption are monitored via the 
relaxation J (t) of the electric current. 

In reality, the measurement of the initial current J0 
is influenced by the heating time (width of the laser 
flash). Similarly the measurement of J~  is also compli- 
cated by the finite time range of the method (see "Ex- 
perimental"). Therefore, the experimental data were 
analyzed in the following way. If tt is the minimum 
time (tl > 400 gs) and t2 is the maximum time of mea- 
surement (tz _-< 5 s), the experimental quantity F¢xv (t) 
is defined as 

J (t) - J (t2) (19) 
Fcx p (t) - J (tl) -- J (t2)' 

i.e. Jo and Jo~ are replaced by J (tl) and by J (t2). 
Using Eqs. (18) and (19) one obtains 

F (t) - F (t2) 
rex p (t) - F~t~) ~ F (~-z) " (20) 

By applying Eq. (20) in combination with Eqs. (9) and 
(10), Fcxp (t) was numerically evaluated and it was com- 
pared to the experimental data analyzed according to 
Eq. (19). In this way fl* and k* were determined. These 
quantities were further analyzed on the basis of Eqs. 
(3), (11), and (12) to obtain the model parameters fi, k 
and No. This was achieved by measuring the depen- 
dence of fi* and k* on the bulk concentration CB. 

As conductance probes the neutral macrocyclic ion 
carriers nonactin and valinomycin were used. In the 
presence of these substances the K+-condnctance of 
lipid membranes is drastically enhanced. Both com- 
p.ounds meet the requirements for a probe molecule 
mentioned above (see "Results and discussion"). The 
conductance may be interpreted on the basis of a car- 
rier mechanism which is well established through the 
work of many different groups (e.g., Szabo et al. 1969; 
Markin et al. 1969; Stark and Benz 1971; Hladky 1974; 
Laprade et al. 1982). The following model was used to 
interpret the carrier-conductance (Lfiuger and Stark 
1970): Metal ions M + (e.g. K +) from the aqueous 

phase (concentration CM) undergo complex formation 
with neutral carrier molecules S at the membrane/ 
water interface (rate constants kR and kD). The velocity 
of movement of the free carrier S and of the carrier- 
ion-complex MS + across the membrane interior is de- 
termined by the rate constants ks and kMs. The magni- 
tude of these rate constants depends on the height of 
the energy barriers which separate energy minima at 
the two membrane/water interfaces for both the spe- 
cies S and MS +. The application of a voltage Vto the 
membrane leads to an asymmetric energy barrier for 
the positively charged complex MS + (i.e. kMs k~ts, 
k"MSJ. ~ The latter represents the driving force for a net 
movement of ions M + across the membrane. The volt- 
age dependence of kMs is described as (Knoll and Stark 
1975) 

k'Ms = kMS exp (-- ~ u) f (u) 

khs = kus exp (4 u) f (u), (21) 

with u = FV/RTreduced voltage (F = Faraday con- 
stant, R = gas constant, V =  voltage, T = tempera- 
ture). The function f(u) is a correction term which 
allows for arbitrary barrier shapes. For a steep and 
narrow energy barrier in the middle of the membrane: 
f(u) = 1. Different authors (e.g., Hladky 1974; Ciani 
1976) used trapezoidal- or image force-barriers to fit 
the model to experimentally observed steady state 
current-voltage relationships. We used an empirical 
function f (u) determined as follows: The steady state 
current-voltage curve, described as the voltage depen- 
dence of the ratio 2/2o (2 = J/Vmembrane conduct- 
ance, 2o = voltage independent conductance observed 
at low voltages) is given by (Stark and Benz 1971; 
Knoll and Stark 1975): 

2 2(1 + A)f(u) sinh (u/2) 
2o u (1 + A f(u) cosh (u/2)) (22) 

with 

A = kMs/k,(2 + kR CM/ks) (23) 

Eq. (22) was obtained using ~ = 0.5. This implies that 
the voltage dependence of kR CM is neglected. In real- 
ity, ~ is slightly smaller than 0.5, i.e. kR CM is weakly 
voltage dependent [see also discussion in context with 
Eq. (29)]. 

Approximate values for the ratios kMs/ko and 
kR/ks were estimated by fitting Eqs. (22) and (23) to 
experimentally observed current-voltage curves at 
different concentrations CM using the assumption 
f(u) = 1. The results observed for K+-complexes of 
valinomycin and of macrotetralides such as nonactin 
are (kMs/ko)K+ <= 0.5 (Stark and Benz 1971; Benz and 
Stark 1975; Hladky 1974, •975 a). The stability of the 
carrier complexes MS + formed with Na + or Li + is 
smaller than that formed with K + by several orders of 
magnitude (Szabo et al. •969; Krasne and Eisenman 



1976). Therefore, the relation (kMs/kD)Na+ ~ (kMs/kD)K+ 
holds (assuming an identical translocation rate con- 
stant kMS for K +- and Na +-complexes). Consequently, 
the assumption (kMs/k,)Na+ "~ 0 appears as a satis- 
factory approximation to reality. Setting A = 0 the 
function f (u )  may be calculated by fitting Eq. (22) to 
experiments performed in the presence of Na + or Li+. 
It was found that the data were in good agreement 
with the empirical function 

1 g + hu2(g - 2) 
f (u )  - g 1 + hu 2 (24) 

with g = 8.83 and h = 0.1. The numerical values hold 
for nonactin in dioleoyllecithin membranes formed 
from solutions in n-decane. 

The form of Eq. (24) was chosen to obtain an "in- 
verse sigmoid" behaviour of f (u )  suggested by the 
data. Details of this procedure will be published else- 
where. Using Eq. (24) improved values for the ratios 
k~s/k  D and kR/k s are obtained from the measurement 
of current-voltage curves in the presence of K +. 

Equation (22) was derived from the current- 
voltage relationship 

J = B (kR CM/kD) kMsf(U) sinh (u/2) 
(25) 

1 + A f ( u )  cosh (u/2) 
with 

B = 2Ffi~Ct 
K C  M + 1 

fis = Ns/Cs is the partition coefficient of the neutral 
carrier S between interface and water, C, = CMs + Cs 
is the total carrier concentration in water. K = 
CMs/CM Cs is the equilibrium constant of complex for- 
mation in water. 

The adsorption of dipolar molecules L to the inter- 
face gives rise to a dipole potential VD. We neglect 
discrete charge effects and assume that V. is propor- 
tional to the surface density N of the molecules, i.e. 

V D = - b N (26) 

b = #/e ~o (27) 

= dipole moment perpendicular to the membrane 
interface produced through adsorption of a single 
molecule L, eo---permittivity of free space, e = di- 
electric constant within the absorbed layer of mole- 
cules. 

The presence of the dipole potential modifies the 
height of the energy barrier of the membrane interior 
experienced by the positively charged carrier com- 
plexes M S  +. In addition a part, V~, of VD acts on the 
interracial complex formation (cf. Fig. 1). The two ef- 
fects may be accounted for by considering the follow- 
ing potential dependences for the translocation rate 
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constant, kMs, and for the product kR CM : 

kMs = k°s  exp [ -  F (VD -- VDa)/RT ] (28) 

kR CM = (kR CM)o exp (-- FV~/RT)  (29) 

k°s  and (kR CM)O represent rate constants in the ab- 
sence of L. Equation (29) may be understood as an 
increase of the concentration C} = 7M CM at the plane 
of complex formation induced by negative values of 
VD, i.e. 7M = Y0M exp (-- FVa/RT)  and k R C M = k ° C~ 
(Knoll and Stark 1975). There is also a comparatively 
weak dependence of kR CM on the voltage difference 
across the membrane (Hladky 1974, 1975 a; Knoll and 
Stark 1975), which is neglected in the present treat- 
ment. This is justified by the fact that VD acts across a 
very thin layer (comparable to the dimension of the 
dipolar molecule), whereas the membrane voltage, V, 
drops across the complete thickness of the membrane. 
Therefore, at comparable absolute values of VD and V, 
the effect of VD on the interfacial reaction is consider- 
ably larger. 

Using Eqs. (26), (28) and (29), the effect of adsorp- 
tion of dipolar molecules L(surfaces density N) on the 
current density J caused by macrocyclic ion carriers 
may be expressed as 

J = E  exp(baN) 
(1 + A (N) a) '  (30) 

with 

2 F fis Ct (kR CM)o 
E - - -  k°Msf(U) sinh(u/2), and 

KC u -+- 1 k D 

= F/RT, a = f (u)  cosh(u/2). 

A (N) corresponds to Eq. (23), i.e. A (0) = A and 

A ( N ) = 2 z  o e x p [ b ( l - a )  aN)]+voexp(baN) ,  (31) 

Zo = k°s/kD, Vo = (ka CM)ok°s/kskD and a = V~/VD. 

A (N) may be obtained from an analysis of the current- 
voltage relationship [Eq. (22)], using Eq. (31) instead of 
Eq. (23). The experiments were performed at sufficient- 
ly small concentrations CM so that the second term 
of Eq.(31) could be neglected, i.e. v o e x p ( b a N )  
2 z o exp [b (1 - a) ~ N ]. 

The complete analysis may be summarized as fol- 
lows: The study of the T-jump induced relaxation of 
the electric current [according to Eq. (20) in combina- 
tion with Eq. (9)] as a function of the aqueous concen- 
tration CB of a dipolar ligand L allows one to deter- 
mine the model parameters fi, k and ND. As a result, 
the surface density N may be calculated as a function 
of CB using Eqs. (2) and (3). The further analysis based 
on the current-voltage relationship and on the con- 
ductance as a function of N enabled us to estimate the 
contribution, b, of a single ligand molecule to the di- 
pole potential VD. This is achieved by applying Eqs. 
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(22) and (30) in combination with Eq. (31). The mea- 
surement of A (N) via the current-voltage characteris- 
tic allows one to estimate the quantities z o and 
b (1 - a ) .  By the additional measurement of J (N) a 
separate determination of b and a is obtained. 

The analysis was completed by the following test of 
consistency. The model parameters may be used to 
predict the concentration dependence of the relaxation 
amplitude of the T-jump experiments. Using Eqs. (2), 
(3), (30), and (31) one finds (AJ/J = (Jo - J~)/Jo~) 

AJ/J CB A f t  
A T - c~ b g (N) (1 + fl C~/ND) 2 A T '  (32) 

with 

1 + 2zobaexp[b(1 - a)~N] 
g (N) : 1 + [2 Zo exp (b (1 - a) o~ N) + Vo exp (b a N)] 6" 

Equation (32) predicts small amplitudes for low and 
high concentrations of the ligand L. There is a maxi- 
mum at intermediate concentrations. For  Zo = Vo ~ 0 
the maximum is found at CB = ND/fl. 
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Fig. 2. Record of the current response following a T-jump at a 
planar lipid membrane in the presence of the sensor molecule 
valinomycin (control experiment). The membrane (area 7.10-2 
cm 2) was formed from a 1% solution of dioleoyllecithin in n- 
decane in the presence of 10 -~ M valinomycin. Aqueous solu- 
tion i M KC1, applied voltage 50 mV, membrane conductance 
3.10 a S cm- 2. Oscilloscope: Vertical sensitivity 50 nA/division, 
the time scale was changed at the indicated arrows from 
1 ms/division to 100 ms/division and finally to I s/division. The 
stepwise current increase mirrors the rise of the temperature (see 
text) 

Results and discussion 

The use of the ion carriers nonactin or valinomycin as 
probes for the adsorption of dipolar lipophilic sub- 
stances suggests itself for the following reasons: 

The process of adsorption is accompanied by an 
enormous increase of the electric conductance extend- 
ing over many orders of magnitude (Andersen et al. 
1976; Smejtek and Paulis-Illangasekare 1979a). The 
amplitude of a T-jump induced relaxation in the pres- 
ence of the probe alone is virtually zero within a time 
range of microseconds up to several seconds. This is 
illustrated in Fig. 2. Following a T-jump there is an 
almost instantaneous increase of the current. The ef- 
fect is caused by the mobility increase (rate constant 
kgs) of the carrier complexes MS +, the charge carriers 
responsible for the membrane conductance. The rise 
time mirrors the width of the laser pulse ( ~  400 gs). 
After the initial stepwise increase the current stays 
constant and shows only a slow decrease in the region 
of seconds. This indicates that the specific relaxations 
of the valinomycin system are either faster or slower 
than the time range considered here. In fact it was 
found that the characteristic time constants of valino- 
mycin mediated transport  are either in the time range 
of 10-50  gs or in the range of minutes (Brock et al. 
1981). Besides, the amplitude of the T-jump induced 
fast process is too small to be resolved within the pres- 
ent accuracy. The slow process reflects the tempera- 
ture dependent partitioning of valinomycin between 
membrane and water, i.e., the process considered here 
for 2,4-D. Because of the large partit ion coefficient of 
valinomycin and/or  because of the small exchange rate 

between membrane and water, the equilibration takes 
place within about  30 min (Stark et al. 1972). As a 
result, the current, after the initial step, is virtually 
constant from the shortest accessible time (time resolu- 
tion about  10 gs in the Q-switch mode of the laser) up 
to several seconds. Similar experiments to the one 
shown in Fig. 2 were performed with nonactin. It was 
found that the temperature stability in the range of 
seconds is even better than that observed in the pres- 
ence of valinomycin (see also Brock et al. 1981). 

The intrinsic relaxation processes of the probe sys- 
tem also determine the time range within which the 
probe may be used as an indicator of the kinetics of the 
adsorption process (cf. "Theory", assumption 3 for the 
conductance probe). The carrier kinetics should be fast 
compared to the adsorption kinetics of the ligand L. 
The problem is treated in detail in appendix B. The 
intrinsic relaxation times of the nonactin - or the 
valinomycin-system depend on the kind of lipid, on 
the ion concentration in water, and on the membrane 
voltage. For  membranes made from dioleoyllecithin 
or monoolein in n-decane the relaxation times in the 
case of valinomycin were found to be < 50 txs (Benz 
et al. 1973; Knoll and Stark 1975). For  nonactin in 
monoolein membranes in the presence of 0.1 M KC1 
solutions the relaxation time was __< 10 gs (Hladky 
1975 b; Laprade et al. 1982). This should also hold for 
membranes formed from dioleoyllecithin. The prob- 
lem is less severe in the presence of the dipolar ligands, 
since the kinetics of the carrier systems are accelerated 
because of an increase of the rate constants. Therefore, 
signal distortion caused by the finite response of the 
probe system may be neglected for processes slower 
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Fig. 3 A and B. T-jump induced current relaxation observed in 
the presence of 2,4-dichlorophenoxyacetic acid and nonactin. 
Aqueous solution: 0.1 M KC1, 0.9M LiC1, 10mM phosphate 
buffer (pH 2), 10-VM nonactin and 4 - 1 0 - 4 M  2,4-D. Mem- 
brane area 7 • 10-2 em 2, applied voltage 50 mV, membrane con- 
ductance 9.4.10 -4 S cm -2. A)Record of the current transient. 
Oscilloscope: Vertical sensitivity 20 nA/division, the time scale 
was changed at the indicated arrows from 1ms/unit to 
10ms/unit and finally to 200 ms/unit. B)Analysis of the data 
according to Eq. (19) using two different time scales. The solid 
lines were calculated from Eqs.(15) and (20) with tl = 400 gs, 
t 2 = 0.4 s, D = 5.9 • 10 -6 cm2/s and/~* = 10 -4 cm. Using these 
values, F ( t l ) =  0.63 and F( t2 )=  0.038 is obtained. The error 
bars indicate the measurement uncertainty 
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Fig. 4 A and B. T-jump induced relaxation of the electric current 
in the presence of phloretin and nonactin. Aqueous solution: 
0.1 M KC1, 0.9M LiC1, 10 mM acetate buffer (pH 5), 10-7M 
nonactin and 10-SM phloretin. Membrane area 7.10 -2 cm 2, 
applied voltage 50mV, membrane conductance 4.6.10-'~S 
cm -2. A)Record of the current transient. Oscilloscope: Vertical 
sensitivity 20 nA/division, the time scale was changed at the 
indicated arrows from 5 ms/division to 50 ms/division and final- 
ly to 1 s/division. B)Analysis of the data according to Eq. (19) 
using two different time scales. The solid lines were calculated 
according to Eqs.(15) and (20) with t t = 900ps, t 2 = 5 s, D = 
5.5 " 1 0  - 6  cm2/s and / 3 '=  1.5.10 -3 cm. Using these values, 
F( t l )  = 0.95 and F(tz)  = 0.16 is obtained. The bars indicate the 
measurement uncertainty 

than  10 gs. This  is also a b o u t  the t ime re so lu t ion  of  
our  e lectr ical  de tec t ion  sys tem in the T - j u m p  exper i -  
ments .  

Summar iz ing ,  the sys tem n o n a c t i n / K  + represents  
an excel lent  m e a n s  to s tudy  the kinet ics  of  a d s o r p t i o n  
of  d ipo l a r  subs tances  wi thin  a t ime range  of  10 ~ts to  at  
least  4 s. The  same ho lds  for the sys tem va l i nomyc in /  
K + t h o u g h  in this case s ignal  d i s to r t i on  canno t  be 
exc luded  at  t imes < 50 gs. 

App l i ca t i ons  of the m e t h o d  to 2,4-D and  ph lo re t in  
are shown in Figs.  3 and  4. In  b o t h  cases a decreas ing  
cur ren t  is observed.  This  is in t e rp re ted  as a r educ t ion  
of the d ipo le  po ten t i a l  due to a decrease  of  the surface 
dens i ty  N with increas ing  t empera tu re .  The  cur ren t  
t r ans ien t  ex tends  over  several  o rde rs  of  m a g n i t u d e  in 
t ime. The  var iab le  t ime base  was changed  twice to 
pe rmi t  a comple t e  de tec t ion  of  the  signal• The  d a t a  

were t r ans fo rmed  using Eq. (19) and  were found  to be 
in fair ag reemen t  wi th  the app l i ed  theo ry  [Eqs. (9), (10), 
and  (20)]. In  b o t h  cases, c lear ly  n o n - e x p o n e n t i a l  
b e h a v i o u r  was observed.  This  indica tes  a s t rong  influ- 
ence of  uns t i r r ed  layer  diffusion. In  fact a r ea sonab le  fit 
to the  d a t a  in Figs.  3 and  4 is o b t a i n e d  assuming  
k* > 500 s -  1 (2,4-D) and  k* > 25 s -  t (phloretin) .  The  
values  for /~* va ry  only  s l ight ly  wi th in  the  range  of  
permiss ib le  values  for k* (/3" = (1 + 0.2) .10 -~  cm for 
2,4-D and  / 3 " =  (1.5 _+0.2).10 -3  cm for phloret in) .  

Therefore ,  for bo th  subs tances  on ly  a lower  l imit  cou ld  
be der ived  for k*, .while/~* cou ld  be de t e rmine d  with  
r easonab le  accuracy• F o r  the fur ther  analys is  it  was 
a s sumed  tha t  the a d s o r p t i o n  process  is comple t e ly  un- 
s t i r red  layer  cont ro l led ,  i.e., Eq. (15) was appl ied.  

Whi le  the two subs tances  show the same behav-  
iour  in pr inciple ,  they  differ wi th  respect  to the t ime 
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scale of the effect. The kinetics of phloretin are slower 
by at least one order of magnitude. Therefore, its effec- 
tive partition coefficient fl* must be larger (i.e., more 
substance has to diffuse across the unstirred layers). 
This is confirmed by the values obtained from the 
analysis. 

For  2,4-D, less than 80% of the actual transient are 
detected within the experimental time resolution of a 
fixed Q-experiment (under the conditions of Fig. 3 
F (ta) = 0.63, t~ = 400 gs). Using the Q-switch mode of 
the laser, t~ may be reduced to 10 gs. F ( t l ) ~  0.9 is 
found in such an experiment. The maximum accessible 
time t2 is, however, considerably smaller under Q- 
switch conditions (t 2 ~ 50 ms) because of an impaired 
temperature stability. Thus, the detection of the fast 
part of the signal is improved while that of the slow 
part is worsened (F (t2) > 0.1). A comparison between 
the two experimental methods will be presented in 
Awiszus and Stark (1988). 

Identical results were obtained in the presence of 
the chemically different conductance probes nonactin 
or valinomycin. A variation of the probe concentra- 
tion by an order of magnitude also had no effect on the 
shape of the transient. We think, therefore, that any 
influence of the probe molecules on the adsorption 
behaviour of the ligand L can be largely neglected. 

In the following we concentrate on the behaviour 
of 2,4-D. The effective partition coefficient fl* decreas- 
es with increasing concentration, CB, in water (Fig. 5). 
This is predicted by the theory. It is a characteristic of 
the Langmuir  isotherm and means that the change, 
AN, of the surface density decreases towards zero as N 
increases towards the saturating level ND. Analysis of 
the data yields the partit ion coeffÉcient fl and the maxi- 
mum surface density ND. The data are less accurate at 
small and at large concentrations. This is largely due 
to the fact that the relaxation amplitude has a maxi- 
mum at intermediate concentrations. Within the given 
experimental error, the data agree with the assump- 
tion of a single set of identical binding sites. The devia- 
tions observed at small concentrations might, howev- 
er, indicate a certain variability in the affinity of the 
sites. Thus, the applied theory is presumably an ideal- 
ization. 

Summarizing, the analysis of the T-jump data en- 
ables us to calculate the surface density, N, of adsorbed 
ligand molecules as a function of the concentration in 
water. This in turn allows an extended interpretation 
of the dipole potential induced by these molecules as is 
shown below. 

Smejtek and Paulis-Illangasekare (1979a) found 
that the current-voltage characteristics of membranes 
formed from egg lecithin/cholesterol, or from mono- 
olein in the presence of nonactin, are continuously 
changed from superlinear to sublinear behaviour as 
the concentration of 2,4-D in water is increased. As a 
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Fig. 5. The effective partition coefficient/3* as a function of the 
concentration, CB, of 2,4-D in water. The data points are mean 
values of at least 5 different measurements, the bars represent the 
standard deviation. The solid line was calculated according to 
Eqs.(3) and (1l) using /3=3.9.10-4cm and ND=7.7. 
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Fig. 6. Current-voltage characteristic of three different dioleoyl- 
lecithin membranes in the presence of 10 -v M nonactin, 0.1 M 
KC1, 0.9 M LiC1, 10 mM phosphate buffer (pH 2) and increasing 
concentrations of 2,4-D. The solid lines were fitted to the data 
using Eq. (22) in combination with Eq. (24). The following values 
were obtained for the parameter A: .:C B = 0, A = 0; o: Cn = 
3.10-4M, A=0.13; +:Ca=10 3M, A=0.7 

result an increase of the parameter A in Eq. (22) was 
reported. 

The knowledge of N as a function of CB permits a 
refined analysis. The measurement of A (N) and of 
J (N) and their analysis according to Eqs. (30) and (31) 
yields the quantities b and a, i.e., the contribution of a 
single adsorbed molecule to the dipole potential, Vv, 
and the fraction V~/VD, acting on the interfacial reac- 
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Fig. 7. The parameter A as a function of the surface density N of 
adsorbed molecules 2,4-D. The data were obtained from single 
membranes except for N = 0 (mean value of 19 membranes). 
Eq. (31) was fitted to the data. The following values of parame- 
ters were obtained (using v o = 0): z o = 2,4- 10 -3, b(1 - a) = 2.3 
• lO-lS Vcm2 

t ion of the carrier. O u r  experimental  results obta ined 
with dioleoyllecithin membranes  are summar ized  in 
Figs. 6 - 8 .  Ins tead of  the current,  the reduced conduct -  
ance 2/)~o is p lot ted as a funct ion of  the voltage. There 
is a steep (exponential) increase of  A with increasing 
surface density N as is predicted by Eq. (31) (neglecting 
Vo exp (bc~N) < 0 . 1 . 2 z  o .exp (b (1 - a ) a N ) .  Neglect-  
ing the second term is justified by the finding that  A is 
only very weakly dependent  on the ion concent ra t ion  
C~t. Saturat ing behaviour  is observed, if log 2o is 
plot ted versus Ca.  It  is conver ted  to an a lmost  expo- 
nential dependence,  if 2 o is plot ted as a funct ion of  the 
surface density N (cf. Fig. 8). This indicates tha t  the 
denomina to r  in Eq. (30) is of  minor  importance.  

The values of  the model  parameters  are summa-  
rized in Table 1. Ins tead of fl and k, the pH-cor rec ted  
values for the neutral  species H A  (using Eq. (A4) and 
K ,  = 500 M - 1 )  a r e  listed. The value for ~HA may  be 
compared  with the predict ions of a macroscop ic  
oc tanol /water -sys tem (Hansch and Leo 1979). A con- 
centra t ion ratio of 7 = 646 was repor ted  for the two 
solvents in equil ibrium with each other  with respect to 
2,4-D. A value offi~A = 7d/2 = 1.6 • 10 -4  cm (assum- 
ing a m e m b r a n e  thickness d = 50 ~) is ext rapola ted  
from such a two phase system. I t  is about  three times 
smaller than that  found for the interface of a dioleoyl- 
lecithin membrane .  The main  difference between the 
par t i t ion equil ibrium of an oil /water system and the 
interface of  a lipid m e m b r a n e  applies to the sa tura t ion 
behaviour  of the latter. The surface density, ND, of  
binding sites listed in Table I cor responds  to an area 
per binding site of  130 ~2 or  a m a x i m u m  number  one 
2,4-D molecule per 2.5 lipid molecules. 
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Fig. 8 A and B. Zero voltage conductance, 20, as a function of the 
concentration of 2,4-D. Experimental conditions see legend to 
Fig. 6. The data represent single membranes except for N = 0 
(mean value of 25 membranes). A)The dependence of 2 o on the 
bulk concentration C B in water. B)The dependence of 2 o on the 
surface density N at the membrane interface. N was calculated 
from C B according to Eqs. (2) and (3) using the values for fi and 
N D from the T-jump analysis (see legend to Fig. 5). The solid lines 
represent a fit of Eqs. (30) and (31) to the data using values for z o 
and b (1 - a) from the analysis of the current-voltage character- 
istic (cf. legend to Fig. 7). The free parameters were obtained as 
E = 8-10-7Acm -2 and b = 3.1.10-1sV cm2. 

Table 1. Table of the model parameters for the adsorption of 
2,4-D to the membrane/water interface of dioleoyllecithin mem- 
branes 

flnx [cm] 4.7.10 -4 
knA [s-q > 100 
N.  [cm 2] 7.7 - 1013 
Ka• [M] 2.7.10 -4 
b [Vcm 2] 3.1 - 10 -15 
a 0.26 
V~ max [mV] --239 
AHo(fl) [kJmo1-1] - 54 
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Fig. 9. The reduced relaxation amplitude I AJ/J]/A T as a func- 
tion of the concentration of 2,4-D in water. Experimental condi- 
tions compare legend to Fig. 3. The solid line was calculated 
according to Eq. (32) using values for the parameters given in 
Table1. The only free parameter, Aft~AT, is obtained as 2.85- 
10 _5 cm/K 

With all binding sites occupied a maximum dipole 
potential of about 240 mV is induced, negative to- 
wards the membrane interior. This value, has, how- 
ever, not been observed experimentally. At the largest 
concentration C~ = 10-3M, VD is about - 1 8 0  mV. 
The orientation and the magnitude of the dipole mo- 
ment induced through adsorption of 2,4-D is sufficient 
to cancel the intrinsic positive dipole potential of an 
unmodified (pure) membrane formed from dioleoyl- 
lecithin. A value of 224 m V -  as a rough estimate - was 
reported for the latter, using negatively and positively 
charged lipophilic ions as probes (Pickar and Benz 
1978). A fraction a = 0.26 of VD induced by 2,4-D acts 
between the adsorption plane of nonactin and the 
aqueous phase. The remainder (1 - a) = 0.74 leads to 
a reduction of the membrane barrier sensed by the 
translocation rate constant of the nonactin/K +- 
complex. This is similar to the hydrophobic ion tetra- 
phenylborate (Smejtek and Paulis-Illangasekare 
1979 b). 

The main contribution of the present study is the 
determination of the surface density, N, as a function 
of the ligand concentration, C8, in water. As a conse- 
quence, the mean contribution, b, of a single molecule 
to the dipole potential is obtained. It may be further 
interpreted as follows: Treating the layer of adsorbed 
dipolar molecules as a plate condenser, the dielectric 
constant, e, inside the layer may be estimated using 
Eq. (27). If the dipole moment, #, produced through 
adsorption of a single 2,4-D molecule is equated with 
the dipole moment of a single 2,4-D molecule (#L = 
3.33 Debye, McClellan 1974), e = 4 is obtained. This 
would indicate that the adsorption plane of 2,4-D is at 
the lipophilic side of the membrane/water interface. 
The procedure is, however, a rough approximation 

only, since the orientation of other dipolar molecules 
(e.g. water) might be changed during the adsorption 
process, i.e. there might be further contributions to the 
dipole moment # (see Awiszus and Stark 1988, for a 
further discussion of this problem). 

There is an independent test of the analysis per- 
formed so far. The relaxation amplitude I AJ /J I /AT 
should show a maximum at CB ~ ND/fl. It is found 
that Eq. (32) adequately describes the experimental re- 
sults (Fig. 9). The scaling factor Afl/A Tallows one to 
estimate the change in the enthalpy AHo (fl) associated 
with the binding process (see Table 1). 

The applied procedure is based on a series of sim- 
plifications. Perhaps the most essential one is the as- 
sumption that the consequences of ligand adsorption 
for the conductance probe may be reduced to a matter 
of electrostatics only. Thus, a possible change of the 
microviscosity of the membrane interior and its effect 
on the translocation rate constants k~ts and ks is ne- 
glected. Nevertheless a consistent analysis of the differ- 
ent experimental approaches was achieved. One can- 
not, however, exclude the possibility that a more 
refined analysis, based on additional voltage-jump re- 
laxation experiments will lead to a modified depen- 
dence of the rate constants on the ligand concentra- 
tion, i.e., to a modification of Eqs. (28) and (29). This 
would, however, affect the values of the dipolar quanti- 
ties b, a, and VD max only. The quantities fiHA, knA, ND 
and KuA, which describe the adsorption behaviour of 
the ligand, were obtained without using details of the 
carrier transport mechanism. The values of these pa- 
rameters are therefore invariant, if the voltage depen- 
dence and/or the dependence on the dipole potential 
of the rate constants is changed. 

A similar study was performed with phloretin. A 
Langmuir-like adsorption isotherm of this substance 
to lipid membranes was reported previously (De Levie 
et al. 1979; Verkman and Solomon 1980; Verkman 
1980). A combination of the dipole properties with 
those of adsorption has, however, not been performed. 
The behaviour of phloretin and of some structural 
analogues will be treated in part II (Awiszus and Stark 
1988). 
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Appendix A 

The kinetics of adsorption of a weak acid HA 
as studied by a T-jump experiment at planar lipid 
membranes 

The dipolar ligands used in the present study are weak 
acids HA. Only the neutral form HA binds to the 



membrane/water interface and modifies the dipole po- 
tential, as is discussed in detail in the main text. Here 
we present a brief sketch of the general problem which, 
in the actual case, is reduced to the equations used for 
data analysis. 

We assume that the binding sites at the interface 
may be occupied either by neutral HA or by negatively 
charged A-  (surface densities NHA and NA) with dif- 
ferent partition coefficients finA and flA. The proto- 
nation reaction proceeds either homogeneously in the 
aqueous phase or heterogenously at the membrane/ 
water interface (equilibrium constants K, and Kh, re- 
spectively). Therefore Eq. (1) must be applied separate- 
ly to both of the two species HA and A-,  i.e., to NHA 

and to NA. This is also true for the diffusion Eq. (6), 
which in addition must be supplemented by the rate of 
association and dissociation in water. The problem is 
analogous to that of the adsorption of neutral carrier 
molecules which was treated in a previous publication 
(Brock et al. 1981). By applying the same procedure it 
is found that the general mathematical problem can be 
reduced to that outlined in the main text, i.e. to the 
solution of Eqs. (1), (6), and (7), provided the following 
identities are used: 

N - *  NHA + N A, C--+ CHA Av CA, (A1) 

--~ + kHA K h CI-I "t- 1 

K~ Ca K h Ctf + 1 
fi ---" flaA (A 3) 

K~ C a + I K h C a 

Eqs. (A1)-(A3) are obtained with the assumption of 
sufficiently well buffered aqueous solutions, i.e. a time 
independent proton concentration Cn. If the negative- 
ly charged species A-  are excluded from the binding 
sites (NA---' O, K h --+ oG), Eqs. (A 2) and (A3) are re- 
duced to 

k--+kaa and fi--~fiFiAKaCI_i/(KaCa+ J). (A4) 

Eqs. (A4) were used in the analysis of the experimental 
data. 

The previous treatment of the adsorption kinetics 
(Brock et al. 1981) was performed neglecting satura- 
tion phenomena, i.e., N ~ ND. The general problem 
(including saturation) is reduced to the previous one, if 
the solution is limited to a small perturbation of the 
system. This is shown as follows: 

Substituting n (t) = Noo - N (t) and c (x, t) = CB 
-- C (x, t), and recalling Noo = fi CB/q (Eq. (2)) one ob- 
tains from Eqs. (1), (6), and (7) 

d n _ f i k c o  nk l + q - q  , (A5) 
dt l + q  

~C ~2C 
St D ~ 2  and (A6) 
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~c dn (A7) 
D~xx ,=o = d t "  

At a sufficiently small amplitude of the T-jump, i.e., 
Co = c(O,t) ~ CB and (1 + q -- qco/Cs) ~(1 + q), the 
problem is identical to that found in the absence 
of saturation (q ~ 1). Using the substitutions k* -- 
k(1 + q) and fl* = fl/(1 + q)2, Eqs. (A5)-(A7) become 
formally independent of the degree of saturation. 
Therefore, the solution in the form of Eq. (9), which 
was originally derived for q ~ 0 (Brock et al. 1981), is 
valid for arbitrary values of q. 

Appendix B 

The influence of carrier kinetics on the analysis 
of the time dependence of the adsorption of the ligand L 

A change of the surface density N of ligand molecules 
is detected by measurement of the electrical conduct- 
ance induced by carrier mediated transport of 
K+-cations. The shape of the adsorption kinetics may 
be distorted by intrinsic relaxation processes of carrier 
transport, if the two phenomena proceed within the 
same time range. To avoid an interference of the two 
processes, carrier kinetics should be fast compared 
with the adsorption kinetics of the ligand. The prob- 
lem may be formulated as follows: 

The electric current density, J, caused by the move- 
ment of the carrier complexes MS + is 

J = F (g'Ms k'Ms -- N~ts k~s), (B 1) 

with N'~s, N~s  = surface densities of the complex 
MS + at the left and right membrane interface. Using 
Eq. (21) (and ~ = 0.5) one obtains 

J = F kMs f (u) m (t), (B 2) 

with 

m (t) = N'Ms exp (-- u/2) -- N'~s exp (u/2). (B 3) 

The change of J following a variation of the surface 
density N is obtained from Eqs. (B 2) and (B 3) in com- 
bination with Eqs. (26)-(29). The dependence J (N) is 
determined by kMs (N) and by m (N). 

Suppose there is a stepwise (instantaneous) change 
AN. The quantity, kMs(N), will respond instanta- 
neously, m (N), however, will be delayed due to the 
specific relaxation processes of carrier transport. The 
problem is similar to that of a voltage-jump experi- 
ment (Stark et al. 1971). N'Ms(t) and N'£ts(t) may be 
written as 

3 
N~s (t) = N~s + ~ A~ e-*/~, i = '  or ". (B 4) 

For the dependence of the three relaxation times Zk on 
the rate constants of the carrier model see Stark et al. 
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1971 (Eqs. 35 -39) .  ~ is a funct ion  of  N (cf. Eqs. 
26 -29 ) .  E q u a t i o n  (30) was der ived  by  neglec t ing  re- 
l a x a t i o n  processes  of car r ie r  t r anspor t ,  i.e., b y  set t ing 
N~s(t) = N ~ s  (N~us = s t eady  s tate  concen t r a t i on  
N~s (N)). This  is just if ied,  if the t imes  rk are  fast com-  
p a r e d  with  the kinet ics  of  l igand  a d s o r p t i o n  (see m a i n  
text). 

References 

Andersen OS, Finkelstein A, Katz I, Cass A (1976) Effect of 
phloretin on the permeabiliy of thin lipid membranes. J Gen 
Physiol 67:749-771 

Awiszus R, Stark G (1988) A laser-T-jump study of the adsorp- 
tion of dipolar molecules to planar lipid membranes. II. 
Phloretin and phloretin analogues. Eur Biophys J 15 (in press) 

Benz R, Stark G (1975) Kinetics of macrotetrolide-induced ion 
transport across lipid bilayer membranes. Biochim Biophys 
Acta 328:27-40 

Benz R, Stark G, Janko K, Lfiuger P (1973) Valinomycin- 
mediated transport through neutral lipid membranes: Influ- 
ence of hydrocarbon chain length and temperature. J Membr 
Biol 14:339-364 

Bevington PR (1969) Data reduction and error analysis for the 
physical sciences. McGraw-Hill, New York 

Brock W (1981) Laser-Temperatursprunguntersuchungen an 
kiinstlichen Lipidmembranen in Gegenwart von hydropho- 
ben Ionen, Carriern und Poreubildnern. Thesis. Universit/it 
Konstanz, Konstanz, FRG 

Brock W, Stark G, Jordan PC (1981) A laser-temperature-jump 
method for the study of the rate of transfer of hydrophobic 
ions and carriers across the interface of thin lipid membranes. 
Biophys Chem 13:329-348 

Ciani S (1976) Influence of molecular variations of ionophore 
and lipid on ~the selective ion permeability of membranes. 
II. A theoretical model. J Membr Biol 30:45-63 

Collander R, B/irlund H (1933) Permeabilit/itsstudien an Chara 
Ceratophylla. II. Die Permeabilit/it fiir Nichtelektrolyte. 
Acta Botan Fenn 11:1-114 

DeLevie R, Rangarajan K, Seelig PF, Andersen OS (1979) On 
the adsorption of phloretin onto a black lipid membrane. 
Biophys J 25:295-300 

Hladky SB (1974) The energy barriers to ion transport by nonac- 
tin across thin lipid membranes. Biochim Biophys Acta 352: 
71-85 

Hladky SB (1975 a) Steady-state ion transport by nonactin and 
trinactin. Biochim Biophys Acta 375:350-362 

Hladky SB (1975 b) Tests of the carrier model for ion transport 
by nonactin and trinactin. Biochim Biophys Acta 375: 
327-349 

Hansch C, Leo A (1979) Substituent constants for correlation 
analysis in chemistry and biology. J Wiley & Sons, New York 

Jordan P, Stark G (1979) Kinetics of transport of hydrophobic 
ions through lipid membranes including diffusion polariza- 
tion in the aqueous phase. Biophys Chem 10:273-287 

Ketterer B, Neumcke B, Lfiuger P (1971) Transport mechanism 
of hydrophobic ions through lipid bilayer membranes. J 
Membr Biol 5:225-245 

Knoll W, Stark G (1975) An extended analysis of valinomyein- 
induced Rb-transport through monoglyceride membranes. J 
Membr Biol 25:249-270 

Krasne S, Eisenman G (1976) Influence of molecular variations 
of ionophore and lipid on the selective ion permeability of 
membranes: I. Tetranactin and the methylation of nonactin- 
type carriers. J Membr Biol 30:1-44 

L/iuger P, Stark G (1970) Kinetics of carrier-mediated ion trans- 
port across lipid bilayer membranes. Bioehim Biophys Acta 
211:458-466 

Laprade R, Grenier F, Lapointe J-Y, Asselin S (1982) Effects of 
variation of ion and methylation of carrier on the rate con- 
stants of macrotetrofide-mediated ion transport in lipid 
bilayers. J Membr Biol 68:191-206 

Markin VS, Krishtalik LI, Liherman Ye A, Topaly VP (1969) 
Mechanism of conductivity of artificial phospholipid mem- 
branes in the presence of ion carriers. Biofizika 14:256-264 

McClellan AL (1974) Tables of experimental dipole moments, 
vol 2. Rahara Enterprises, E1 Cerrito, Calif 

McLaughlin S (1973) Salicylates and phospholipid bilayer mem- 
branes. Nature 243:234-236 

Melnik E, Latorre R, Hall JE, Tosteson DC (1977) Phloretin- 
induced changes in ion transport across lipid bilayer mem- 
branes. J Gen Physiol 69:243-257 

Pickar AD, Benz R (1978) Transport of oppositely charged lipo- 
philic probe ions in lipid bi!ayer membranes having various 
structures. J Membr Biol 44:353-376 

Reyes J, Greco F, Motais R, Latorre R (1983) Phloretin and 
phloretin analogs: Mode of action in planar lipid bilayers 
and monolayers. J Membr Biol 72:93-103 

Smejtek P, Paulis-Illaugasekare M (1979 a) Modification of ion 
transport in lipid bilayer membranes in the presence of 2,4- 
dichlorophenoxyacetic acid. I. Enhancement of cationic con- 
ductance and changes of the kinetics of nonactin-mediated 
transport of potassium. Biophys J 26:411-466 

Smejtek P, Paulis-Illangasekare M (1979 b) Modification of ion 
transport in lipid bilayer membranes in the presence of 2,4- 
dichlorophenoxyacetic acid. II. Suppression of tetraphenyl- 
borate conductance and changes of interracial potentials. 
Biophys J 26:467-488 

Stark G, Benz R (1971) The transport of potassium through lipid 
bilayer membranes by the neutral carriers valinomyein and 
monactin. J Membr Biol 5:133-153 

Stark G, Ketterer B, Benz R, L/iuger P (1971) The rate constants 
of valinomycin-mediated ion transport through thin lipid 
membranes. Biophys J 11:981-994 

Stark G, Benz R, Pohl GW, Janko K (1972) Valinomycin as a 
probe for the study of structural changes of black lipid mem- 
branes. Biochim Biophys Acta 266:603-612 

Stark G, Strfissle M, Takacz Z (1986) Temperature-jump and 
voltage-jump experiments at planar lipid membranes sup- 
port an aggregational (micellar) model of the gramicidin A 
ion channel. J Membr Biol 89:23-37 

Szabo G (1974) Dual mechanism for the action of cholesterol on 
membrane permeability. Nature 257:47-49 

Szabo G, Eisenman G, Ciani S (1969) The effects of the macro- 
tetralide actin antibiotics on the electrical properties of phos- 
pholipid bilayer membranes. J Membr Biol 1:346-382 

Verkman AS (1980) The quenching of an intramembrane fluores- 
cent probe. A method to study the binding and permeation 
of phloretin through bilayers. Biochim Biophys Acta 599: 
370-379 

Verkman AS, Solomon AK (1980) Kinetics of phloretin binding 
to phosphatidylcholine vesicle membranes. J Gen Physiol 
75:673-692 


