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The first application of a laser-temperaturejump apparatus for the study of ion transport through planar (artificial) lipid 
membranes is described_ The relaxation of the electric current is detected, either continuously at a constant applied voltage 
or discontinuously by a series of short voltage pulses. The second technique, a combined voltage- and temperaturejump 
method, is especiahy appropriate to investigate the kinetics of the adsorption/desorption process of hydrophobic ions and 
neutral carriers of cations at the membrane interface and to separate this phenomenon from the diffusion process through 
the unstirred aqueous layers adjacent to the membrane. The aim is to determine the rate-limiting step of transport. She 
permeation rate of the hydrophobic anion 2.4,6-trinitrophenolate is limited by the inner membrane barrier. For tetmphen- 
ylberate the rate constant of tramlocation acrossthe inner barrier and that of desorption from the membrane into water 
are found to be of comparable magnitude_ The membrane permeability of the neutral macrocyclic ion carrier ermiatin B is 
strongly interface Iimited by its comparatively smafl rate of desorption into water. These results show that the frequently 
used a priori assumption of partition equilibrium at the membrane interfaces during transport is not justified. 

1_ Introduction 

The permeation of hydrophobic substances through 
cell membranes is frequentIy interpreted on the basis 
of two physical quantities only, the partition coeffr- 
cient between membrane and water (Le. the membrane 
solubility of the substance) and the diffusion coeffr- 
cient inside the membrane. As a consequence, the 
permeability coefficient P is proportional to the prod- 
uct of both quantities. A measurement of P permits 
determination of the diffusion coefficient if assump- 
tions are made concerning the partition coefficient 
(e-g. by identifying it with the partition coefficient of 
a suitable macroscopic two-phase system, such as oil/ 
water) [l--5] _ 

The simple approach to a physical interpretation 
of membrane permeability is, however, onIy correct if 
the partition equilibrium at the membrane/water in- 
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terface is maintained during transport. This means 
that the adsorption/desorption process at the interface 
must be fast compared to the diffusion process across the 
membrane interior [6]. The validity of this assump- 
tion is difticult to verify in practice, as may be con- 
cluded from the lack of appropriate data in the litera- 
ture_ Indirect evidence for a limitation of membrane 
permeability through the interfacial adsorption/de- 
sorption process has been obtained for some substances 
and membranes 15&J_ A rigorous determination of 
the rate-limiting step in transport requires the applica- 
tion of fast kinetic methods. We are studying the per- 
meation of hydrophobic ions and neutral ion carriers 
through artificial lipid membranes_ We have recently 
shown [7] that a detailed analysis of the current re- 

laxation following a voltage jump - at least in prin- 
ciple - allows the determination of both the rate of 
translocation of hydrophobic ions across the mem- 
brane interior and also their rate of desorption from 
the membrane_ In practice, however, this analysis pro- 
vides fairly accurate data for the rate of translocation, 
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while it is more difficult to separate the adsorption/ 
desorption process from the diffusion process in the 
aqueous phases adjacent to the membrane_ 

In the present paper we analyse the adsorption/ 
desorption process on the basis of temperature-jump 
relaxation experiments_ It has been shown previously 
that this technique, well known from the study of 
fast reactions in homogeneous solutions, may also be 
applied to investigate ion transport through planar 
lipid membranes [S] _ In that study the temperature 
jump was produced by absorption of an intense light 
Rash. The original setup has been improved by using 
a laser instead of a flash lamp. in addition, a new tech- 
nique - a combined voltage- and temperature-jump 
method - is introduced which allows to distinguish 
membrane phenomena from diffusion in the unstirred 
layers. 

We find that the a priori assumption of a fast par- 
tition equilibrium between membrane and water is 
not justified for hydrophobic substances_ The identi- 
fication of the rate-limiting step in transport has to be 
established separately for each species. 

2. Materials and methods 

2.2. Methods 

The temperature-jump method has become an im- 
portant tool for the study of the mechanism of fast 
reactions [9,10] _ In spite of the numerous applications 
to homogeneous solutions this method has been rarely 
used to investigate the molecular basis of ion transport 
through biological membranes [ 11,121. For tempera- 
ture-jump experiments with planar (artificial) lipid 
membranes we have so far applied two different ver- 
sions of this technique: a slow version using two 
(three) thermostats held at different temperatures 
[ 133 and a fast one employing light-induced T-jumps 
[S] _ As light source a flash-lamp was used with an emis- 
sion spectrum extending over the complete W and 
visible region. The T-jumps obtained were, however, 
relatively small (0.1 -OS°C), although a dye was added 
to the aqueous solutions to improve light absorption_ 
Furthermore T-jumps >O.l°C were only achieved 
after a relatively difficult procedure of light focusing_ 

We have therefore tried to improve the method by 
installing a high-intensity Nd-glass laser (JK Lasers 

Ltd., GB). It is used in all experiments described here. 
The laser operates in the near infrared (emission 
wavelength 1.06pm). It can emit two types of pulses: 
in the fixed Q mode the pulses are 400 fls long and 
have a maximum energy of 20 J, corresponding to an 
intensity of 2 X 104 TV/cd. Alternatively, in the Q 
switch mode 40 ns pulses are emitted with a maximum 
energy of 3.5 J per pulse (I = 4 X 1 O7 W/cm2). Higher 

intensities are obtained by focusing the laser beam. 
As has been pointed out in the literature, the 

temperature jumps achieved with Q-switched Nd-ra- 
diation are only a few tenths of a degree [ 14,15]_ 
Therefore, those authors used the stimulated Raman 
effect to shift the wavelength of the radiation to re- 
gions where water absorbs more strongly_ However 
in the fured Q mode, the intrinsic absorption of wzter 
at the unshifted wavelength is large enough to yield 
sufficiently high T-jumps [ 163 _ The intensity is well 
below the level at which photochemical artifacts have 
to be considered; however, in the Q-switch mode pho- 
todissociation and other photoeffects may occur 
[17-19]_ Since there are further artifacts produced 
by the high intensity of light in the Q-switch mode 
(see below), only the fixed Q mode is employed in 
the present study. A drawback, of course, is the rela- 
tively poor maximum time resolution of 400 ps given 
by the duration of the light pulse. 

The relaxation of the membrane conductance fol- 
lowing a temperature jump is studied using the appa- 
ratus illustrated in fig_ 1 _ Either a constant voltage or 
a series of short voltage pulses can be applied to the 
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Fig. 1. Schematic diagram of the experimental arrangement 
f6r laser-temperature-jump measurements on planar lipid mem- 

branes. For higher intensities the laser beam may be focused - 
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membrane via two Ag-AgCl electrodes_ The time de- 
pendence of the current is measured with a storage 
oscilloscope (Tektronix 549) via the voltage drop 
across an external resistor RA _ To avoid photoartifacts 
at the electrodes, these are light shielded and placed 
in separate vessels connected to the cuvette by salt 
bridges (not shown in fig. 1) 

Fig. 2 il!ustrates the basic features of the voltage 

voltage jump temperature jump 

6 t 

combined voltage- and temperature-jump method 

Fig. 2. Principle of the kinetic methods. (A) Typical current 
relaxation following a voltage jump as obtained wirh hydro- 
phobic ions and ion carriers (see refs. [20,7,26]). The initial 
current spike is due to the charging of the membrane capaci- 
tance_ The actual rekrxation of the transport system Starts 
at Jo. (ES) Temperaturejump current-relaxation method at 
constant voltage. The Tjump at t = 0 generates a transition 
from the steady-state current J,(l) to the new -ent level 
J,(2). (C!) Combined voltage- and temperaturejump method. 
Here the Tjump is superimposed on a series of short voltage 
pulses The method permits monitoring the Tjump-induced 
relaxation of the initial current Jo after a voltage jump (see 
text for details). The gTouad level and the spikes from the 
discharge of the membrane capacitance at the end of the pulses 
are suppressed. Only one of the two possible relaxation curves 
from 3 to Jo (2) is shown (cf. fs. 2B). 

jump, the temperaturejump and a combined version 
of these methods. In all cases the relaxation of the 
electric current is observed_ The relaxations shown are 
typical for hydrophobic ions and neutral ion carriers. 

The voltage-jump method (fig. 2A) has been describ- 
ed in detail in previous pubiications [20,21,7] _ The 
“normal” temperature-jump method (fig. 2B) can only 
be applied if a steady-state current exists at fmed ap- 
plied voltage. This condition is satisfied for systems 
where diffusion through the unstirred aqueous layers 
adjacent to the membrane is fast enough not to in- 
fluence the ion transport through the membrane_ 

If unstirred layer effects (diffusion polarization) 
cannot be neglected, a steady-state current will not 
be reached [20] _ For this case, a combined voltage- 
and temperature-jump method has been developed 
(fig. 2C)_ The time course of the membrane conduc- 
tance following a temperature jum? is monitored by 
a series of voltage jumps. The duration of the pulses is 
chosen so that the initial current spike (arising from 
the loading of the membrane capacity) is cut off di- 
rectly below Jo (see fig. 2A)_ At Jo the current spike 
is completed, but the actual relaxation of the current, 
which is due to the combined action of membrane 
processes and unstirred layer diffusion, has not yet 
started (compare fig. 2A). In this way, the initial cur- 

rent Jo is obtained, a quantity unaffected by the un- 
stirred layers_ Jo is proportional to the ion concen- 
tration inside the membrane [see section 3.12, eq. 
(1 S)] _ Thus, the relaxation of Jo is measured, reflect- 
ing the changes in the membrane concentration of the 
substance under study. 

A detailed discussion of the current response after 
a temperature jump for both the T-jump at constant 
voltage and the combined IT- and T-jump is given in 
section 3. Qualitatively, the initial current increase 
from J,(l) toJo [and from Jo(l) to JE] is caused by 
an instantaneous increase of the ion mobility inside 
the membrane; the subsequent relaxation from Jo to 
J_,(2) [or from Jg to Jo(Z)] reflects the temperature- 
dependent decrease (or increase) of the concentration 
inside the membrane_ Thus, the relaxation contains 
information on the adsorption/desorption process at 
the interface_ In our present study it is this special 
aspect of transport which primarily interests us. 

The magnitude of the temperature jumps normally 
used ranges from 0.3 (unfocused laser beam with 17 
J/pulse) to 1_3OC (focused laser beam). In principle 



332 W_ Brock et ai./A laser-T-jump method applied to biIayer membranes 

Fig_ 3. Oscilloscope records of the current relaxation foliowing a T-jump for different systems (AT= 0.3-0.4”C). (a) T-jump at 
constant voltage for dioleoyllecithin membranes with 10W6 M nonactin and 1 M KCl in water. Oscilloscope sensitivity: I ms and 
10 nA per division (b) T-jump at constant voltage for diphytanoyllecithin membraneswith 10e6 M nonactin and 1 M KC1 in water. 
Oscilloscope sensitivity: 1 sand 15 nA per division. (c) Tiump at constant voltage for membranes formed from dideoyllecithin with 
10m3 M valinomycin in the mmebrane forming solution and 1 M KC1 in water. Oscilloscope sensitivity: 1 sand 15 nA per division. (d) 
T-jump with the combined temperature- and voltage-jump method for dioleoyllecithin membranes with lo-’ hl dipicrylamine and 
0.1 hl NaCl in water. Pulse length 2 ms, interval between pulses 15 ms. Oscilloscope sensitivity: 2 s and 1.5 nA per division. 

higher temperature jumps are possible, but the mem- 
brane stability is considerably impaired if the laser 
beam is focused more strongly (see below)_ 

At the wavelength of 1.06 ~.crn the intrinsic absorp- 
tion of water alone is sufficient to obtain reasonable 
temperature jumps. On the other hand, it is small 
enough to keep the temperature gradient over the 
membrane (and even over the cuvette) small. The de- 
cadic absorption coefficient A for 1.06 pm and water 
(or an aqueous solution of a colourless salt) at room 
temperature is 0.063 cm-l [ 19]_ By Lambert-Beer’s 
law ==40% of the laser intensity is absorbed by the 
aqueous solution in the cuvette (length of the cuvette: 
4 cm)_ The temperature increase AT(r) at a distance 
I from the front surface of the cuvette - again calcu- 
lated from Lambert-Beer’s law - is 

AT(x) = (2303AZO/C) exp(-2.303,4x) , (1) 

with Z. being the intensity of the laser beam and C 
the heat capacity of the medium. With the parameter 
valuesx = 0.8 cm (membrane distance from the win- 
dow of the cuvette) and Z. = 10 J/cm*, one obtains 
from eq. (1) AT = 03 1°C. This value agrees well with 

the mean temperature increase found experimentally: 

ATexp = 0.35 f O_lO”C_ It was obtained from the ini- 
tial current increase of valinomycin-induced cation 
conductance following a temperature jump [compare 
fig_ 3c and eq. (16)] _ The activation energies of the 
single transport steps of this carrier system have been 
determined previously by a voltage-jump analysis [8] _ 

The application of this method implies that the 
temperature of the membrane is the same as the tem- 
perature of the surrounding aqueous solutions_ This 
assumption is supported by a simple estimate which 
shows that thermal equilibration between a 50 A 
thick membrane and the adjacent aqueous phases is 
completed in less than 1 ns. The limitations of the 
two temperature-jump methods are the following: 
The time resolution oft he T-jump method at constant 
voltage is limited by the length of the laser pulse 
(400 /.rs) and/or by the time resolution of the detec- 
tion system_ The latter is given by the characteristic 
charging time TC of the membrane capacity CM [S]: 
1 jr= = (1 JRM + 1 /R&/CM _ Rext is the sum of the 
external measurement resistance R, and the solution 
resistance between the electrodes_ 
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Fig. 3a shows a T-jump experiment with a mem- 
brane doped with the macrocyclic ion carrier nonac- 
tin. For this special transport system (as well as for 
the other systems shown in fig. 3) a specific current 
relaxation could not be resolved within the time limi- 
tations of the method_ The rise time of the current in- 
crease (=SOO fls) following a T-jump is of the same 
order as the duration of the laser pulse (~400 ps) and 
the charging time rc of the detection system (200 11s). 

For the combined TI’- and T-jump method the time 
resolution is usually limited by the interval between 
two pulses-The minimum interval length is determined 
by the condition that the initial state of the system 
has to be reestablished at any new pulse. First, the 
membrane capacitance must be discharged again; sec- 
ondly, the perturbation of the (originally symmetri- 
cal) ion concentration at the membrane interfaces, 
caused by the preceding voltage pulse, must be given 
time to decay. The minimum interval length has been 
determined experimentally by varying the interval 
length and observing the corresponding changes of Jo _ 

For long observation times the temperature stability 
of the system is important_ Calculations have shown 
that, after a T-jump with the unfocused laser beam 
(diameter of the heated cylindrical volume 1.8 cm), 
the temperature should remain constant for at least 
15 s, if only loss of heat by diffusion is taken into ac- 
count [22] _ Jr-r practice, the temperature stability is 
impaired by convection_ Figs. 3b-3d show the current 
behaviour at long times for membranes doped with 
three different compounds-The current remains fairly 
constant for at least 4 s. This may serve as evidence 
for a constant temperature over this time range. 
Whether the slow decrease of the current at times t > 
4 s reflects decreasing temperature or is due to specific 
system relaxations cannot be ascertained_ It was 
found, however, that the time range of constant cur- 
rent was reduced considerably when the laser beam 
was focused (i.e. the heated volume was smaller)_ 

Further limitations of the T-jump method concern 
the magnitude of the relaxation amplitude_ The sensi- 
tivity of our present detection system is sufficient to 
resolve a relaxation if, at a T-jump of l”C, the activa- 
tion energy of the membrane conductance is larger 
than = 13 kJ/mole. For larger T-jumps the limit 
would be even lower. In principle, this could be 
achieved by a stronger focusing of the laser light. 
Then, however, the avarlable time range of the 

method would be reduced due to heat conduction 
(see above)_ Moreover, the presence of the following 
artifacts makes further increase of AT rather unfavour- 
able: The fast heating is accompanied by a shock 
wave in the aqueous phase [ 141, which may lead to 
mechanical distortions of the membrane and even 
membrane rupture. Besides, the shock wave may 
cause electrical oscillations in the measuring circuit 
which are superimposed on the current relaxation_ 
With the unfocused laser beam, the oscillations do 
not represent a major obstacle and the stability of the 
membranes is good. At temperature jumps of more 
than l”C, however, oscillations become a severe prob- 
lem. In addition, the probability of membrane 
rupture increases strongly. 

Summarizing, the use of a Nd-glass laser instead of 
a flash lamp represents an improvement in several as- 
pects: First, no dye has to be added to the solution, 
since the intrinsic absorption of water alone is suffi- 
cient_ Secondly, higher temperature jumps are achieved 
in the fmed Q mode, enabling better resolution of relax- 
ation amplitudes. Last but not least the experiments 
are considerably easier ot perform. Finally, all numer- 
ical calculations are performed using a PDP 1 l/40 com- 
puter. 

2.2. Materials 

Optically black lipid membranes were formed 
from a OS-l% (wt/vol) solution of lipids in n-decane 
(Merck, Darmstadt, GFR, standard for gas chromato- 
graphy)_ The lipids were 1,2-dioleoyl-3-sn-phosphati- 
dylcholine (dioleoyllecithin), rat-I ,Z?-diphytanoyl- 
phosphatidylcholine (diphytanoyllecithin) and phos- 
phatidylserine, which was extracted from ox brain. 
The area of the hole across which the membranes 
were formed was ~0.1 cm?_ 

The electrolyte solutions were made with alkali- 
ion chlorides (Merck, analytical grade). The .?JH of the 
unbuffered solutions was = 6. Trace concentrations 
of the various hydrophobic ions and carriers were 
added to the aqueous phases in the form of ethanohc 
solutions_ The ethanol content never exceeded 1%. 

Hydrophobic ions: sodium tetraphenylborate 
(TPB) and 2,4,6-trinitrophenol (TNI’) from Merck, 
dipicrylamine (DPA) from Fluka. 

Carriers: valinomycin and nonactin from Bbhringer; 
cyclo(D-VAL-LPro-L-VAL-D-Pro5 (PV),synthesized 
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by Gisin [23] ; enniatin B (cycle [N-methyl-L-valine- 
D+hydroxyisovaleric acid]J) from Hoffmann- 
LaRoche. 

The temperature was kept at 25”C, unless stated 
otherwise_ 

3. Theory 

3.1. Hvdropltobic ions 

The basis for a theoretical treatment of temperature- 
jump experiments with lipid-soluble ions is the model 
originally proposed by Ketterer et al. [20] _ According 
to this model, transport is assumed to proceed by the 
following steps: the hydrophobic ions reach the mem- 
brane by diffusion through the aqueous phase, adsorb 
at the interface, translocate across the membrane in- 
terior, desorb from the membrane interface and dif- 
fuse through the aqueous solution_ The model is illus- 
trated in fig_ 4. The hydrophobic ion of vafency z is 
assumed to be the only charge carrier within the mem- 
brane_ Its concentration in the bulk solution is C. The 
translocation rate constants across the inner membrane 
barrier are ki and ‘cl, the rate constant for desorption 
is k and the rate constant of adsorption is pk. Accord- 
ingly, 0 represents a partition coefficient defined by 

P=NIC, (2) 

where N is the equilibrium ion surface density at one 
interface_ The reader should consult Ketterer et al. 1201 
for a more detailed discussion of the model, and Jordan 
and Stark [7] for its rigorous analysis on the basis of 
voltage-jump relaxation experiments. Here we shall con- 
centrate on the description of T-jump experiments and 

adsorotion sites 

phase’ membraw phase* 

Fig. 4. Kinetic model for the transport of lipid soluble ions 
through membranes [ 201 - The diffusion processes in the two 
aqueous phases are not indicated_ 

we shall study the question whether this method pro- 
vides new information about the model. 

3.1.1. T-jump at constant voltage 

The method may be applied to any system which 
shows a steady-state current at constant voltage (fig. 2B). 
This condition excludes those cases where the current is 
influenced by diffusion in the unstirred aqueous phases. 
In the following we assume rapid diffusion in water, i.e. 
absence of diffusion polarization. Then, only the mem- 
brane processes must be analysed and the ion concentra- 
tions in water may be considered time independent. The 
equations describing the kinetic scheme of fig. 4 are 

dN’/dt = PkC - (k + kf)N’ + k;N” , (3) 

dN”/dt = @kc+ ky -.(k + k;)N” _ (4) 

N’(N”) denotes the ion surface density at interface ’ 
(interface “)_ The steady-state interfacial concentration, 
obtained by equating eqs. (3) and (4) to zero, is, 

m,=‘PC(k+2k;)/(k+kf+k;) _ (9 

An analogous expression holds form (the superscripts 
’ and * are exchanged). We assume that the voltage af- 
fects only the translocation process across the membrane 
interior, which may be represented - in a simplified 
manner - by a single energy barrier [203 ; 

kf =-+=uf 2 , k; = Q-=d2 , u = ‘VFIRT (6) 

(ki is the rate constant at zero voltage, V the voltage, 
F Faraday’s constant, T the absolute temperature,R 
the gas constant)_ It is further assumed that the T-jump, 
taking place at time t = 0, gives rise to an instantaneous 
change of the model parameters: 

ki_Akijki, k-Ak+k, p-Afl-+@. 

While Aki and Ak are always positive (positive temper- 
ature coefficient of rate constants), Af3 may be positive 
or negative dependiig on the sign of the enthalpy change 
associated with the partition coefficient. The change of 
the model parameters results in a shift of the steady- 
state interfacial concentrations N’( 1) -+ j?(2) and 
N”( 1) +fi “(2); the numbers 1 and 2 refer to the situa- 
tion before and after the temperature jump. The inter- 
facial concentrations are calculated from eq. (5). The 
time course of this process is obtained by standard 
methods from eqs. (3) and (4): 
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N’(t) =IJ’(Z) + aeeth + be-‘/Q , (7) 

N”(r) =m”(2) _t a(ki/ky) e-r/Q - be-‘lTZ , (8) 

l/r1 =k, l/r2 =k+kf+.k; _ (9) 

The constants a and b are long expressions and will not 
be explicitly given. They are determined from the initial 
conditions N’(0) = a’( 1) and N”(0) = rii”( 1). 

The quantity of practical interest is the current den- 
sity J(t)_ As we assume a single steep energy barrier, the 
current density is [20] 

J(f) = .zF [N’(r)k; --N”(r)k;] . (10) 

Eq. (10) in combination with eqs. (7)-(9) and eq. (6) 
gives the final result 

J(t) =Jo.(2)(1 + cYTe,‘lT) , 

with 

(11) 

JoD(2) = 2ZFpCTkki Sinh(~u/2) ) 

1/7=1/~2=k+2ki~OSh(z~/2), 

uT = {2pC cash (zu/2) (kAki - kiAk) 

- ApC rk + 2ki COSh (zu/~)] (k - Ak)} 

(12) 

(13) 

(14) 
XCpCk[k - Ak •t 2 COSh (ZU/2)(ki - Aki)]}-’ _ 

For lAkil -G ki and IAkl Q k one obtains 

(144 

(YY = 2 ki COSh (ZU/2)/k ) (1% 

is the amplitude of the current relaxation following a 
voltage jump [20,7] _ The time course of the voltage- 
jump relaxation corresponds exactly to that of the 
T-jump [eq. (1 l)] _ The relaxation time is identical, 
too. Differences are confined to the relaxation ampli- 
tude: The voltage-jump relaxation describes the volt- 
age-dependent redistribution of the ions between the 
two interfaces. The amplitude aV of this process ap- 
proaches zero when ki/k -+ 0. The amplitude oT of the 
T-jump-induced relaxation consists of two terms. The 
first one is proportional to or, and may be understood 
as a temperature-dependent redistribution of ions be- 
tween the interfaces. Even in the case ay 4 0 (i.e. when 
the voltage- jump relaxation disappears), a T-jump 
relaxation may be resolved, if 0~~ = -Af3@ is sufficiently 

large. This second term of LY= is induced by the temper- 
ature-dependent increase (or decrease) of the charge- 
carrier concentration at the membrane interfaces. There- 
fore, the T-jump method can provide information on 
the kir.atics of hydrophobic ions in membranes even in 
cases where the voltage-jump method fails. This is true 
for picrate, as will be shown in section 4. 

The current relaxation given by eq. (11) only reflects 
the time-dependent change of the interfacial concen- 
trations N’ and IV”. In addition, there is an instantane- 
ous increase AJ = Jo - J-(l) of the current at time 
t = 0 (see fig_ 2B), produced by an abrupt change of the 
translocation rate constant ki - Aki + ki- From eq. (10) 
in combination with eq. (6) one finds the relation 

JO/J,(l) = ki/(ki - Aki) _ 06) 

Jo corresponds to J(0) of eq. (11). For the evaluation 
of the experimental data the following form of eq. (11) 
was used: 

F(t) = [J(r) - J_Q)]/[J(O) -J_(2)] = ect/T _ (17) 

3-1.3. Combined temperature and voltage jump 
The method has been applied in those cases where 

a steady-state current at constant voltage was not ob- 
served due to long lasting diffusion processes in the un- 
stirred aqueous layers adjacent to the membrane_ The 
initial current density J(0) following a voltage jump 
does depend, however, only on membrane processes. 
This may easily be seen from eq_ (10). For a voltage 
jump starting from symmetrical conditions (N’=N” 
=N), we find [in combination with eq. (6)] 

Jo = J(0) = 2zFNki sinh (zu/2) _ (18) 

The proportionality between Jo and IV may be used to 
monitor the time dependence of the interfacial concen- 
tration N after a T-jump by a sequence of short voltage 
jumps (see fig. 2C). The changes in IV, induced by an 
increase (or decrease) of the partition coefficient 6 
with temperature, give rise to a diminution (or accumu- 
lation) of charge carriers in the aqueous phases_ The ion 
concentration C in the neighbourhood of the membrane 
will therefore be a function of time and will also de- 
pend on the distance from the interface_ The situation 
is illustrated in fig. 5_ 

The function N(r) depends on the diffusion velocity 
in water and on the rate of the adsorptionjdesorption 
process at the membrane interface. Therefore, the time 
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Fig_ 5. Schematic concentration profde for hydrophobic anions 
near the membrane interface after a Tjump (no voltage applied). 
The chargecarrier concentration N at the membrane interfaces 
decreases in case of TPB- and TNP-; it increases for the neutral 
ion carrier enniatinB (see f&s. 7-9). 

dependence of the voltagejump-induced initial cur- 

rent JO, measured after a T-jump has been applied 

contains information about the kinetics of the adsorp- 

tion/desorption process_ An outline of the theory, 
which strongly parallels the treatment of the voltage- 
jump problem (7) is given in appendix A. The result 

is 

(19) 

with 

Jo(2) = 2ZFPCkiSinh (~~12) ) (20) 

reflecting the steady-state concentration m(2) = PC, 

which the system approaches after the T-jump. 

The function F(t) is 

F(t) = 45 r du exp (--u2W 
rf () (U2 - 1)2 i- 4.57282 ’ 

(21) 

with E = 4 p(k/D)1/2, where D is the diffusion coeffr- 

cient of the hydrophobic ion in water. F(r) is deter- 

mined by the current observed in a T-jump experi, 

ment: Since F(0) = 1 and F(t + -) = 0 [eq. (A-4)] 
one finds from eq. (19) 

It is formally identical to F(t) as defined in the con- 

stant-voltage variant of the method [left side of eq. 

(17)]. F(t) depends on three parameters: the desorp- 

tion rate constant k, the partition coefficient f.I, and 

the diffusion coefficient D [see eq. (21)] _ In case of 
rapid diffusion in water,F(f) converges to exp(-kf) 

[eq. (AS)] _ Again, the formal similarity to eq. (17) is 

evident in this special case. The relaxation time is. 

however, different in both cases. In contrast to the 

constant-voltage version [eq. (13)], only the desorp- 

tion rate constant k is important. This reflects the dif- 

ferent initial conditions_In the combined temperature- 

and voltage-jump method, the system remains sym- 

metrical throughout the evolution of the relaxation. 
In the constant-voltage version, the voltage creates an 

asymmetry in the system leading to a dependence on 

the translocation rate constants ki and k:. The 
“instantaneous” current increase AJ = .7: - J,( 1) at 

t = 0 (see fig. 2C) is identical in both versions of the 

method [eq. (16)]. 

The diffusion coefficient D of hydrophobic ions in 
water is either known or may be calculated from 
Stokes’ law. The other two parameters important for 

F(t), k and fl, may be obtained by numerical integra- 

tion of eq. (21) and by fitting the result to the experi- 

mental data evaluated according to eq_ (22). At short 
times F(f) is mainly determined by k. This may easily 
be seen from eq. (23), obtained by combining eqs. 

(1 S), (22) and (A-2). 

d in F(t)/dtl,+, = -k _ (23) 

In case of rapid diffusion [i.e. exponential decrease of 

F(t)] eq. (23) is also valid for times t > 0. If diffusion 

in water has to be taken into account, the shape of 

F(t) at times t > 0 is influenced by k and p. The gen- 
eral behaviour of F(t) for various values of the two 

parameters is shown in fig_ 6. The most rapid decay 

of F(t) corresponds to the situation where diffusion 
in water is relatively fast, that is when E + 0 (D 9 

kp2/4) and exponential behaviour is foundfsee eq. 

(AS)] _ In this case the concentration profile in the 

aqueous solution is uniform. If k + 0 the time scale 

of adsorption/desorption is long in comparison to the 

time required for diffusion in the aqueous phase to 

adjust the ionic concentrations near the interface; 
thus equilibration in the unstirred layers is effectively 

instantaneous_ When j? -+ 0 few ions are adsorbed onto 

the membrane_ As a result small changes in the ionic 

partitioning between water and membrane cannot sig- 

nificantly alter the aqueous concentration profile. If 

diffusion is relatively slow a different limit is reached, 

as indicated in eq. (A-6). Here the function F(t) is in- 

dependent of k and is determined solely by the rate 

of diffusion in water and the partition coefficient be- 
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Fig. 6. Tjump-induced relaxation of F(t) = [J(t) --J,]/(.lo -J_) as a function of the reduced time kt for various values af P and k. 
(A) p = lo-’ cm; (IS) p = lo-= cm; (c)p = 10-3 cm; (D) p = 10-4 cm. The values of k (10e5 G k =G lo5 s-l) are indicated in each 
graph. The dashed line represents the limiting case F(f) = exp (-kt) obtained for rapid diffusion in the aqueous phase. FGr alI graphs 
the diffusion coefficient D was chosen to be 5.0 X IO4 cm* s-r , which is approximately the value for TPB and DPA. 

tween membrane and water_ 
Only certain combinations of the parameters D, p, 

and k are experimentally accessible as illustrated in 
fig. 6_ The curves have been calculated with D = 5 X 
104 cm2 s-l, approximately the value for DPA and 
TPB [38] _ For this value ofD the functionF(f) is 
sensitive to the choice of k only if flzk S !Om3 cm2 
s-1 , since the experimental uncertainty in the deter- 
mination of F(t) is ~0.1 _ Larger values of @k corre- 
spond, in practice, to the t + m limit, i.e. the condi- 

tions under which F(t) is independent of k. Further 
restrictions on the range of k-values are imposed by the 
limited time resolution of the method (see section 2). 
Assuming a lower limit of 1 ms and an upper limit of 
4 s, we find that for 02 10e2 cm a determination of 
k is hardly possible_ For smaller values of 0, the range 
of k accessible by our method is: 

p=lO-3cm: O.l~kklO*s~‘, 

p=104cm: 0.1Ck<103s-1. 
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We shall now compare the advantages of the voltage- 
and the temperature-jump methods for the study of 
the adsorption/desorption process. The voltage-jump 
method permits a relatively simple determination of 
the translocation rate constant ki and the partition 
coefficient p from the initial values of the current and 
its slope. The desorption rate constant k is found 
from a rather complex analysis of the shape of the 
current relaxation [7] _ The T-jump method, on the 
other hand, permits direct determination of k from 
the initia! slope of In F(t), while establishment of p 
requires computer analysis of the time course of the 
current relaxation. Therefore, the two methods are 
complementary with respect to a simple and straight- 
fonvard evaluation of the desorption rate constant k 
and the adsorption rate constant pk. The T-jump 
method extends the range of experimentally accessible 
k-values considerably_ The V-jump method fails if 
either ki/k * 1 or ki/k < 1 [7] _ In these cases the T- 
jump technique provides the only source of informa- 
tion on k. 

3.2. Neutral cam-en of monovalent cations 

The application of the T-jump method to the 
study of the adsorption/desorption process at lipid 
membrands is not confined to ionic substances, but 
may in @nciple be used for any substance which mod- 
ifies the conductance of the membrane_ This will be 
demonstrated for neutral ion carriers such as valino- 
mycin, enniatin and the macrotetrolides. The action 
of these so-called ionophores has been intensively 
studied in the past (for a review see e-g. refs. [24,25]). 
It is usually assumed that the energy profile for these 
substances inside the membrane is similar to that for 
hydrophobic ions, i.e. they concentrate at the mem- 
brane interfaces. Here, they can bind cations from the 
adjacent aqueous phase. The cations are transported 
across the membrane interior as carrier-ion complexes 
and may dissociate at the opposite interface_ The 
kinetics of these processes have been investigated by 
the voltage-jump method [26-292 11, by the charge 
pulse technique [30-321 and by noise analysis [33] _ 
In all cases the interpretation was based on the as- 
sumption that the substances behave as membrane- 
bound carriers, i.e. the exchange between membrane 
and water was largely neglected. This was justified by 
the fading that the exch-ange of carrier molecules be- 

tween membrane and water - incluang unstirred 
layer effects - is slow compared to the velocity of 
ion permeation through the membrane [34-36]_ The 
available evidence for a relatively slow equilibration 
process between membrane and water is, however, 
only qualitative, since a clear separation of unstirred 
layer diffusion and adsorption/desorption processes 
has not been achieved. We will study the problem on 
the basis of T-jump experiments and show that its 
mathematical treatment can be reduced to the formal- 
ism developed for hydrophobic ions. 

We denote the interfacial concentrations of carriers 
and carrier-ion complexes byN6 (N{)andNl;l&$&.), 
the corresponding rate constants of translocation 
across the membrane interior by kS and khlS, the rate 
constants of desorption from the interface into water 
by ea and Gg, and the rate constants of adsorption 
by &kFa and flhqSk$$ (see fig. 10 in appendix B). 
Complex formation is described as a bimolecular reac- 
tion_ It can take place either in water (rate constants 
zR, zD) or at the interface (rate constants k,) kD)_ 

The reader should consult ref. [36] for a more detail- 
ed discussion of the carrier model. 

The formal equivalence of the carrier problem to 
that of hydrophobic ions has been established under 
the following assumptions: 

(1) The interfacial concentrations on both sides of 
the membrane are approximately equal, i.e. Nk = Ng 
=NS andiVkS =A& ‘NhlS_ 

(2) A T-jump changes the equilibrium constants K 
and K,, of the complex formation in water and at the 
interfaces_ The corresponding relaxation processes are 
assumed to be fast compared to the equilibration of 
the carrier species between membrane and water. 

(3) The diffusion coefficients of carrier and carrier- 
ion complex are set equal, i.e. DS = Dhls F D. 

(4) The concentration d,, of cations M+ in water is 
sufficiently high so that changes in the unstirred layers 
due to current flow and complex formation with the 
carrier molecules can be neglected_ As a result, C~ is 
time independent_ 

(5) The time range of the phenomena under study is 
short enough not to be influenced by the exchange 
process of the carrier molecules between the membrane 
and its surrounding torus of bulk lipid material_ 

The validity of these assumptions is discussed in 
section 4. Condition (1) allows the initial current to 
be expressed in the same form as in eq. (18), if ki is 
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replaced by kMS, N by NhSS and if z = 1 [26] _ The ki- 
netic equations of the carrier problem can be trans- 
formed into those for hydrophobic ions by means of 
the following substitutions (see appendix B): 

fl+&(l +&@/(l +@I), cw 

with the equilibrium constants K =x,1& and Kh = 
kR/k,-, _ As a result, the relaxation of the current is 
again given by eqs. (19)-(23). 

4. Results and discussion 

4. I. Hydrophobic ions 

Temperature-jump experiments were performed in 
the presence of the hydrophobic anions tetraphenyl- 
borate (TPB), dipicrylamine (DPA) and 2,4,6-trinitro- 
phenol (TNP) with membranes formed from the neutral 
lipids dioleoyllecithin, diphytanoyllecithin and the 
negatively charged lipid phosphatidylserine. The sys- 
tems were also studied by voltage-jump experiments_ 
In the presence of TPB and DPA current relaxations 
of large amplitude were found and strong evidence 
for the influence of diffusion in the unstirred layers 
was obtained [7,20,37] _ For TNP, on the other hand, 
a voltage-jump relaxation could not be resolved_ This 
indicates that unstirred layer diffusion is comparatively 
fast in this case and that ion permeation is limited by 
the membrane_ Therefore, the constant-voltage version 
of the T-jump technique can be applied to TNP, while 
the combined V- and T-jump method has to be used 
for TPB and DPA.The method allows a determination 
of the rate constant k of desorption only if fi d 10e3 
cm (see section 3_1_2)_ This condition is not satisfied 
for neutral dioleoyllecithin membranes in the presence 
of TPB and DPA, where values of /3 > 10-2 cm have 
been reported [7,20] _ The inadequacy of the T-jump 
method for the system DPA/dioleoyllecithin may be 
also concluded from fig_ 3d. There, the current does 
not show a significant change up to 4 s after the T- 
jump (apart from the initial increase produced by the 
temperature dependence of ki)_ Therefore, we used 
negatively charged membranes, where/3 is considerably 
smaller due to electrostatic repulsion of the anions. 
We concentrated on the anion TPB, which we have 

studied recently by voltage-jump analysis [7], and 
compared the results obtained by the two kinetic 
methods_ 

Fig. 7 shows an original record of a TPB-induced 
T-jump relaxation and its analysis according to section 
3.12. The instantaneous rise of J at t = 0 (from JO( 1) 
to Jo”, compare with fig. 2) is not shown_ The decrease 
of the current frcm .$ to Jo(Z) reflects a reduced 
membrane concentration of TPB with increasing 
temperature, i.e. a negative enthalpy of the partition 
coefficient p (see section 4.3). The error bars for F(t) 
result largely from the uncertainty in .@ and inJO( 
which have to be obtained by extrapolation [for 
JO(Z) usually a second record was taken with a larger 
time scale] _ F(t) is clearly nonexponential indicating 
the influence of unstirred layer diffusion_ The solid 
line represents the best fit of eq. (2 1) to the experi- 
mental data. It was found that the shape of F(r) 
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Fig. 7_Semilogarithmic plot of F(t) versus t for the current re- 
laxation of the system tetraphenylboratelphosphatidylserine 
following a temperature jump of 0.6”C (combined V-and T- 
jump). The membrane was formed from a 0.4% solution of 
phosphatidylserine in decane in the presence of 0-l hl NaCl 
and 10S5 hl TPB in the aqueous phase (25°C. 100 mV pulses 
of 2 ms duration, interval between pulses 10 ms, measurement 
resistance RA = 33 kn,l,(l) = 0.7 PA, charging time 7c = 0.9 
ms). The inset shows the oscilloscope record with 50 ms and 
50 JLV per division. The steady-state level lo(l) is suppressed. 
F(t) was calculated from the experimental data according to 
eq. (22); the bars indicate the measurement uncertainty. The 
dashed line with slope -30 s-* is the tangent to F(t) for t - 0 
[see eq. (7311. The curves were calculated from eq. (21) with 
D=5.2 x 106 cm* s-l 1381 and k = 30 s-l for the indicated 
values of p. 



340 

Table 1 
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Comparison of the T-jump and V-jump analysis of tetraphenylborate permeation throu$ phosphatidylserine membranesa) 
- 

System Method ki (s-l) k (s-‘1 P (cm) 
-___ 

lo-’ M TPB in 0.1 hl Nail T-jump - 56kl6 (2.0 -c 0.8) x lo4 
1Od M TPB in 0.1 M NaCl V-jump 41 + 16 61 i 15 (2.3 f 0.7) x lo4 

a) The data represent mean values of 5 membranes and the standard deviation_ 

- though being very sensitive to 6 (see dotted lines) 
and k [initial slope of F(f)] - is less sensitive to a 
variation of the diffusion coefficient D. For the latter 
a literature value was taken 1383 _ 

Table 1 shows that the T-jump data agree well 
with those obtained previously from a V-jump analysis 
[7] _ The T-jump experiments were performed at 
higher concentrations of TPB in water. This was done 
in order to increase the membrane conductance and, as a 
consequence, to improve the time resolution of the meth- 
od-The applied concentration of 10e5 M is, however, 
still in the linear region of the conductance-concentration 
relationship for negatively charged phosphatidylserine 
membranes_ The good agreement obtained for both 
independent kinetic methods represents a further sup- 
port for the simple kinetic model (fig. 4) used to de- 
scribe the permeation of hydrophobic ions through 
lipid membranes. In addition, the results of both 
methods show that for TPB the partition equilibrium 
at the interface is not maintained during current flow, 
since the value of the rate constant Jci of translocation 
across the membrane interior is very similar to that of 
the rate constant k of desorption from the membrane 
into water. 

The second hydrophobic ion studied in detail is 
the picrate anion (TNP). The conductance increase in- 
duced in lipid membranes by picrate alone is relatively 
small (l-2 orders of magnitude). A further strong in- 
crease in the conductance (up to 3 orders of magni- 
tude) is observed, however, if neutral macrocyclic cat- 
ion carriers such as vahnomycin are added [393 _ It 
was found that the high conductance in this case is 
not due to a high cation permeability (the experiments 
were performed in the absence of cations normally 
transported by valinomycin), but is induced by -a con- 
siderably enhanced picrate permeability [40]. 
Ginsburg and Stark [40] suggested that the transloca- 
tion rate of the relatively small TNP molecules across 
the membrane is strongly increased in the neighbour- 

hood of the comparatively large, but highly mobile 
valinomycin molecule_ 

Because of the small membrane conductance, the 
time resolution of the current measurement at a T- 
jump experiment in the presence of TNP alone was 
not sufficient to resolve the relaxation at room tem- 
perature_ At 3”C, however, this could be achieved, 
since the molecular process underlying the relaxation 
is slow enough. In the presence of valinomycin, the T- 
jump-induced current relaxation was found to be 
identical to the pure TNP system at 3°C. Due to the 
considerably higher membrane conductance (i.e. im- 
proved time resolution) the relaxation could now be 
resolved at higher temperatures. 

Fig. 8 illustrates typical experiments_ As in case of 
TPB, the current shows a decrease after the “initial 
jump”. But the function F(r) now decays exponentially 
within the experimental error limits. The result is 
identical for the T-jump at constant voltage and for 
the combined V- and T-jump method. This indicates 
that the slow V-jump-induced current relaxation of 
very small amplitude observed previously for this sys- 
tem [&I] is of no consequence for the present experi- 
ments_ The identity of the results obtained with both 
T-jump methods does not exclude the existence of a 
very fast V-jump relaxation not resolvable by our pres- 
ent methods. The existence of such a relaxation 
(within the framework of our kinetic model) is, how- 
ever, unlikely in view of the following arguments: 
The exponential decay of F(t) shows that unstirred 
layer diffusion is relatively fast. Thus, interpretation 
of the experiment performed at constant voltage 
yields [see eqs. (17) and (13)] 

l/~~xp = k + 2ki cosh(zu/2) , (26) 

while the combined V- and T-jump experiment indi- 
cates [see eq. (AS)] 

I/rexp =k _ (27) 
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Fig. 8. Semilogarithmic plot of F(t) versus t for the current 
relaxation of the system picrate/valinomycin/diphytanoyllecithin 
following a T-jump of 0.3”C; (a) at constant voltage (o), (b) with 
voItage p&es (0). The membrane was formed from a 05% soIu- 
tion of diphytanoyllecithin in decane containing 10e3 M valino- 
mycin. The aqueous solutions contained 10e2 M picrate (pH 6 
with LiOH) and 1 M Lick (25°C). Inset (a) shows the oscilloscope 
record of the T-jump at an applied constant voltage of 100 mV 
(measurement resistance RA = 3.3 kn,1,(1) = 15.5 pA, charg- 
ing time =c = 40 JJS). The oscilloscope sensitivity was 50 PV and 
2 ms per division. The base line is suppressed_ Inset (b) shows 
the record of the current relaxation with the combined T- and 
Vjump method at the same membrane as in (a)_ 100 mV pulses 
of 0.2 ms duration were applied. The pauses between pulses 
were 0.8 ms long. All other data are the same as in (a). The fust 
spike appearing in the record occurred before the Tjump; it 
defmes 1,(l). The bars in the graph indicate the measurement 
uncertainty. The solid ime was drawn with slope -330 5-l ac- 
cording to eq. (17). 

Both equations can only be satisfied if 4 + k. This 
condition is equivalent to a small voltage-jump ampli- 
tude av [compare eq. (15)] _ The relative magnitude 
of the rate constants k and ki may be assessed accord- 

ing to eq. (26) by measuring the voltage dependence 
of the experimental time constant 7exp_ Experiments 
indicate that ~~~~~~ increases by only =50% if the 
voltage across the membrane is varied from 15 to 200 
mV. Hence, on the basis of eq. (26) we obtain ki/k = 
3 X 10m2. This result accounts for both observations, 
namely the identical T-jump relaxation curves at con- 
stant voltage and with voltage pulses, and the small 
unresolvable voltage-jump amplitude 9v- Nevertheless, 
the question arises whether the valinomycin facilitated 
permeation of TNP can be described by the simple 
model of fig_ 4, which was developed for the unfacili- 

Table 2 
Temperaturejump relaxation data for 2,4,6+initrophenola) 

System Lipid WC) U.r,xpW) 

TNP+10-3MvAL 18: 1 PC 25 130 + 14 
16:4 CH3-PC 25 381 + 58 

14 942 11 
3 19z 5 

TNP 16:4 CHz,-PC 3 23z 5 

a) The experiments were performed in lo-* M solutions of TNP 
in 1 M LiCl (pH6) in the presence and absence of valinomycin 
in the membrane-forming solution for the lipids dioleoyl- 
lecithin (18: 1 PC) and diphytanoyllecithin (16r4 CHs-PC). 
The mean values (with standard error) given for l/7exp cor- 
respond to the rate constant k of desorption [eq. (27)]. 

tated permeation of hydrophobic ions. Though this 
problem cannot be decided on the basis of the present 
experimental data, there are two arguments which show 
that our interpretation represents at least a good approx- 
imation_ The very weak voltage dependence of ~~~~ 
may icdicate that the observed current relaxation origi- 
nates mainly from the adsorption/desorption process 
at the interface, since charge transfer across the mem- 
brane interior, irrespective of the detailed mechanism, 
is expected to be voltage dependent_ Secondly, at 3OC 
the same relaxation time 7eXp was found in the absence 
and presence of valinomycin (see table 2). This justifies 
the use of eq. (27) to interprete our data. 

Table 2 summarizes the results obtained with TNP. 
A pronounced temperature dependence of the desorp- 
tion rate constant k was found (activation energy E_4 = 
97 Id/mole). k is larger by a factor of 3 for diphytanoyl- 
lecithin - which has branched fatty-acid residues - 
than for dioleoyllecithin. If one accepts our interpreta- 
tion on the basis of the model shown in fig. 4, then the 
relation ki/k < 1 indicates that, in contrast to the anion 
TPB, the rate-limiting step of transport is now the trans- 
location across the membrane interior, i.e. the adsorp- 
tion/desorption process is in equilibrium. 

4.2. Aeutral carriers of monovalent catfons 

Measurements were made on dioleoyllecirhin mem- 
branes doped with one of the following substances: the 
depsipeptides valinomycin and enniatin B, the macro- 
tetrolide nonactin and proline-valinomycin (PV), a pep- 
tide analogue of valinomycin. For valinomycin and non- 
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actin a relaxation could not be resolved_ The current 
was fairly constant up to at least 4 s after the T-jump 
(see fig. 3). This is in agreement with results obtained 
earlier with a “slow” T-jump method [ !3] _ There, it 
was found that the exchange of valinomycin between 
membrane and the unstirred aqueous phases took 
place within a time range of 30 min. This may partly 
reflect the relatively high partition coefficient PS of 
the order of IOp2 cm, which was reported for valino- 
mycin and also for the macrotetrolides [28,29,36] - 
At high values of A, the reIativeIy slow diffusion pro- 
cess through the unstirred layers may play a dominant 
role. In this case the fast T-jump method described in 
the present paper is less suitable (compare section 2). 
For the valinomycin analogue PV smaller values of BS 
have been reported [23] ,which shou!d be more favour- 
able for a fast T-jump analysis_ The result was, how- 
ever, more or less identical to that of normal valino- 
my&, i.e. a relaxation could not be resolved. 

The rise time of the “initial jump”, reflecting the 
temperature-dependent change of the translocation 
rate constant knfS [analogous to eq. (16)], was within 
the limitations of the apparatus (see fig. 3a). The 
same was found for diphytanoyllecithin membranes 
doped with valinomycin. For this system we have re- 
ported a delayed increase of khlS after a T-jump [8 3 _ 
This finding, which was obtained with the flash-lamp 
apparatus could not be confirmed with our present 
laser device_ We do not know the origin of this discre- 
pancy; it might be caused by the presence of a dye 
in case of the flash-lamp method or by an impurity in 
the lipid preparation_ 

So far the only neutral ion carrier for which a T- 
jump relaxation could be resolved is enniatin B. The 
molecular characteristics of this substance and also its 
transport behaviour in membranes are very similar to 
valinomycin [41,32] _ But its partition coefficient @S 
is considerably smaller due to the more polar nature 
of this compound [32] _ This favours a T-jump analy- 
sis_ 

Fig. 9 shows a current relaxation with positive am- 
plitude_ This differs from the results obtained with 
the hydrophobic ions TPB and TNP, and also with the 
depsipeptide valinomycin, where a decrease of the 
concentration with increasing temperature was found 
(see figs. 7 and 8 for TPB and TNP, and ref. [13] for 
valinomycin). The data agree well with the solid curve 
calculated according to eqs. (21)--(23). The curve is 
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Fig. 9. Semilogarithmic plot of F(r) versus t for the current 
relaxation of the system em&tin B/dioleoyllecithii following 
a T-jump of 0.6”C. The membrane was formed from a 1% solu- 
tion of dioleoyllecithm in deane in the presence of 1 hi KCI 
and IO-’ hi enniatin B in the aqueous phase (SC, applied 
voltage 100 mV, measurement resistance 33 kSZ,Z&l) = 0.73 
pA, charging time ~c = 0.8 ms). The inset shows the oscillo- 
scope record with a sensitivity of 0.1 mV and 50 ms per divi- 
sion. The steadystate level Z,(l) is suppressed, also most of 
the initial rise from Z,(l) to P (cf. fig. 2B). Tne theoretical 
curves were caIcuIated from eqs. (21)-(23) with D = 3.4 X 1Od 
cm* s-1 and k = 30 s-l _ 

clearly nonexponential, showing the influence of un- 
stirred layer diffusion. An interpretation on the basis 
of eqs. (21)-(23) is only correct, if the assumptions 
summarized in section 3.2 are fulfilled. These are dis- 
cussed in the following: 

(1) The left-hand interfacial concentrations (Nk , 
N&s) are approximately equal to those of the right 
membrane interface (Nl,N&), if the condition of 
symmetry underlying eq. (18) is met, e.g. by applying 
the combined Ir- and T-jump method_ At a T-jump 
with constant applied voltage, the condition of sym- 
metry is fulfilled, if 

(22 t UC& cash @;2) < 1 , (28) 

with z = kMs/kD and u = (kMS/kS) kR/kD (cf. fig- 
10); eq. (28) guarantees that, at a V-jump, the initial 
current Jo isidentical to the steadystate current density 
J_ (see eqs. (5+-o) of ref. [36])_ z and u may be ob- 
tained by an analysis of the steady-state current- 
voltage characteristic [34,36] _ For the experimental 
conditions of fig_ 9, Benz [32] has found: 2z + ucM 
= 0.15. 
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(2) Exact data for the relaxation times l/rr, = 
kRcr,, + kD and I/7= &(cs + cM) + ED describing 
the process of complex formation at the interface and 
in water are not available for the experimental situa- 
tion considered here. A rough approximation of their 
order, however, may be obtained from experiments 
with similar systems. Benz 1323 analysed enniatin B 
in membranes formed from highly unsaturated mono- 
glycerides by the charge pulse technique_ Taking his 
data for k, and k,, one obtains T,., == 2 ps_ This is 
more than four orders of magnitude faster than the 
process of fig_ 9. Though the rate constants of carrier- 
mediated ion transport have been found to depend on 
the structure of the lipid used for membrane forma- 
tion [36], we believe that, in view of the large dif- 
ference in the time scale to the process under study, 
the condition of relatively fast complex formation at 
the interface is easily met. Kinetic data for the com- 
plex formation of enniatin B in water have not been 
reported. Grell and Oberbgumer [41] analysed the 
structural analogue valinomycin; on the basis of their 
data one obtainsF= 2~s. If we assume that enniatin 
B behaves not too differently, we can expect the free 
and the complexed species of this compound to equih- 
brate relatively fast in comparison to the time course 
of the relaxation shown in fig. 9. 

(3) The size of free enniatin B and its ion complex 
are approximately equal, since the ion is “buried” in- 
side the ring structure of this ligand system [42]. The 
value D = 3 _4 X 10-6 cm2/s was calculated according 
to Stokes’ and Einstein’s laws on the basis of the 
structural data of ref. [42] _ 

(4) The constancy of cM may be inferred from the 
absence of diffusion polarization in a voltage-jump 
experiment_ 

(5) The diameter of the membranes used in this 
study was ~3 mm. The mean diffusion time rd across 
the membrane is many orders of magnitude larger 
than the time range considered in fig. 9. For D = 
1O-7 cm2/s - the upper limit of the lateral diffusion 
coefficient of lipid molecules - one finds rd ;r 5 X 

104 s_ Though the exchange between membrane and 
torus may be somewhat accelerated by convection, 
this process is by far too slow to be of relevance for 
our experiment_ 

Summarizing, we conclude that the conditions re- 
quired for applying the theory seem to be fairly well 
fulfilled_ From analysis of data collected using five 

different membranes we found 

k=45i- 15 s--l, p = (1 .o f 0.5) x 10-4 cm _ 

Eqs. (24) and (25) indicate how k and p have to be inter- 
preted in terms of the rate constants of the carrier model. 
k is determined by the rate constants of desorption kF” 

and k$$ of the free carrier S and its ion complex 
MS+. The interfacial association constant K, = kR/ 
k, appears as a weighting factor determining their rel- 
ative importance_ The exact value of Ic, is not known 
for dioleoyllecithin membranes_ In principle, it may 
be obtained by a measurement of k as a function of 
the ion concentration cIq _ These experiments could 
not be performed, since at low concentrations chI the 
conductance increase induced by enniatin I3 is too 
small for a successful application of the T-jump 
method. An estimate of Kh is obtained as fohows. 

For unsaturated monoglycerides Benz [32] founti 

Kh = 1 and 1 <k his/ks < 10. Since for dioleoylleci- 
thiu membranes u = 0.13 (see above), we get I(, = 
kR/kD < 0.13 M-l, if we assume that the ratio k,,/ 

ks is similar for monoglyceride and lecithin mem- 
branes? _ As a consequence we find 

XT”+ 0.13 kE$ <45 s-l , i.e. 

ky < 45 s-l and k;“s < 345 s-l _ (29) 

The translocation rate constants ks and kAfs of ennia- 
tin B across the interior of monoglyceride membranes 
were in the range of 105-106 s-l [32]. For the dep- 
sipeptide valinomycin ks and khls were less than one 
order of magnitude smaller in lecithin membranes 
compared to monoglyceride membranes [43]_ If we 
assume a similar behaviour for the structural analogue 
enniatin B, we find from eq. (29) that the rare con- 
stants of desorption are at least two orders of magni- 
tude smaller than the rate constants of translocation 
for both the free and the complexed forms of enniatin 
B. This means that the membrane transport of ennia- 
tin B is limited by the interface. 

Eq. (25) allows calculation of the partition coeffi- 
cient & from the measured parameter p, if Kh and K 

* The argument would have been simpler, if we had performed 
our experiments with membranes made from highly unsatur- 
ated monoglycerides. The relatively poor stability of this kind 
of membranes, however, makes them less appropriate for i”- 
jump experiments. 
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are known. The association constant K of complex for- 
mation in water was estimated to Ic< 0.2 M-l [33] _ 
Assuming the same limit for Kh as above (Kh < 0.13 
M-l), we fiid 

&=@= 1.0X IO+ cm. 

This value may be compared to those obtained by Benz 
[32],who found & = 0.4 X lOa cm-l.1 X IO4 cm 
from his charge pulse studies on monolinolein and 
monolinolenin membranes. 

4.3. Activation energies of transport 

We analysed our data on the basis of models which 
describe ion transport as a passage across a series of ac- 
tivation barriers (compare figs. 4 and IO). The free 
energies of activation may be calculated from the corre- 
sponding experimentally determined rate constants by 
applying Eyring’s theory of absolute rate processes [6]. 
For the transport of hydrophobic ions we obtain (see fig. 
9 of ref. [20]) 

iii = fi exp (- 4FJRT) _ (30) 

k=fexp(-4F/RT), (~1) 

pk = Lf, exp (-4FJRT) , (32) 

4Fi, AF and AF, represent the free energies of activa- 
tion of the symmetrical inner membrane barrier and of 
the asymmetrical interfacial barrier. fi, f and fa are fre- 
quency factors, which are of the order of RT/hL = 
6 X lOI s-l (/z is Planck’s constant, L is Avogadro’s 
constant)_ I is the jump length for a jump from the 
aqueous solution into the energy minimum at the inter- 
face_ The change in free energy 4Fo(p) under standard 
conditions associated with the partition coefficient @ is 
obtained from eqs. (31) and (32) as 

4F”(/?) = 4Fa - 4F _ (33) 

The corresponding change in the enthalpy aHo is 
obtained from the temperature dependence of 0: 

d In P/d(l/T) = -4HO(p)lR _ (34) 

It was calculated from the amplitude 4T of the T- 
jump and the amplitude of the measured current relax- 
ation. Since .7 a fl [compare eq, (12) or (1 S)] one finds 
for small 4T 

4h/h = [AHO@)/RT] AT/T, (35) 

where 4h represents the change in the membrane con- 
ductance induced by 4T_ From an equation analogous 
to eq. (35) the activation energy 4Ei of the rate con- 
stant Icj is obtained. Here, A>. represents the initial con- 
ductance increase induced by the temperature dependence 
of ki [compare eq. (16)] _ AEi is related to the enthalpy 
of activation AHi by AEi = AHi •t RT (63 _ 

Table 3 summarizes the results obtained for the dif- 
ferent systems under study _ In the case of enniatin B 
4Ei refers to the rate constant kAls and 4Ho(p) to the 
partition coefficient flS of the neutral species. 

For the picrate system, 4@(p) and AEi were measur- 
ed at three different temperatures_ While the data at 25 
and 14OC agree fairly well, those at 3°C show a clear 
deviation_ We do not know the origin of this discre- 
pancy; it might indicate a change in certain structural 
properties of the membrane between 14 and 3°C. 

Enniatin B shows a positive value of aHo in con- 
trast to the other substances under study. In this respect 
it also differs from valinomycin, for which a negative 
AHo@) was found with the slow T-jump method [13] _ 
In the case of enniatin B the two temperaiure-depen- 
dent processes [characterized by 4Ei and 4Ho(p)] 
cannot be separated by the slow method in contrast to 
valinomycin, where the adsorption/desorption process 
including unstirred layer diffusion is comparatively slow 
(see sect&n 4.2). For enniatin B the slow method re- 
sponds to the sum of AEi and 4@(p). Experiments 
performed under the same conditions as the fast T-jump 
measurements gave a value of 12 1.5 I 9 kJ/mole, which 
is in reasonable agreement with 4Ei + 4H”@) = 98.5 
2 17 kJ/mole. 

We shall analyse the behaviour of tetraphenylborate 
in more detail, since all model parameters could be de- 
termined in this case. The data refer to negatively 
charged phosphatidylserine membranes. Hence, p con- 
tains an electrostatic contribution reflecting the repul- 
sion of the anions. The actual anion concentration at 
the interface may be calculated by applying the theory 
of Gouy-Chapman [a] _ Assuming an interfacial charge 
density of one charge per 60 AZ and an ionic strength 
of 0.1 M one can infer the partition cotfficient @) of a 
neutral membrane from the measured values for a nega-. 
tively charged one (table l)_ The result is @ = 4-I X 
1O-2 cm, which compares well with the experimental 
value of Q = 3 X lo-” cm reported for neutral dioleoyl- 
lecithin membranes [20] _ Assuming identical desorp- 
tion rate constants k for neutral and negatively charged 
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Table 3 
Activation energies of the processes analysed by T-jump methodsa) 

System Lipid Electrolyte U=C) AHo@) 4Ei 
&I mole-t) (kJ mole-r) 

1O-5 M TPB PS 0.1 M NaCf 2.5 -14.7 c 2.9 33.1 * 6.3 

lo-= M TNP, 
lO-3 M VALb) 

_ 18:l PC 1 M LiCl 25 -37.7 * 11.3 4i.5 r 13.0 

16r4 CH3-PC 1 hl LiCl 25 -37.3 * 75 44.8 f 4.6 

i4 -30.2 I 3.4 44-4 2 2.5 
3 -40.6 + 12.2 955 k 18.4 

lo-* M TNP 16 :4 CH3-PC 1 M Lick 3 48.6 + 17.6 107.3 2 27.7 

lo5 M enniatin B 18:l PC 1MKCl 25 +16.8 i 4.2 81.7 f 13.0 

‘) AHo@) is the enthaipy change associated with the partition coefficient p of hydrophobic ions or ne~trrd carrier molecules between 
membrane and water. A?, is the activation energy for the translocation of the ions (or ion complexes) across the central mem- 
brane barrier. The data are obtained from at Ieast 4 membranes for each set of experimental conditions. Mean values are given 
together with the standard deviations. (18: I PC 8 dioleoyllecithin, 16~4 CHa-PC 2 diphytanoyhecithin). 

b) In the membrane forming solution. 

membranes, one finds ?cb” = 23 cm/s and from eq. (32) 
AF, = 3 1 kJ/mole (for a jump length 1 = 10m7 cm). 
Similarly AF = 63 kJ/mole and AFi= 64 Id/mole are 
obtained by making use of eqs. (30) and (31). Hence, 
from eq. (33) AFoG) = -32 kJ/mole for a neutral 
membrane. An ion having its position at one interfa- 
cial energy minimum is separated from the opposite 
interface on one side and the aqueous solution on the 
other side by almost identical barrier heights (AFi = 
AF). 

An ion being adsorbed from the aqueous phase has 
to overcome a barrier of AF, = 31 Id/mole. This value 
for AFa means that the adsorption process is influenced 
by unstirred layer diffusion and simultaneously by the 
adsorption barrier at the interface (at high values of 
AF, corresponding to small values of @k unstirred layer 
diffusion is relatively fast)_ This may be concluded 
qualitatively from the fact that, on the one hand, the 
relaxation curve shown in fig. 7 is clearly nonexponen- 
tial; Le. eq. (AS), the condition for rapid unstirred 
layer diffusion is violated_ On the o&her hand, the time 
dependence of the relaxation is also influenced by /3?c, 
as may be seen from the theoretical curves in fig. 7. 
The relative contributions of unstirred layer diffusion 
and interfacial barrier AF, may be assessed as follows: 
According to Zwolinsky et al. [63, diffusion through 
the unstirred layers may be described as a passage of 
the ion across an infinite series of activation barriers_ 
The rate constant kdiff of the transport across a single 
barrier is related to the diffusion coefficient D by 

D = kfiff12 , (36) 

where Z is the distance between two energy minima. 
AssumingD = 5 X 1O-6 cmz/s and Z = 1Oh7 cm, we 
obtain kdiff = 5 X lo* s-l _ For a similar treatment of 
the adsorption process we have to replace kg0 by kam 
= kfiO/Z (Pm is the rate constant of adsorption for 
molecules within an aqueous layer of thickness 1 ad- 
jacent to the membrane interface)_ From the data 
given above we find kam = 2.3 X 1 O7 s-l _ This is more 
than one order of magnitude smaller than kdiff_ 
Smaller values of I increase the difference between 
kdiff and kam (the value I = 10d7 cm probably repre- 
sents an upper limit)_ 

For enniatin B, the difference between kdiff and 
kam is considerably larger_ An analogous calculation 
gives kdiff = 3.4 X 108 s-l and kam < 4.5 X 104 s-1 
for the neutral species S. This shows clearly that the 
interface represents a considerable barrier for the mem- 
brane diffusion of this compound_ The relatively small 
adsorption rate constant kam for the neutral compound 
enniatin B as compared to the hydrophobic ion tetra- 
phenylborate might indicate that the adsorption plane 
is positioned more towards the hydrophobic side of 
the membrane interface in the case of enniatin B; i.e. 
molecules moving from water to the interfacial energy 
minimum will experience a relatively strong hindrance 
through the polar head groups of the hpid molecules. 

While our results represent the first data on the kinet- 
ics of adsorption of hydrophobic substances at planar 
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lipid membranes there have been several investigations 
at spherical lipid vesicles and rnicelles [45-50]. Sus- 
pensions of such microscopic particles may be studied 
in a conventional T-jump setup developed for homo- 
geneous solutions_ The rate constant of association of 
the fluorescent dye N-phenyl naphthylamine was 
found to be diffusion controlled [47] _ Similar high 
values were reported for the adsorption of the fluo- 
rescent molecule ANS (1 -aniline-8-naphthalenesulfo- 
nate) [45] and for the calcium ionophore X537A 
[46] _ Values close to diffusion controlled were also 
obtained for the insertion of tenside molecules into 
micelles [49,50] _ On the other hand, the rate of re- 
combination of monomeric lipid molecules from 
water with lipid vesicles was found to be many orders 
of magnitude smaller [48]_ In this case the incorpora- 
tion of lipid molecules is limited by the vesicle sur- 
face_ 

The available data do not appear sufficient for a 
detailed discussion of the differences observed for the 
various substances and interfaces_ The activation bar- 
rier AF, may be expected to depend on factors such 
as the size of the adsorbing molecule, the exact loca- 
tion of the plane of adsorption (“onto” or “within” 
the po!ar head groups) and the nature, packing density 
and steric arrangement of the lipid molecules_ It 
would be interesting to see whether AF, is different 
for lipid vesicles and planar lipid films, since the ex- 
tremely small radius of curvature of a vesicle leads to 
a wedge-shaped arrangement of the outer lipid mono- 
layer_ The lower packing density of the polar region 
might thus facilitate the penetration of molecules 
into the lipid matrix, i.e. reduce the barrier of adsorp- 
tion as compared to planar lipid membranes_ The 
question whether diffusion across the membrane inte- 
rior or the interfacial adsorption/desorption process 
limits the membrane permeability of a given substance, 
might thus depend not only on the substance under 
study but also on structural characteristics of the 
membrane. 
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Appendix A. Temperature-jump theory for 
hydrophobic ions including diffusion in the aqueous 
phase 

The combined temperature- and voltage-jump meth- 
od can be treated as a symmetrical problem. The 
concentrations C’ and C’” on both sides of the mem- 
brane are identical, since the duration of the voltage 
pulses is short enough not to influence the system_ 
For the same reason we a sume X-f = X-f_ The initial 
conditions are 

C~=C”=C,, N’=N”=@-A@C,, 

where C, is the bulk concentration of hydrophobic 
ions in the aqueous phase. The temperature jump 
changes the partition coefficient from fi - Ap to /3_ 
The concentration of hydrophobic ions near the inter- 
faces is a function of their distance x from the mem- 
brane_ The system is described by the diffusion equa- 
tion in water (A-l), the equation for the adsorption/ 
desorption process at the interface (A-2) and an ap- 
propriate boundary condition (A-3): 

acjat = D av/ax2 , (A-1) 

dNJdr = flkCo - X-N, 

D acla.d_, = dNfdt , 

(A-2) 

(A-3) 

C,-, is the concentration at x = 0. Substituting II(~) = 
N(t)-@-Ap&andc(x,f)=C(x,b)-CB,one 
obtains 

&z/at = D a2claX2 , 

dirldt =67cc,, - krr + kApC, , 

D &/3x&-, = dirldt , 

and the initial conditions ?z(O) = c(x, 0) = 0. The treat- 
ment of this system by Laplace transformation is 
completely analogous to the voitage-jump theory in 
ref. [7] and yields relations (19)-(21). 

The function F(t) has the following properties: 

(a) F(0) = 1 and F(f ++-)=O, (A-4) 

(b) rapid diffusion: g -+ 0 (D % kfi2/4) 

F(r) = eBkt , (A-5) 

(c) slow diffusion: E * 00 (D Q kb2/4) 

F(t) = et erfc [(Lz)~/~] , (A-6) 
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Fig. 10. Reaction scheme of ion transport mediated by a neu- 
tral carrier. See text for explanation of symbols. 

with u = D/o2 _ 
(d)t-tm: 

F(r) + [fi/(?TDt)‘l’] [ 1 + (1 - 2&/kf + ___I _ (A.71 

Appendi B. Temperature-jump theory for neutral 
carriers of monovafent cations 

The model used to interpret carrier mediated trans- 
port is illustrated in fig. 10. The diffusion processes 
within the unstirred aqueous layers have been omitted 
for clarity. The model will be anaiysed under the con- 
ditions of a T-jump experiment using assumptions 
(l)--(5) summarized in section 3 -2. 

Since the system is symmetrical (assumption l), 
we have to consider the kinetic processes only at one 
interface_ The time-dependent diffusion processes of 
the free carrier S and the complexes MS in the un- 
stirred layers are influenced by the chemical reaction 
of the complex formation_ Therefore, 

- 

The concentration cw of cations is time independent 
and identical on both sides of the membrane (assump- 
tion 4). The kinetic equations for the interfacial con- 
centrations are 

d&&d’ =&&$C&s +kRc#s - (kg: + k&‘Ms - 
(B-4) 

cg and ccs are the concentrations of S and MS+ di- 
rectly at the interface (x = 0). The boundary condi- 
tions are 

DS ?CS/aXI,+, = &kyC!ij - kFaNs , (B-5) 

DhIS aCMS/h ix=0 = PhlS kh711sa& - kggNMs - (B-6) 

The time derivative of the total carrier concentration 

c=cs+~~ls in water is the sum of eqs. (B-1) and 

(B-2) 

actat = D a%laG _ (B-7) 

Here, assumption (3), that the diffusion coefficient of 
carrier and carrier-ion complex are equal, was used. 
Because of assumption (2), the chemical reaction be- 
tween carrier S and ion M’ may be considered to be 

in equilibrium. Hence, 

CS = C/(&M + 1) , ChfS = KChfC/(fkhf + 1). (s-8) 

Ns = N/(&Chf + 1) , Nhrs = KhC#/&,chf * 11, 
(B-9) 

where N =NS + Nhrs represents the total carrier con- 
centration at one interface_ Using eqs. (B-3), (B-4), 
(B-S), (B-9) and relation (36) 

&A&, =&SK > 

one obtains for the time derivative of N: 

(B.lO) 

dN 
dt=& 

g=+ k$&,chl co _ k? + k;:KhCht N _ 

Kchi +- ’ Ichc,+l 
(B-1 1) 

Taking the sum of eqs. (B-3) (B-4) and (B-S), (B.6) 
one finds (using assumption 3) 

D ac@x Ix=,, = dN/d t _ (B-12) 

Eqs. (B-7), (B-1 1) and (B-12) are transformed into 

eqs. (AJ)-(AZi) of the corresponding problem for 
hydrophobicions by making the identifications stated 
in eqs. (24) and (25) (see section 3.2). 

References 

[I] R. Collander and H. BZrlnnd. Acta Botan. Fenn. 11 
(1933) 1. 

[2] A. Finkelstein, J. Gen. Physiol. 68 (1976) 127. 
[3] J-M. Wolosin, H. Ginsburg, W-R. Lieb and W.D. Stein, 

J. Gen. Physiol. 71 (1978) 93. 



W_ Block et aZ./A Zaser-T-jump method appZied to biZayer membranes 348 

(41 

t51 

[61 

171 
PI 
PI 

1101 
t111 

1121 
[I31 

E. Galluci, S. Micelli and C. Lippe, Arch_ Intern. physiol. 
Biochim. 78 (1971) 881. 
M. Poznansky, S. Tong, P-C. White, J-M. Milgram and 
AK_ Solomon, J. Gen. Physiol. 67 (1976) 45. 
BJ_ Zwolinsky, H. Eyring and C. Reese, J. Fhys. Col- 
loid. Chem. 53 (1949) 1426. 
P-C. Jordan and G. Stark.Biophys. Cbem. 10 (1979) 273. 

W. Knoll and G. Stark, J. Membr. Biol. 37 (1977) 13. 
id. Eigen and L. De Maeyer, in: Techniques of organic 
chemistry, Vol. 8, Pt. 2, ed. A. Weissberger (Interscience, 
New York. 1963) p_ 895. 
M_ Eigen, Quart_ Rev. Biophys. 1 (1968) 3. 
LE. Moore, JP. Holt Jr. and B.D. Lindiey, Biophys. J. 
12 (1972) 157. 
L-E_ Moore, Biochim. Biophys. Acta 375 (1975) 115. 
G. Stark, R. Benz, G-W. PohJ and K_ Janko, Biochim. 
Biophys. Acta 266 (1972) 603. 

1141 D.H. Turner, G-W. Flynn, N. Sutin and J.V. Beitz, 
J. Am. Chem. Sot. 94 (1972) 1554. 

[IS] S. Ameen, Rev_ Sci. lnstr. 46 (1975) 1209. 
[ 161 H. Hoffmann, E. Yeager and J. Stuehr, Rev. Sci. lnstr. 

39 (1968) 649. 
[ 171 R.V. Ambartzumian and VS. Lerokhov, in: Chemical 

and biochemical applications of lasers, Vol. 3, ed. C-B. 
Moore (Academic Press, New York. 1977) p_ 167. 

[ 181 J-F. Holzwarth, in: Technique and application of fast 
reactions in solution, eds. WJ. Gettins and E. Wyn-Jones 
(Reidel, Dordrech:, 1979) p_ 47. 

[ 191 DM. Goodall, R-C_ Greenhow and B. Knight, JF. Holz- 
warth and W. Frisch, in: Technique and application of 
fast reactions in solution, eds. W J_ Gettins and E. Wyn- 
Jones (Reidel, Dordrecht. 1979) p_ 561. 

[ 201 B. Ketterer, B. Neumcke and P. LZuger, J. Membr. Biol. 
5 (1971) 225. 

[21] W. Knoll and G. Stark, J. Membr. Biol. 25 (1975) 249. 
1221 W. Brock, F’h_D_ Thesis, University of Konstanz, in pre- 

paration. 
1231 R. Benz, B-F. Gisin,HP. Ting-Beall. DC. Tosteson and 

P. LBuger, Biochim. Biophys. Acta 455 (1976) 665. 
[24] G. Eisenman, G. Szabo, S. Krasne, S. McLaughlin and 

S. Krasne, in: Progress in surface and membrane science, 
Vol. 6, eds. J. Danielli, M. Rosenberg and D. Cadenhead 
(Academic Press, New York, 1973) p_ 139. 

[255] G. Stark, in: Membrane transport in biology, Vol. 1. 
ed. DC. Tosteson (Springer, Berlin, 1978) p_ 447_ 

1261 

t271 

t=1 
tw 

1301 
I311 
1321 
1331 
1341 
1351 
i361 

1371 
1381 

i391 

G. Stark B. Ketterer, R. Benz and P. LZuger, Biophys. 
1.11 (1971) 981. 
R. Laprade, S. Ciani, G. Eisenman and G. Szabo, in: 
Membranes,Vol_ 3, ed. G. Eisenman (Dekker, New York, 
1975) p_ 127. 
S.B. Hiadky, Biochii. Biophys. Acta 375 (1975) 327. 
R. Benz and G_ Stark, Biochii. Biophys. Acta 382 (1975) 
27. 
SW_ Feldberg and G. Kiss& J. Membr. Biol. 20 (1975) 269. 
R. Benz and P. LSuger, J. Membr. Biol. 27 (1976) 171. 
R_ Benz, J. Mernbr. Biol. 43 (1978) 367. 
H--A. Kolb and_P. Ltiuger, J. Membr. Biol. 41 (1978) 167. 
G_ Stark and R. Benz, J. Membr. Biol. 5 (1971) 133. 
S.B. HIadky, Biochii. Biophys. Acta 307 (1973) 261. 
R. Benz, G. Stark, K. Janko and P. LZJuger, J. Membr. 
Biol. 14 (1973) 339. 
OS. Andersen and M. Fuchs, Biophys. J. 15 (1975) 795. 
J-F. Skiiner and R_hf. Fuoss. J. Fhys. Chem. 68 (1964) 
1882. 
DC. Tosteson. in: Perspectives in’membrane biophysics, 
ed. D-P. Agin (Gordon and Breach, New York, 1972) p_ 
129. 

[40] H. Ginsburg and G. Stark, Biochii. Biophys. Acta 455 
(1976) 685. 

[4L] E. GreB and I. Oberbgumer, in: hloIecuIar biology, 
biochemistry and biophysics, Vol. 24, eds. I. Pecht and 
R. Rigler (Springer, Berlin, 1977) p_ 37 l_ 

[42] W. Simon and WE. Morf, in: Membranes, Vol. 2, ed. 
G. Eiscnman (Dekker, New York. 1973) p_ 329. 

1431 R. Benz, 0. FrBhlich and P. Huger, Biochim. Biophys. 
Acta 464 (1977) 465. 

[44] S. McLaughlin, in: Current topics in membrane transport, 
Vol. 9, eds. F. Bronner and A. Kleinzeller (Academic Press, 
New York, 1977) p_ 71. 

[45] D.H. Haynes and P. Simkowitz, J. hlembr. Biol. 33 (1977) 
63. 

[46] D&L Haynes, VCX. Chin and B. Watson, Arch. Biochem. 
Biophys. 203 (1980) 73. 

[47] P. Wooliey and H. Diebler, Biophys. Chem. 10 (1979) 305. 
[48] L. lhflo, Biochim. Biophys. Acta 469 (1977) 326. 
[49] R. Folger, H. Hoffmann and W. Ulbricht, Ber. Bunsenges. 

Physik. Chem.78 (1974) 986. 
(501 H. Hoffmann, I. Kielmann, W. Ulbricht, EAG. Anianson, 

S_N_ WaU, hf. Afmgren. R. Zana, J. Lang and C. Tondre, 
J. Phys. Chem. 80 (1976) 905. 


