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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 especially 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 ratedimiting step of transport. The
permeation rate of the hydrophobic anion 2 4 ,6-trinitrophenolate is limited by the inner membrane barrier. For tetraphen-
ylberate the rate constant of translocation across the 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 enniatin B is
strongly interface limited by its comparatively small 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 frequently interpreted on the basis
of two physical quantities only, the partition coeffi-
cient between membrane and water (i.e. the membrane
solubility of the substance) and the diffusion coeffi-
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) [1-5].

The simple approach to a physical interpretation
of membrane permeability is, however, only 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 difficult 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 [5,6]. A rigorous determination of
the ratelimiting step in transport requires the applica-
tion of fast kinetic methods. We are studying the per-
meation of hydrophobic ions and neutral jon 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 [8]. In that study the temperature
jump was produced by absorption of an intense light
flash. 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 temperatureump
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
2.1. Methods

The temperaturejump 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 [11,12]. For tempera-
turejump 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
[13] and a fast one employing light-induced 7-jumps
(8]. Aslight source a flash-lamp was used with an emis-
sion spectrum extending over the complete UV and
visible region. The Tjumps obtained were, however,
relatively small (0.1 —0.5°C), although a dye was added
to the aqueous solutions to improve light absorption.
Furthermore 7-jumps >>0.1°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 1.06 um). It can emit two types of pulses:
in the fixed Q mode the pulses are 400 us long and
have a maximum energy of 20 J, corresponding to an
intensity of 2 X 104 W/cm?2. Alternatively, in the Q
switch mode 40 ns pulses are emitted with a maximum
energy of 1.5 J per pulse (=4 X 107 W/cm?). 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 fixed Q mode, the intrinsic absorption of wzter
at the unshifted wavelength is large enough to yield
sufficiently high 79umps [16]. The intensity is well
below the leve] 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 us 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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F_ig. 1. Schematic diagram of the experimental arrangement
for laser-temperaturejump 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 R 4 . 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 illustrates the basic features of the voltage
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Fig. 2. Principle of the kinetic methods. (A) Typical current
relaxation following a voltage jump as obtained with 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 relaxation of the transport system starts

at Jy. (B) Temperaturejump current-relaxation method at
constant voltage. The T-jump at ¢ = 0 generates a transition
from the steady-state cumrent Joo(1) to the new current level
J=(2). () Combined voltage- and temperaturejump method.
Here the T3ump is superimposed on a series of short voltage
pulses. The method permits monitoring the Z7Jump-induced
relaxation of the initial current J after a voltage jump (sce
text for details). The ground 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 JY to Jo (2) is shown (cf. fig. 2B).

jump, the temperature jump 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 jon 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 fixed 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 jump 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 J (see fig. 2A). AtJy 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 Jj is obtained, a quantity unaffected by the un-
stirred layers. J;, is proportional to the ion concen-
tration inside the membrane [see section 3.1.2, eq.
(18)]. Thus, the relaxation of J, 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 Tjump at constant
voltage and the combined V- and THjump is given in
section 3. Qualitatively, the initial current increase
fromJ_.(1) to JO [and from Jy(1) to JO] 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(2)] 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 1.3°C (focused laser beam). In principle
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Fig. 3. Oscilloscope records of the current relaxation following 2 TJump for different systems (A7 = 0.3—0.4°C). (@) 75ump at
constant voltage for dioleoyllecithin membranes with 10~ M nonactin and 1 M KCl in water. Oscilloscope sensitivity: 1 ms and
10 nA per division. (b) 75ump at constant voltage for diphytanoyllecithin membranes with 10~ M nonactinand 1 M KCl in water.
Oscilloscope sensitivity: 1 sand 1.5 nA per division. (¢) 7jump at constant voltage for membranes formed from dioleoyllecithin with
103 M valinomycin in the mmebrane forming solution and 1 M KClin water. Oscilloscope sensitivity: 1 sand 15 nA per division. (d)
T-ump with the combined temperature- and voltagejump method for dioleoylecithin membranes with 10—5 M dipicrylamine and
0.1 M 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 um 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 4 for 1 .06 um and water
(or an aqueous solution of a colourless salt) at room
temperature is 0.063 cm—1 [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 (x) at a distance
x from the front surface of the cuvette — again calcu-
lated from Lambert—Beer’s law — is

AT() = (2.30341,/C) exp(—2.3034x) , )

with I being the intensity of the laser beam and C
the heat capacity of the medium. With the parameter
values x = 0.8 cm (membrane distance from the win-
dow of the cuvette) and I = 10 J/cm2 , one obtains
from eq. (1) AT = 0.31°C. This value agrees well with

the mean temperature increase found experimentally:
ATeyp = 0.35 £ 0.10°C. It was obtained from the ini-
tial current increase of valinomycin-induced cation
conductance following a temperature jump [compare
fig. 3¢ and eq. (16)]. The activation energies of the
single transport steps of this carrier system have been
determined previously by a voltagejump 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 temperaturejump methods are the following:
The time resolution of the Tjump method at constant
voltage is limited by the length of the laser pulse
(400 ps) and/or by the time resolution of the detec-
tion system. The latter is given by the characteristic

- charging time 7 of the membrane capacity Cy [8]:

V7o =(1Rpyy + 1R D/Cpp - Rey is the sum of the
external measurement resistance R 5 and the solution
resistance between the electrodes.
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Fig. 3a shows a Tjump 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 (=500 us) following a Tjump is of the same
order as the duration of the laser pulse (=400 us) and
the charging time 7, of the detection system (200 ps).

For the combined V- 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 re-established 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 J.

Forlong observation times the temperature stability
of the system is important. Calculations have shown
that, after a Tjump 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]. In 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 # >
4 sreflects 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 7jump 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 1°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 available 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 agueous phase [14], 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 1°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 fixed 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 11/40 com-
puter.

2.2. Materials

Optically black lipid membranes were formed
from a 0.5—1% (wt/vol) solution of lipids in z2-decane
(Merck, Darmstadt, GFR, standard for gas chromato-
graphy). The lipids were 1,2-dioleoyl-3-sn-phosphati-
dylcholine (dioleoyllecithin), rac-1,2-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 »H 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 ethanolic
solutions. The ethanol content never exceeded 1%.

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

Carriers: valinomycin and nonactin from Bohringer;
cyclo(D-VAL-L-Pro-L-VAL-D-Pro); (PV),synthesized
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by Gisin [23]; enniatin B (cyclo [N-methyl-L-valine-
D-a-hydroxyisovaleric acid]} ;) from Hoffmann—
LaRoche.

The temperature was kept at 25°C, unless stated
otherwise.

3. Theory
3.1. Hvdrophobic ions

The basis for a theoretical treatment of tempzrature-
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 ilius-
trated in fig. 4. The hydrophobic ion of valency 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 k] and & | the rate constant for desorption
is k& and the rate constant of adsorption is 8k. Accord-
ingly, B represents a partition coefficient defined by

B=NJ|C, @

where IV is the equilibrium ion surface density at one
interface. The reader should consult Ketterer et al. [20]
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 Tjump experiments and

adsorption sites
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Fig. 4. Kinetic model for the transport of lipid soluble ions
through membranes {20]. 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. THurnp 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 unstinned aqueous phases.
In the following we assume rapid diffusion in water, ie.
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 =BkC — (kK +k)N' +Kk;N" | (€3]
dN"[dt =BKkC+ KN’ — (k + K{IN" . @

N'(V") denotes the ion surface density at interface ’
(interface ). The steady-state interfacial concentration,
obtained by equating egs. (3) and (4) to zero, is,

N =BCk +2K)/(k + k3 + k) . ©)

An analogous expression holds for N (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 [20]};

ki =kel2 | ki =kje~"/2, u=VF|RT ©)

(k; 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 Tjump,
taking place at time ¢ = 0, gives rise to an instantaneous
change of the model parameters:

ki — Ak~ k;, k—Ak—>k, B—AB—>B.

While Ak; and Ak are always positive (positive temper-
ature coefficient of rate constants), Ag may be positive
or negative depending 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) = N'(2) and
N"(1) > N"(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 egs. (3) and (4):
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N'@)=N'(2) +aetIn1 + pe~tI72 Q)
N"(D) =N"(2)+a®/k)e—tI"1 —pe~t/72 | 8)
UYry =k, lr=k+K+% . ©

The constants 2 and b are long expressions and will not
be explicitly given. They are determined from the initial
conditions N'(0) = N’(1) and N"(0) =N"(1).

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

J(t) =zF [N'(DK, —N"(DK}] . (10)

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

JI@=J.(DA+apetl7y, an
with
J.(2) = 2zFBCrkk; sinh (zu/2) , (12)
1/7 = 17, = k + 2k; cosh (zu/2) , (13)
ar ={2BC cosh (zu/2) (K Ak; — k;AX)

— ABCk + 2k; cosh (zu[2)] (k — AK)} (14)

X{BCk[k — Ak + 2 cosh (zu/2) (k; — AkDI} L .
For |Ak;] < &; and |AK| < k one obtains

I v (Ak  Ax\ 4B
or = [—*1 Tay ( X _T) B | (142)
ay = 2k; cosh zu/2)/k , (15)

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- (11)]- The relaxation time is identical,

too. Differences are confined to the relaxation ampli-
tude: The voltagejump relaxation describes the volt-
age-dependent redistribution of the ions between the
two interfaces. The amplitude ay, of this process ap-
proaches zero when k;/k —> 0. The amplitude a4 of the
Tjump-induced relaxation consists of two terms. The
first one is proportional to a;, and may be understood
as a temperature-dependent redistribution of jons be-
tween the interfaces. Even in the case aj, — O (i.e. when
the voltage- jump relaxation disappears), a T-jump
relaxation may be resolved, if ay = —Af/B is sufficiently

large. This second term of ay is induced by the temper-
ature-dependent increase (or decrease) of the charge-
carrier concentration at the membrane interfaces. There-
fore, the Tjuip method can provide information on
the kir.etics 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 V" . In addition, there is an instantane-
ous increase AJ =J0 —J_ (1) of the current at time
t =0 (see fig. 2B), produced by an abrupt change of the
translocation rate constant k; — Ak; > k;. From eq. (10)

1
in combination with eq. (6) one finds the relation

JOLT (1) = k;/(k; — AKy) - ae)

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

F@) = —J.DUJ©O) —J Dl =e"t7 . (17)

3.1.2. Combined temperatrure 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 adjaceat 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 (V' =N"
=N), we find {in combination with eq. (6)]

Jo =J(0) = 2zFNk;sinh(zu/2) . (18)

The proportionality between Jg and /V may be used to
monitor the time dependence of the interfacial concen-
tration V after a T-jump by a sequence of short voltage
jumps (see fig. 2C). The changes in NV, induced by an
increase (or decrease) of the partition coefficient 8
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 adsorption/desorption
process at the membrane interface. Therefore, the time
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Enniatin B8

Fig. 5. Schematic concentration profile for hydrophobic anions

near the membrane interface after a 74ump (no voltage applied).

The charge-carrier concentration V at the membrane interfaces
decreases in case of TPB™ and TNP7; it increases for the neutral
ion carrier enniatin B (see figs. 7-9).

dependence of the voltagejump-induced initial cur-
rent J, , measured after a 7jump 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

Jo() =Jo(D[1 —(ABBF(D] , (19
with
Jo(2) = 2zFBCk;sinh (zu/2) , 20)

reflecting the steady-state concentration V(2) =8C,
which the system approaches after the 7jump.
The function F{#) is

F() = 4 f du exp (—u’ki) @D

T s @2 —1)2+ 48242 ?

with £ =2 B(k/D)1/2, where D is the diffusion coeffi-
cient of the hydrophobic ion in water. () is deter-
mined by the current observed in a T-jump experi-
ment: Since F(0) =1 and F(z > =) =0 [eq. (A.D}
one finds from eq. (19)

F() = o) =I5/ (0) —Jp(2)] - (22)

It is formally identicai to F(r) as defined in the con-
stant-voltage variant of the method [left side of eq.
(17)]. F(?) depends on three parameters: the desorp-
tion rate constant k, the partition coefficient §, and
the diffusion coefficient D [see eq. (21)]. In case of
rapid diffusion in water, F(¢) converges to exp(—k1)

[eq. (A.5)]. 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 &} and k{. The
“instantaneous” current increase AJ =J3 — Jo(1) at
t =0 (see fig. 2C) is identical in both versions of the
method feq. (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 (@), k and B8, 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(?) is mainly determined by k. This may easily
be seen from eq. (23), obtained by combining eqgs.
(18), (22) and (A 2).

dIn F(0)/dtl,_o = —k . (23)

In case of rapid diffusion [i.e. exponential decrease of
F()] eq.(23) is also valid for times ¢ > 0. If diffusion
in water has to be taken into account, the shape of
F(7) at times ¢ > O is influenced by & and 3. The gen-
eral behaviour of £ (#) for various values of the two
parameters is shown in fig. 6. The most rapid decay
of F(r) corresponds to the situation where diffusion
in water is relatively fast, that is when{ -0 (D >

kB2 /4) and exponential behaviour is found [see eq.
(A.5)]. In this case the concentration profile in the
aqueous solution is uniform. If kX = O 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 g — 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 7 () 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. THump-induced relaxation of F(£) = [J(#) — J . }/(Jg — J) as a function of the reduced time kt for various values of g and k.
(A) =101 cm; B) = 102 cm; (C) g = 10~3 cm; (D) = 10~% cm. The values of k (105 < k < 10 s™!) are indicated in each
graph. The dashed line represents the limiting case F(f) = exp (—k¢) obtained for rapid diffusion in the aqueous phase. For all graphs

the diffusion coefficient D was chosen to be 5.0 X 10~° cm? s~1, which is approximately the value for TPB and DPA.

tween membrane and water. tions under which F(¢) is independent of k. Further
Only certain combinations of the parameters D, 3, restrictions on the rangz of k-values are imposed by the
and k are experimentally accessible as illustrated in limited time resolution of the method (see section 2).
fig. 6. The curves have been calculated with D =5 X Assuming a lower limit of 1 ms and an upper limit of
106 cm? s— 1, approximately the value for DPA and 4 s, we find that for = 10—2 cm a determination of
TPB [38]. For this value of D the function ¥ () is k is hardly possible. For smaller values of 8, the range
sensitive to the choice of k only if 82k < 103 cm? of k accessible by our method is:
s—1 since the experimental uncertainty in the deter- B=10-3cm: 0.1<k<102s1,

mination of F(¢) is 0.1. Larger values of 2k corre-

spond, in practice, to the £ - <= limit, i.e. the condi- B=10"%cm: 0.1<k<103s71.
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We shall now compare the advantages of the voltage-
and the temperaturejump methods for the study of
the adsorption/desorptiion process. The voltagejump
method permits a relatively simple determination of
the translocation rate constant k; and the partition
coefficient 8 from the initial vaiues 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 7Jump method, on the
other hand, permits direct determination of k¥ from
the initia! slope of In F(r), while establishment of 8
requires computer analysis of the time course of the
current relaxation. Therefore, the two methods are
complementary with respect to a simple and straight-
forward evaluation of the desorption rate constant &
and the adsorption rate constant k. The T-jump
method extends the range of experimentally accessible
k-values considerably. The Vjump method fails if
either k;/k > 1 or k;/k < 1 {7]. In these cases the 7-
jump technique provides the only source of informa-
tion on &.

3.2. Neutral carriers of monovalent cations

The application of the TJump method to the
study of the adsorption/desorption process at lipid
membranes is not confined to ionic substances, but
may in principle 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]).
1t 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 voltagejump method [26—-29 21], by the charge
pulse technique {30—32] 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 finding that the exchuange of carrier molecules be-

tween membrane and water — inclucing unstirred
layer effects — is slow compared to the velocity of
jon 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 probiem on
the basis of 7-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 by Ng (Ng) and Nyg (Vass)-
the corresponding rate constants of translocation
across the membrane interior by kg and kg, the rate
constanis of desorption from the interface into water
by k' and k}{3, and the rate constants of adsorption
by Bgk§'™ and Byyskizg (see fig. 10 in appendix B).
Complex formation is described as a bimolecular reac-
tion. It can take place either in water (rate constants
kg - kp) or at the interface (rate constants kg, kp)-
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. NV 'S = Né'
=Ng and Niyg~ Nyg =Nyg-

(2) A Tjump changes the equilibrium constants X
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. Dg = Dy = D.

(4) The concentration ¢); 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, ¢y 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 k; is
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replaced by kg, NV by Nyyg 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):

k> (kT2 + KGaK, ep)I(1+ Kyey) (24)
B_)BS(I +thM)/(1 +KCL1) - (25)

with the equilibrium constants K = &g /kp, and K, =
kg [kp - As a result, the relaxation of the current is
again given by eqs. (19)—(23).

4. Results and discussion
4.1. Hydrophobic ions

Temperature-jump experiments were p2rformed 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 voltagejump 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 THump technique can be applied to TNP, while
the combined V- and 7jump method has to be used
for TPB and DPA. The method allows a determination
of the rate constant k& of desorption only if § < 103
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 8> 10—2 cm have
been reported [7.20]. The inadequacy of the 7-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 7-
jump (apart from the initial increase produced by the
temperature dependence of k;). Therefore, we used
negatively charged membranes, where f§ 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
Tjump relaxation and its analysis according to section
3.1.2. The instantaneous rise of J at = 0 (from Jy(1)
to Jg ,compare with fig. 2) is not shown. The decrease
of the current frch8 to Jo(2) reflects a reduced
membrane concentration of TPB with increasing
temperature, i.e. a negative enthalpy of the partition
coefficient B (see section 4.3). The error bars for F(#)
result largely from the uncertainty in J8 and inJ3(2),
which have to be obtained by extrapolation [for
Jo(2) usually a second record was taken with a larger
time scale]. F(¢) is clearly nonexponential indicating
the influence of unstirred layer diffusion. The solid
line represents the best fit of eq. (21) to the experi-
mental data. It was found that the shape of F(z)

T

Fig. 7. Semilogarithmic plot of F(¢) versus t for the current re-
laxation of the system tetraphenylborate/phosphatidylserine
following a temperature jump of 0.6°C (combined V-and 7-
jump). The membrane was formed from a 0.4% solution of
phosphatidylserine in decane in the presence of 0.1 M NaCl
and 10~5 M TPB in the aqueous phase (25°C, 100 mV pulses
of 2 ms duration, interval between pulses 10 ms, measurement
resistance Ra = 33 k2, 7=(1) = 0.7 2 A, charging time 7 = 0.9
ms). The inset shows the oscilloscope record with 50 ms and
50 pV per division. The steady-state level Jp(1) is suppressed.
F () was calculated from the experimental data according to
eq. (22); the bars indicate the measurement uncertainty. The
dashed line with slope —30s™! is the tangent to F(¢) for t = 0
[see eq. (23)]. The curves were calculated from eq. (21) with
D=5.2%10"%cm?s! {38] and k = 30 s~! for the indicated
values of g.
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Comparison of the 7jump and Vjump analysis of tetraphenylborate permeation through phosphatidylserine membranes3)

System Method ki(s™1) ki) B8 (cm)
10~5 M TPB in 0.1 M NaCl TH9ump - 56 +£16 (2.0:08)x10%
10~6 M TPB in 0.1 M NaCl Viump 41:16 61:15 (23 £0.7) X 10~2

2) The data represent mean values of 5 membranes and the standard deviation.

— though being very sensitive to 3 (see dotted lines)
and k [initial slope of F(#)] — is less sensitive to a
variation of the diffusion coefficient D. For the latter
a literature value was taken [38].

Table 1 shows that the T-Jump data agree well
with those obtained previously froma Vjump analysis
{7]1. The Tjump experiments were performed at
higher concentrations of TPB in water. This was done
in order to increase the membrane conductance and,asa
consequence, to improve the time resolution of the meth-
od. The applied concentration of 10—> 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 k; of translocation
acress 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 (1—-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 valinomycin are added [39]. 1t
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 7'-
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 7T~
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 (#) 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 Vjump-induced current relaxation of
very small amplitude cbserved previously for this sys-
tem [40] 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 Vjump 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(¢) shows that unstirred
layer diffusion is relatively fast. Thus, interpretation
of the experiment performed at constant voltage
yields [see egs. (17) and (13)]

llfexp =k + 2k; cosh(zu/2) , (26)
while the combined V- and Tjump experiment indi-
cates {see eq. (A.5)}

Yrexp =k - (X))
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Fig. 8. Semilogarithmic plot of F{¢) versus ¢ for the current
relaxation of the system picrate/valinomycin/diphytanoyllecithin
following a TJump of 0.3°C; (a) at constant voltage (@), (b) with
voltage pulses (o). The membrane was formed from a 0.5% solu-

- tion of diphytanoyllecithin in decane containing 10~3 M valino-
mycin. The aqueous solutions contained 10~2 M picrate (pH 6
with LiOH) and 1 M LiCl (25°C). Inset (2) shows the oscilloscope
record of the Tjump at an applied constant voltage of 100 mV
(measurement resisiance R A= 3.3k2,10(1) =155 uA, charg-
ing time 7¢ = 40 ps). The oscilloscope sensitivity was 50 uV and
2 ms per division. The base line is suppressed. Inset (b) shows
the record of the current relaxation with the combined T- and
V3ump method at the same membrane as in (a). 100 mV puises
of 0.2 ms duration were applied. The pauses between pulses
were 0.8 ms long. All other data are the same as in (2). The first
spike appearing in the record occurred before the 7-jump; it
defines /o(1). The bars in the graph indicate the measurement
uncertainty. The solid line was drawn with slope —330 s~ ! ac-
cording to eq. (17).

Both equations can only be satisfied if k; < k. This
condition is equivalent to a small voltage-jump ampli-
tude oy, [compare eq. (15)]. The relative magnitude
of the rate constants £ and k; may be assessed accord-
ing to eq. (26) by measuring the voltage dependence
of the experimental time constant 7,,,. Experiments
indicate that 1/1'exp 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 k;/k =~
3 X 10~2. This result accounts for both observations,
namely the identical 7jump relaxation curves at con-
stant voltage and with voltage pulses, and the small
unresolvable voltage-jump amplitude ;.. 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-
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Table 2
Temperaturejump relaxation data for 2 4,6-trinitrophenol2)

System Lipid TCC) 1l7exp [Ct))
TNP+10"3MVAL 18:1PC 25 130 + 14
16:4 CH3-PC 25 381 + 58
14 94 £ 11
3 19+ 5
TNP 16:4 CH3-PC 3 23= 5

2) The experiments were performed in 102 M solutions of TNP
in 1 M LiCl (pH 6) in the presence and absence of valinomycin
in the membrane-forming solution for the lipids dioleoyl-
lecithin (18:1 PC) and diphytanoyllecithin (16:4 CH3-PC).
The mean values (with standard error) given for 1 /"'exp cor-
respond to the rate constant k of desorpiion {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 Texp
may indicate 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 3°C
the same relaxation time 7., 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, =
97 kJ/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 k;/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. Neutral carriers of monovalent cations

Measurements were made on dioleoyllecithin 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 Tjump
(see fig. 3). This is in agreement with results obtained
earlier with a “slow” T-jump method [13]. There, it
was found that the exchange of valinomycin beiween
membrane and the unstirred aqueous phases took
place within a time range of 30 min. This may partly
reflect the relatively high partition coefficient 8g of
the order of 10~2 cm, which was reported for valino-
mycin and also for the macrotetroiides {28,29 36].
At high values of g, the relatively slow diffusion pro-
cess through the unstirred layers may play a dominant
role. In this case the fast 7Jump method described in
the present paper is less suitable (compare section 2).
For the valinomycin analogue PV smaller values of Sg
have been reported [23], which should be more favour-
able for a fast T3ump analysis. The result was, how-
ever, more or less identical to that of normal valino-
muycin, i.e. a relaxation could not be resolved.

The rise time of the “initial jump”, reflecting the
temperature-dependent change of the transiocation

rate constant k... lanalosoncs to ea. (16 was within
......... nis 12nalogous to eq. (16)], was within

the limitations of the apparatus (see fig. 32). The
same was found for diphytanoyllecithin membranes
doped with valinomycin. For this system we have re-
ported a delayed increase of kMs after a 7- jump [81.
This uuu.un'g, which was obtained with the uaml-xdulp
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 7-
jump relaxation could be resolved is enniatin B. The
molecular characteristics of this substance and also its
transport behaviour in membranes ars very similar to
valinomycin [41,32]. But its partition coefficient 8g
is considerably smaller due to the more polar nature
of this r-nmpnnnr! rﬂ”] Thig favourg a T_uumP ahal\r_
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 egs. (21)-(23). The curve is
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Fig. 9. Semilogarithmic plot of F (f) versus 7 for the current
relaxation of the system enniatin B/dioleoyHecithin following
a T5ump of 0.6°C. The membrane was formed from 2 1% solu-
tion of dioleoyllecithin in decane in the presence of 1 M KCl1
and 10~% M enniatin B in the agueous phase (25°C, applied
voltage 100 mV, measurement resistance 33 k€2, 7.(1) =0.73
pA, charging time 7¢ = 0.8 ms). The inset shows the oscillo-
scope record with a sensitivity of 0.1 mV and 50 ms per divi-
sion. The steady-state level /(1) is suppressed, also most of
the initial rise from Jw(1) to I? (cf. fig. 2B). Tite theoretical
curves were calcualated from eqs 2D-RDwithD=34 % 10‘6

cm?2 s~ and x=30s"1.

clearly nonexponential, shos
stirred layer diffusion. An interpretation on th
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 (Vg,
Npsg)are approximately equal to those of the right

membrane interface (Ng, Naxc), if the condition of
~s S TS

symmetry underlying eq. (18) is met, e_g. by applying
the combined V- and T5ump method. At a T-jump
with constant applied voltage, the condition of sym-
metry is fulfilled, if

2z Tvepy) cosh(@iD <1, (28)

withz = kMS/kD andv= (kMS/kS) kR_/kD (Cf. fig.
10); eq- (28) guarantees that, at a Vjump, the initial
current Jy isidentical to the steady-state current density
J (see eqgs. (3)-—\1) of ref. {.)D_U z aﬁuumay' 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+vcy,

=0.15.
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(2) Exact data for the relaxation times 1/7, =
krep +kp and 1/7= kg (g + o)) + kp 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 froin experiments
with similar systems. Benz [32] analysed enniatin B
in membranes formed from highly unsaturated mono-
glycerides by the charge pulse technique. Taking his
data for kg and kp,, one obtains 7, = 2 us. 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 forination of enniatin B in water have not been
reported. Grell and Oberbiumer [41] analysed the
structural analogue valinomycin; on the basis of their
data one obtains 7= 2 us. If we assume that enniatin
B behaves not too differently, we can expect the free
and the complexed species of this compound to equili-
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 =34 X 106 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 ¢y may be inferred from the
absence of diffusion polarization in a voltagejump
experiment.

(5) The diameter of the membranes used in this
study was =3 mm. The mean diffusion time 74 across
the membrane is many orders of magnitude larger
than the time range considered in fig. 9. For D =
10—7 cm?2/s — the upper limit of the lateral diffusion
coefficient of lipid molecules — one finds 74 = 5 X
10% 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
, B=(00x05)X10~4cm.

Egs. (24) and (25) indicate how & and 8 have to be inter-
preted in terms of the rate constants of the carrier model.
k isdetermined by the rate constants of desorption kg™
and k}'}g of the free carrier S and its ion complex

MS*. The interfacial association constant Ky, = kg /

kp appears as a weighting factor determining their rel-
ative importance. The exact value of Ky, is not known
for dioleoyllecithin membranes. In principle, it may

be obtained by a measurement of k£ as a function of
the ion concentration ¢y . These experiments could

not be performed, since at low concentrations cyy the
conductance increase induced by enniatin B is too
small for a successful application of the 7-jump
method. An estimate of Kj, is obtained as follows.

For unsaturated monoglycerides Benz [32] found
Ky, =1 and 1 <k pyg/kg < 10. Since for dioleoylleci-
thin membranes v = 0.13 (see above), we get Ky, =
krlkp <0.13 M—1_if we assume that the ratio s/
kg 1s simnilar for monoglyceride and lecithin mem-
brares®. As a consequence we find

k=45x15s"1

kP2 +013 k3 <4a5s7!, e

kT2 <455-1 and AD3 <345s-1. (29)

The translocation rate constants kg and kg of ennia-
tin B across the interior of monoglyceride membranes
were in the range of 105—106 s—1 [32]. For the dep-
sipeptide valinomycin kg and ky;g 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 rate 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 g from the measured parameter 8, if K, 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 7-
:iump experiments.



344

are known. The association constant K of complex for-
mation in water was estimated to K<<0.2 M—1 [32].
Assuming the same limit for K, as above (Kj; < 0.13
M—1), we find

Bs=pB=10X10"* cm.

This value may be compared to those obtained by Benz
[32]. who found 8g =~ 04 X 10~4 cm—1.1 X 10~% 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 10). 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])

k;=fiexp(—AF/RT) ., 30)
k=fexp(—AF/RT), (€2))
Bk =1If, exp(—AF,/RT), 32

AF;, AF and AF, represent the free energies of activa-
tion of the symmetrical inner membrane barrier and of
the asymmetrical interfacial barrier. f;, f and £ are fre-
quency factors, which are of the order of RT/hL =

6 X 1012 s—1 (n is Planck’s constant, L is Avogadro’s
constant)./ is the jump length for a jump from the
aqueous solution into the energy minimum at the inter-
face. The change in free energy AF®(8) under standard
conditions associated with the partition coefficient 8 is
obtained from egs. (31) and (32) as

AFO(B)=AF, —AF . (33)

The corresponding change in the enthalpy AHO(B) is
obtained from the temperature dependence of 8:
d1InB/d(1/T)=—AHOB)/R . (3%

It was calculated from the amplitude AT of the 7-
jump and the amplitude of the measured current relax-
ation. Since J o« 8 [compare eq. (12) or (18)] one finds
for small AT ’

AANAN= [AHOB)RTIATIT, (35)
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where AA represents the change in the membrane con-
ductance induced by AT. From an equation analogous
to eq. (35) the activation energy AE; of the rate con-
stant k; is obtained. Here, A represents the initial con-
ductance increase induced by the temperature dependence
of k; [compare eq. (16)]. AEj is related to the enthalpy
of activation AH; by AE; = AH; + RT [6].

Table 3 summarizes the results obtained for the dif-
ferent systems under study . In the case of enniatin B
AE; refers to the rate constant kpg and AH 0(B) to the
partition coefficient g of the neutral species.

For the picrate system, AH9(8) and AE; were measur-
ed at three different temperatures. While the data at 25
and 14°C 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 AH9(B) in con-
trast to the other substances under study. In this respect
it also differs from valinomycin, for which a negative
AHO(B) was found with the slow T-jump method [13].
In the case of enniatin B the two temperatiure-depen-
dent processes [characterized by AE; and AHY(8)]
cannot be separated by the slow method in contrast to
valinomycin, where the adsorption/desorption process
including unstirred layer diffusion is comparatively slow
(see section 4.2). For enniatin B the slow method re-
sponds to the sum of AE; and AHO(B). Experiments
performed under the same conditions as the fast 75ump
measurements gave a value of 121.5 £9 kJ/mole, which
is in reasonable agreement with AE;+ AHO(B) =985
+ 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, 8 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 [44]. Assuming an interfacial charge
density of one charge per 60 A2 and an jonic strength
of 0.1 M one can infer the partition cozafficient g0 of a
neutral membrane from the measured values for a nega;
tively charged one (table 1). The result is g0 =4.1 X
10—2 ¢m, which compares well with the experimental
value of § =3 X 10—2 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 75ump methods a)
System Lipid Electrolyte TCO) AHOp) AFE;
(kJ mole™1) (k3 mole™1)
10~5 M TPB PS 0.1 M NaCl 25 —147+ 29 331+ 63
102 M TNP, 18:1 PC 1 M LiCl 25 -377+113 41.5+13.0
103 M VALD)
16:4 CH3-PC 1 M LiCt 25 -373 =+ 75 448+ 46
i4 —30.2: 34 444 = 2.
3 —406 122 955 +184
1072 M TNP 16:4 CH3-PC 1M LiCl 3 —48.6 + 17.6 107.3 = 27.7
10-5 M enniatin B 18:1PC 1 MKCi 25 +16.8 = 4.2 81.7 = 13.0

a Al 0(B) is the enthalpy change associated with the partition coefficient g of hydrophobic ions or neatral carrier molecules between
membrane and water. AEj 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 least 4 membranes for each set of experimental conditions. Mean values are given
together with the standard deviations. (18:1 PC £ dioleoyllecithin, 16 :4 CH3-PC = diphytanoyllecithin).

b) In the membrane forming solution.

membranes, one finds 4% = 2.3 cm/s and from eq. (32)
AF, =31 kJ/mole (for a jump length ! = 10—7 cm).
Similarly AF = 63 kJ/mole and AF] = 64 kJ/mole are
obtained by making use of eqs. (30) and (31). Hence,
from eq. (33) AFO(B) = —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 (AF; =~
AF).

An ion being adsorbed from the aqueous phase has
to overcome a barrier of AF, = 31 kJ/mole. This value
for AF, 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 8k 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; i.e. eq. (A.5), the condition for rapid unstirred
layer diffusion is violated. On the other hand, the time
dependence of the relaxation is also influenced by 8k,
as may be seen from the theoretical curves ir fig. 7.
The relative contributions of unstirred layer diffusion
and interfacial barrier AF, may be assessed as follows:
According to Zwolinsky et al. [6], diffusion through
the unstirred layers may be described as a passage of
the ion across an infinite series of activation barriers.
The rate constant X 4;¢¢ of the transport across a single
barrier is related to the diffusion coefficient D by

D =kgeel? (36)
where / is the distance between two energy minima.
Assuming D =5 X 106 cm?/sand = 107 cm, we
obtain kg;ee = 5 X 108 s~1_ For a similar treatment of
the adsorption process we have to replace k8% by kam
= kB9l (k*™ is the rate constant of adsorption for
molecules within an aqueous layer of thickness 7 ad-
jacent to the membrane interface). From the data -
given above we find A3™M = 2.3 X 107 s—1_ This is more
than one order of magnitude smaller than & g;¢f.
Smaller values of I increase the difference between
kgifr and k2™ (the value I = 10~7 cm probably repre-
sents an upper limit).

For enniatin B, the difference between & g;¢r and
kM js considerably larger. An analogous calculation
gives kqir = 3.4 X 108 s—1 and A2m < 4.5 X 104 5!
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 X*™ 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 lipid 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 micelles [45—50]. Sus-
pensions of such microscopic particles may be studied
in a conventional 7jump 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-anilino-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 polar 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 filmns, 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. Temperaturejump theory for
hydrophobic ions including diffusion in the aqueous
phase

The combined temperature- and voltagejump 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 k; = & . The initial
conditions are

C'=C"=Cg, N =N"=(@-—ABCy.

where Cy is the bulk concentration of hydrophobic
ions in the aqueous phase. The temperature jump
changes the partition coefficient from g8 — Ag to 8.
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.1), the equation for the adsorption/
desorption process at the interface (A.2) and an ap-
propriate boundary condition (A.3):

ac/or =D d2Cjax? | (0: W)
dN/dtr =BkCy— kN, (A2)
D aCfax|,-g =dN/dz , (A.3)

Cy is the concentration at x = 0. Substituting n(#) =
N(@) — (B~ AB)Cg and e(x, ) = C(x,b) — Cy, one
obtains

dcfat =D 3%clax? |
dnfdr =Bkcy — kn + kABCy ,
D ocfaxl,—q = dn/dt ,

and the initial conditions 72(0) = ¢(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(z) has the following properties:

(@ FO=1 and F@—=)=0, (A4d)
(b) rapid diffusion: £ — 0 (D > kf2/4)
F(r) =e~kt, (A5)
(c) slow diffusion: £ e (D <kpf2/4)
F (1) = et erfc [(@DV/?] , (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.
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Appendix B. Temperaturejump theory for neutral
carriers of monovalent 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 analysed under the con-
ditions of a Tjump experiment using assumptions
(1)—(5) summarized in section 3.2.

Since the system is symmetrical (assumption 1),
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,

aC‘S/at =Ds 3208/3x2 - chScM + E.‘)C]\IS » (B.l)

dcps/dt = Dygd?eys/ox? +kgegoy — EDCMS('B N
2

The concentration ¢y; 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

dArs/dt =Bskxsnacg _(kg‘a‘l‘chM)Ns‘kaNLis(,B )
3
dNys/dr=Byskgacis + kremNs — (2 + kD)J\(’ 1;3154-)

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

Dg 93cg/dx .= = Bsk§cQ — kTN , (B.3)
_ 0
Dys 3cpms/0x =g = Bms ApMs cMs — Aas Vums - (B-6)

The time derivative of the total carrier concentration
¢ =cg + cypg in water is the sum of egs. (B.1) and
(B.2),

dc/dt =D 32clox2 . (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,

cg=c/(Key+ 1), cpms = Keye/(Key +1), (8.8)

NS =N/(thl\i + ]) 5 Nl\ls :thA\iNI(KhCLi + 1),
(B9

where N = Ng + Vg represents the total carrier con-

centration at one interface. Using egs. (B.3), (B4),

(B.8), (B.9) and relation (36)

BsKp =BmsK ,

one obtains for the time derivative of V:

an _ . kP EysKpem o K§P +kgsKnem

dr S KCM +1 thlﬂ +1] (B.l 1)

Taking the sum of eqs. (B.3), (B.4) and (B.5), (B.6),

one finds (using assumption 3)

Doc/ax |, .-q=dN/dzr . (B.12)

Eqgs. (B.7), (B.11) and (B.12) are transformed into
eqs. (A.1)—(A3) of the corresponding problem for
hydrophobicions by making the identifications stated
in egs. (24) and (25) (see section 3.2).

(B.10)
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