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Summary. Some effects of diffusion polarization and chemical reactions on the steady-
state zero-current conductance of lipid bilayers mediated by neutral carriers of ions have
been studied theoretically and experimentally. Assuming that ion permeation across the inter-
faces occurs via a heterogeneous reaction between ions in the solution and catriers in the
membrane, the relationship between the conductance and the aqueous concentration of
carriers is shown to be linear only in a limited range of sufficiently low concentrations. At
higher carrier concentrations, which for the most strongly bound cations are within the range
of the experimentally accessible values, the conductance is expected to become limited by
diffusion of the carried ion in the unstirred layers and therefore reach an upper limiting value
independent of the membrane properties. This expectation has been successfully verified for
glyceryl-monooleate membranes in the presence of the ions K™, Rb™ and NHJ and carriers such
as valinomycin and trinactin. The experimental results support, at least for the present system,
the generally accepted view that complexation between ions and the macrocyclic antibiotics
occurs at the membrane surface; it is shown, in fact, that for a different mechanism, such as
that by which the complexes would form in the aqueous solutions and cross the interfaces as
lipid-soluble ions, the same type of saturation would be expected to be observable only for
unrealistically high values of the rate constants of the ion-carrier association. A previously
proposed criterion to distinguish between these two mechanisms, based on the dependence
of the conductance on the ion concentration, is discussed from the viewpoint of this more
comprehensive model.

In this paper we discuss some effects of the aqueous unstirred layers on
the steady-state zero-current conductance of thin lipid membranes
induced by neutral carriers of ions, such as the macrocyclic antibiotics
valinomycin and trinactin. Theoretical and experimental studies on carrier-
mediated membrane properties, encompassing the effects of aqueous
diffusion polarization, have been presented previously by LeBlanc (1971),
Neumcke (1971b) and Hladky (1972, 1973). The first two authors concen-
trated on charged ion-complexing molecules, such as some uncouplers of
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oxidative phosphorylation, while Hladky (1972) presented a theory in a
generalized formalism, applicable to both charged and neutral carriers.
The analysis given here, although restricted to the zero-current conductance
for membranes between identical solutions, is more general than the pre-
vious ones in that it relaxes the assumption of local equilibrium of the
ion-carrier complexation reaction in the solutions and considers explicitly
the diffusion of the ions in the unstirred layers, thus allowing for an effect
which is essential for a satisfactory understanding of the behavior of the
steady-state conductance. We will show theoretically that, if the diffusion
of the permeant ion in the unstirred layers is considered and if the mechan-
ism of ion permeation across the interfaces is a heterogeneous reaction
between ions from the solutions and antibiotics from the membrane
[(R;) mechanism], the membrane conductance as a function of carrier
concentration is expected first to increase linearly, then bend, and finally
reach a saturation value dependent solely on the properties of the aqueous
unstirred layers. These expectations have been tested and verified success-
fully for glyceryl-monooleate membranes in the presence of the ions
potassium, rubidium and ammonium, and carriers such as valinomycin
and trinactin. Not only is the experimental behavior of the conductance
qualitatively similarto that predicted theoretically, but also the thickness of
the unstirred layers, as deduced from the analysis of the conductance, is
consistent with that measured by an independent and more direct method.

The fact that the conductance reaches an upper value at high concen-
trations of carriers is not surprising and is intuitively expected if one con-
siders that increasing the concentration of carriers decreases the membrane
resistance, so that the current becomes eventually limited by diffusion of
the ions in the unstirred layers. Nevertheless, it is interesting to ask whether
the possibility of observing experimentally this limiting conductance
depends on the particular nature of the mechanism of ion permeation across
the interfaces; more precisely, is it expected to be observable only when the
mechanism of permeation is the heterogeneous reaction [(R;,) mechanism],
or would it be so also if the complexes formed in the solution and crossed
the interfaces as lipophylic ions [(B) mechanism]? It will be shown in the
Discussion section that, if (P,) were the actual mechanism in our system,
such a saturation would be expected to be detectable only for chemical
rate constants higher than those of diffusion-limited reactions, and there-
fore physically unreal. Analogous conclusions as to the plausibility of
neglecting the contribution of the (P,) mechanism were reached previously
by Stark and Benz (1971) from considerations on the limiting current
rather than the zero-current conductance. This result seems interesting
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to us, because it can be used in appropriate cases to infer the nature of the
mechanism of interfacial permeation, and because it provides support
to the currently prevailing opinion that a heterogeneous reaction between
ions and carriers is occurring indeed in the case of valinomycin and trin-
actin (Stark & Benz, 1971; Stark, Ketterer, Benz & Liuger, 1971; Ciani,
Eisenman, Laprade & Szabo, 1973 a; Hladky, Gordon & Haydon, 1974).

In previous papers, such as those just mentioned as well as in others
(Lduger & Stark, 1970; Ciani, Laprade, Eisenman & Szabo, 1973b), a
criterion for identifying the nature of the mechanism of interfacial permea-
tion was deduced from theoretical models which neglected the effects of un-
stirred layers, and was based ona property of the dependence of the con-
ductance on the concentration of ions rather than that of the carriers;
more precisely, a deviation from linearity of the conductance at high
concentrations of the permeant ions, not explainable in terms of aqueous
association, was considered to be indicative of the presence of the inter-
facial reaction. However, Hladky (1972) has pointed out that the presence
of unstirred layers makes it difficult to discriminate between the two
mechanisms (B,) and (R;,) on this basis. We have come to the same con-
clusion; it will be shown, in fact, that when the effects of diffusion and
chemical reactions in the unstirred layers are taken into account, the same
type of saturation, previously considered a unique characteristic of the
interfacial reaction (R;), may be expected also in the case of the (B,)
mechanism, and therefore is not a sufficiently discriminative criterion
per se. The independent criterion presented in the Discussion section of
this paper and based on the study of the dependence of the conductance
on the concentration of carriers is probably more reliable since it was
deduced from a more comprehensive model.

Description of the Model

The model assumes that the ion-carrier complexes are the only charged
species present in the membrane. If J' denotes the net flux of complexes
across the membrane, the total current density I is

[=zFJ¥ (1)
where F is the Faraday and z the valency of the complex.
Assuming that ion-permeation across the interfaces is due to a hetero-

geneous reaction between ions from the solutions and carriers from the
membrane, rather than to partitioning of the complexes formed in solution,

1 We will use an asterisk to denote all the quantities pertaining to the membrane phase.
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we will deduce here the results for the former mechanism and will defer the
analysis of the latter to the Discussion. Two such mechanisms are represent-
ed schematically in Fig. 1a and b, and will be briefly referred to as (R,,)
and (B,), respectively.

For a clearer description of the model and the assumptions underlying
it, we consider separately the equations of transport in the unstirred layers,
across the interfaces and in the membrane interior.

The Unstirred Layers

The concept of “aqueous unstirred layer” (see Vetter, 1967) is a useful
approximation to account for the fact that in nonequilibrium situations,
such as when current is passed through the membrane, the convective
movement caused by stirring of the solutions is never effective enough to
equalize the aqueous concentrations up to the interfaces, but always
leaves unaffected a region adjacent to the membrane. Even though the
transition between the bulk stirred solution and this static region must be
gradual, the simplest way to describe its effect is to assume the existence
of a convection-free aqueous layer of a given thickness, where the ionic
fluxes are governed by electrodiffusion. We postulate, however, that in
our case the applied potential drops entirely within the low dielectric
interior of the membrane, so that the transport in the unstirred layers is
determined by diffusion alone. Considering unidirectional fluxes perpendi-
cular to the membrane and assuming ideal behavior in the aqueous
phases for both the carriers s and the complexes is as well as constant
activity coefficient for the permeant ion i 2, the flux equations for these three
species will be

dc;
Ji=—DiT’ —~0<x<0; dEx=d+6 (2)

X

dcC
JS=—1)37i —0<x£0; d€x<d+6 (3)

X

dc;
Ji,=—D,, y Z —5<x=50; dSx<d+6. 4)

X

0 and d are the co-coordinates of the interfaces, and ¢ is the thickness of
the unstirred layers. Since the three species i, s and is are linked by the
chemical reaction of complex formation and dissociation, the three fluxes

2 This is a plausible approximation if the ionic strength in the aqueous layer is kept constant
by addition of a sufficiently high concentration of an impermeant electrolyte (e.g. LiCl).
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Fig. 1. Model for the carrier-mediated ionic transport. (a) Refers to the “heterogeneous
reaction” mechanism of interfacial jon permeation (Ry); (b) to the “partitioning” of the
complexes formed in the agueous solution (P,)
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J;, J, and J; will be, in general, functions of x; if K£vF ¢;(x)c,(x) denotes

the rate of formation and K2 c;(x) the rate of dissociation of the complexes
in moles per unit time and volume, the mass conservation equations give
at steady-state

dJi_ dJs_dJis_KF . KB p
dx . dx  dx isVio ci(x)cg()— Kisei(x) . (5)

Kf and KZ are the rate constants of formation and dissociation of the
complexes in the aqueous phase and y; is the activity coefficient of the ion,
assumed to be equal to the mean activity coefficient of the electrolyte.
Combining Eq. (5) with the three flux Egs. (2), (3) and (4) we obtain the
following nonlinear differential equations in the variables ¢;(x), c,(x) and

cis(x):

D dzci __D dzcs_ D dzcis
x2S A s 1x2 5<x<0 (6)
— 0SS X>
_ Pt —_ KB -
=Kisyi ci(x)cs(x) — Kisci(x) d<x<d+6

For small displacements from equilibrium, such as when low currents are
passed through the membrane, these equations can be linearized and inte-
grated analyticallyaccording to a proceduredescribed in Appendix B.

At equilibrium (J;=J,=J;,=0), Eq. (5) gives

Cis Kfs
o] xx )
ibs-eq is .

where the activity g; is equal to y7 ¢; and K;; is the equilibrium constant
of the association reaction. Since the total concentration of carriers

CsT=Cs+Cis (8)

is a known variable, rather than ¢, and ¢;,, it is convenient to express these
last two quantities in terms of ¢! and a;. From Eqgs. (7) and (8) we deduce
easily

o K cla

- = s T 9
Cs 1+K; a;’ Cis 1+K;,a ®)

The Membrane-Solution Interfaces

Consistently with Fig. 1a, which represents the (R;) mechanism, two
processes are postulated to occur at the membrane-solution interfaces:
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1) The “partitioning of the neutral carrier ”, by which the carrier mole-
cules are exchanged between the aqueous and the membrane phase. Using
the formalism of “chemical kinetics”, the rightward flux of neutral carriers
across the left interface will be given by

J(0)=k{ ¢,(0)— kg cX(0). (10)

¢,(0) and ¢¥(0) are the interfacial concentrations of neutral carriers outside
and inside the membrane, respectively; the rate constants, k! and k2, are
related to the partition coefficient k; by

[50] e

2) The “heterogeneous reaction” of complex formation, by which an
ion from the solution reacts with a carrier from the membrane to form a
charged ion-carrier complex in the membrane. Denoting the rate con-
stants of association and dissociation by K¥ and K, respectively, the rate

of complex formation at the left interface will be given by
dA(0)

==Ky cl0)ex ()~ KPes(0) (12)

where d 1(0)/dt is meant to be expressed in moles per unit time and surface.

At equilibrium _

ci(0) Kf =

[————* ] =y =5 =7 K. (13)
ci(O) Cs (O) eq Ki

Note that the rate of the interfacial reaction given by Eq.(12) coincides

with the net flux of ions i across the left interface J/*(0), and is related to
the current density by

aM0) =Ji"(0)= d 14
0= (14
The Membrane Phase

It has been shown previously (Haydon & Hladky, 1972; Hladky, 1972;
Ciani et al., 1973 b) that the formal expression for the zero-current con-
ductance in the constant field approximation is by and large independent
of the particular equation of transport used to describe the transmem-
brane fluxes® For example, two alternative approaches, such as those

3 This would probably not be true if we used the formalism of the irreversible thermodynamics
to allow for the interaction between the fluxes of the neutral carriers and of the charged com-
plexes.
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based on the Nernst-Planck equation or the Eyring absolute rate reaction
theory, and corresponding to the cases in which the membrane is viewed
either as a flat or a sharp energy barrier, lead to entirely equivalent results.
We will use the Eyring formalism, because it is the least cumbersome, and
will also schematize the membrane as a single activation energy barrier
for both the neutral carriers and the charged complexes.

The fluxes of the carrier and the complexes will then be described by
the two following equations

JF=AF[cF(0)—cF(d)] (15)
and
Jit = Ax[e?? ci(0)— e~ * ck(d)] (16)
where ¢ is the transmembrane potential in RT/zF units,

_zF

=RT (17)

¢

and A*, A} are the rate constants of crossing the interior of the membrane.

Theoretical Results

A general expression for the zero-current conductance, independent
of the particular mechanism of permeation across the interface, is deduced
in Appendix A and is given by

i A cii(eq)

: 18
RT 1—2zFA%[0] A% (18)

Goi:

c¥(eq) is the equilibrium concentration of complexes at either interface
and A%[0] represents the deviation from equilibrium, caused by the unit
current density, of the concentration of complexes at the left interface,
namely

01 HOZHED)_[d2O] )

-0 I dl  1;_,

The explicit value of A%[0] depends on the mechanism of interfacial per-
meation, as well as on the processes in the unstirred layers. For the (R;y)
mechanism the expression is calculated in Appendix B; the general result
is complicated, but can be approximated in most practical cases by

1 1 K;yi K—H’iDt ky o
A?;[O]z—'Z—FT{EB‘F 2A;k ci+TCS . (20)
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Substituting Eq. (20) in Eq. (18) and expressing cf(eq) in terms of ¢, and
¢; by use of Egs. (13) and (11), we find

2 F? kiL;c;c,

G .= . 21
* RT 1+N,¢+PBc @)
where
K. vEA*
L=t 0is (22)
1+2A4%/K;
L
N; =4 (23)
and
2k, L; 6
p="tl 4)
D,
At concentrations of carriers sufficiently high that 1+ N, ¢; <P, ¢,
2F? kL, 1F? D,
Gzz;t:_?____ 5 i _ Z 1 (25)

RT P " RT 28

Eq.(21) reduces to previously derived expressions for the conductance
(Markin et al., 1969; Lauger et al., 1970; Ciani et al., 1973 a, b) when

Pc,<1+N,¢;. (26)

It will be shown, however, that for the most permeant ions and for
sufficiently high concentrations of the carrier, relationship (26) is not
satisfied, so that the term P, ¢, must be taken into account in the description
of the steady-state conductance. Eq. (24) shows that, when D, is known, the
ratio between the experimentally measurable parameters P, and k, L; gives
the thickness of the stagnant layer 6. We will calculate this ratio and will
compare it with the value of 6 measured by an independent method.

Experimental Results

Materials and Methods

Glyceryl-monooleate purchased from Sigma (St. Louis, Missouri) was diluted in n-decane
to form a solution of 2.5 % by weight. Bilayer membranes were formed across a 1-mm?
hole in a teflon chamber. Valinomycin was purchased from Calbiochem (Los Angeles,
California), while trinactin was a generous gift from Hans Bickel of CIBA.

A Keithley electrometer (Model 602) and a Hewlett Packard strip-chart recorder were
used to measure the transmembrane current following a procedure analogous to that described
by Szabo, Eisenman and Ciani (1969). The electrodes were chlorided silver plates of about
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5cm? area. Stirring of the solutions at the rate of 225 rpm was obtained by coupling two
teflon-covered magnets (1 cm long) with an external rotating magnetic field.

The measurements of the membrane conductance as a function of carrier concentration
were performed adding small amounts of a concentrated ethanolic solution of the antibiotic
on both sides; in most cases the entire conductance-concentration curve could be deduced
from measurements on the same membrane, The diameter of the membrane was measured
and controlled continuously during the experiment with a micrometric ocular. To avoid
possible ionic strength effects on the conductance, as well as to maintain the resistance of the
solutions far below that of the membrane, the total ion concentration was raised to 1M by
adding appropriate amounts of the highly impermeant electrolyte LiCl, except in the case
when NH was used as the transported ion.

For the measurements of the time-dependent current decay following a voltage step, a
different teflon chamber was used with the two sides of the partition converging to the hole
with identical inclination. The time course of the current was recorded on a Varian 2100 XY
recorder, using a sweep rate of 1 cm/sec. To increase the unstirred layer thickness, so as to
provide better conditions for the analysis of the time dependence of the current, the stirring
rate was reduced to 50 rpm.

In order to gain independent information on the range of solubility of valinomycin in the
aqueous solutions, optical density (OD) measurements were made with a Zeiss PMQII
spectrophotometer.

The optical density of ionic solutions contairing various amounts of valinomycin was
determined by comparison with that of the corresponding valinomycin-free solutions.
The ionic composition of the solutions was the same as that used for the conductance measure-
ments. The concentration of valinomycin was increased by adding small amounts of a stock
ethanolic solution (10~%m). Ethanol for UV spectrophotometry purchased from Carlo Erba
(Milan, Italy) was employed. In each measurement the same amount of ethanol was added
alsoto thereference cell. After addition of valinomycin the solutions were vigorously shaken.
OD was determined before and after centrifugation at 4500 rpm (~2500 x g). All the experi-
ments were carried out at the wavelength of 220 nm.

Steady-State Zero-Current Conductance as a Function
of Carrier Concentration

The steady-state conductance in the ohmic region was measured ap-
plying low voltages (V< 10 mV) to membranes formed across a hole 1 mm
in diameter* and interposed between solutions of identical composition.
The principal features of the relation between the conductance G,; and

4 Benz et al. (Benz, Stark, Janko & Lauger, 1973) report that for membranes of such a small
arca the specific conductance in the presence of valinomycin increases with the diameter,
probably because of the exchange of neutral carriers between the membrane and the surround-
ing torus. In our experiments the membrane area, even though quite small (0.8 mm), did not
vary from one experiment to the other by more than 15 %, and we never found inconsistent
values for the steady-state specific conductance. Nevertheless, the presence of a flux of carriers
between the membrane and the torus might very well seem to invalidate the results of the theo-
retical model which assumes rigorous equilibrium at zero current. In Appendix C we show,
however, that a steady flux of neutral carriers from the membrane to the torus modifies the
expression of the conductance only to the extent of requiring the partition coefficient k, to
be replaced by a slightly more complex combination of parameters, but has no influence
whatsoever on the validity of Egs. (21-26).
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Fig. 2. Membrane conductance G,; as a function of valinomycin concentration, in a log-log
scale, for the indicated concentration of KCl. The ionic strength was held constant (1m) by
addition of LiCl. T=20°C

the concentration of carriers ¢, can be observed already in Fig. 2, where
the four series of experimental points refer to measurements carried out at
different concentrations of KCI. For low values of ¢, the plot of log G,; vs.
log c, is a straight line with slope of one; at higher values (10~ 7 M), however,
a bending approaching to saturation can be observed. The slope of unity
in the initial part of the diagram implies a linear dependence of G,; on c,,
in agreement with data reported previously by several authors (see, e.g.,
Gotlieb, Buzhinsky & Lev, 1968). However, the saturation of the con-
ductance which is seen at higher concentrations when the system is in a
true stationary state® has not, to our knowledge, been carefully analyzed

5 Our steady-state measurements were taken after waiting at least 10 min after addition of the
antibiotic to the continuously stirred aqueous solutions. In the course of each experiment the
potential applied to the membrane was periodically inverted. After these sudden changes,
the behavior of the current was characterized by an initial peak, decreasing slowly to a steady-
state level; such steady-state was used to calculate the conductance. If one plots the conductance
as calculated from the peak values, an almost linear relation between G,; and ¢, is found at
least up to 5x 10~ °m. Fig. 3 illustrates this feature comparing the peak conductance with the
corresponding steady-state values for 10~2m KCIL
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Fig. 3. The steady-state conductance (m) compared with the corresponding conductance (o)
measured at t=0 after application of a voltage step. KCl=10~?M and ionic strength=1mM by
addition of LiCl

before. Such behavior can be interpreted as due to unstirred layers and is
clearly expected from Eq. (21) when the term P, ¢, is comparable or greater
than 1+ N, ¢;. Consistently with Eq. (25), the limiting values for the con-
ductance shown in Fig.2 are proportional to the concentration c; of the
transported ion.

Table 1 gives the values of the three parameters k, L;, N; and P/2 ex-
tracted from the best fitting of the experimental points of Fig.2 with
Eq.(21). In the same Table are given also the values for the thickness of
the unstirred layers, as deduced from P/k, L; and using 1.75 x 10~ cm?/sec

Table 1. Values of the parameters and of the unstirred layer thickness, d, deduced from the
best fitting of the experimental points of Fig. 2 with Eq. (21)

¢ (M) log G,; N, x 102 (kyL;) x 107 (ksLii) x107%  §(m)x 10*
(Qfl Cmfz) D,- .
Cs—> 00 m3/moles m*/sec moles m?/moles

10-1 -0.7 42409 1 £01 1 +04 2 +1

10-2 -2 4 +1 13401 25+03 33+06

10-3 —-28 1 401 1.3+02 23405

10-# -3.7 1.1£0.1 1.14+0.2 1.8+04

5 has been calculated taking D;=1.75 x 10~ °m¥sec. The carrier was valinomycin.
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Fig. 4. Membrane conductance as a function of valinomycin concentration, in a log-log
scale, for various10~3M salt solutions. For the RbCl and KCl curves the ionic strength was
raised to 1M by addition of LiCl. T=24 °C in the RbCl and NH,C] experiments

for the aqueous diffusion coefficient of potassium. We will see that these
numbers are in agreement with those obtained independently by a method
to be discussed later.

Note that the two curves of Fig. 2 corresponding to the KCl concen-
trations of 10~? and 10~! M start bending at higher concentrations than
the first two. This is consistent with the fact that deviation from linearity
is expected when
N 1+ N ¢
B

T

cs (27)
and that, for the value of N; given in Table 1, N, ¢; becomes of the order of
unity at ¢;~10"2 M.

Fig. 4 compares the behavior of the membrane conductance as a func-
tion of valinomycin concentration for the three ions Rb*, K* and NH .
The relevant feature of this set of curves, obtained for equal ionic con-
centrations, is the convergence to approximately the same saturation
value, despite the different conductances in the linear region. This result
is consistent with Eq. (25), since the aqueous diffusion coefficients of the
three ions are about the same and also the thickness of the stagnant layers
is expected to be independent of the particular ionic species dissolved.
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Fig. 5. Conductance behavior for two different carriers, valinomycin and trinactin, at 1073m
KC1. The ionic strength was raised to 1m by addition of LiCl. T=20°C

The fact that the carrier concentration at which the saturation becomes
appreciable increases in the sequence Rb*, K* and NH} is clearly ex-
pected from condition (27), considering that B=2k L;d/D; decreases in
the same sequence, as is shown in Table 2. Fig. 5 illustrates the behavior
of the conductance for the two different carriers valinomycin and trinactin
at 10~3 M KCI. Also in the case of trinactin the curve bends, tending to a
plateau; the saturation value deduced from the best fit of the data with
Eq.(21) is, within experimental errors, equal to that of the curve for
valinomycin. This is expected from Eq.(25), since the limiting value for
the conductance is independent of the nature of the carrier.

Table 2. Values of the parameters and of the unstirred layer thickness 6 deduced from the best fitting of the '
experimental points of Figs. 3 and 4 with Eq. (21). The valtues of the diffusion coefficients employed in the
evaluation of é are indicated

1)
Ion  Antibiotic ¢ Tonic D;x10° log G, (k,L;)x 10% (ks L; 7) 5(m)
(M)  strength (@ 'em~?% 10-3 i x 10%
(M) m2/sec  ¢,— o0 m*/secmoles  m?®/moles
Rb* Valinomycin 10-3 1 1.75 —2.7 27402 28404 1.840.5
K* Valinomycin 1073 1 1.75 —2.38 1 401 13402 23405
NH; Valinomycin 10-* 103 1.85 —3.1 0.108 +0.005 0244002 4 405
K*  Trinactin 1073 1 1.75 —-28 0.64 +0.003 0.69+0.07 19403
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Fig. 6. The ratio G/G,; between the conductance G at a given rate of stirring and the conduct-

ance G,; at 225 rpm versus the frequency of stirring v at the indicated valinomycin concentra-

tion. The KCl concentration was 10~3M and the ionic strength was raised to 1M by addition
of LiCl

Dependence of the Conductance on the Rate of Stirring

Further evidence that at high values of the carrier concentration the
rate-limiting step for ionic transport is diffusion across the unstirred layers
can be given by an analysis of the effect of stirring on the steady-state
conductance level. In fact, since the rate of stirring affects the thickness of
the unstirred layers, it should also affect the current density in the range
of carrier concentrations where diffusion across the unstirred layers be-
comes rate limiting.

Fig. 6 illustrates this effect; at low carrier concentrations (e.g. 10~° M),
where transport is expected to be controlled by the movement of the
complexes across the membrane interior, the rate of stirring has no in-
fluence on the conductance. On the other hand, at higher concentrations,
such as 10~ 7 M and 10~ % M, variations of the conductance of the order of
609, were determined.

Time Dependence of the Current Density after a Voltage Step

An additional test that diffusion across the unstirred layers is rate
limiting at high concentrations of valinomycin can be given by the analysis
of the time dependence of the transmembrane current after the application of
a voltage step. LeBlanc (1969) and Neumcke (19714) have shown that when



16 S. Ciani, F. Gambale, A. Gliozzi and R. Rolandi

the rate of transport is determined by the unstirred layers, the time depend-
ence of the current after a voltage step is not a simple exponential. For
unstirred layers of finite thickness and in the limit of membranes with
infinitely high conductivity Neumcke gives the following expression for
the current

Di - 2 Ts
I(t)=zF |/ ;t—(ci(d)——c,-){1+2v§exp [—2v t—]} (28)

where ¢; and c;(d) are the ionic aqueous concentrations in the bulk solu-
tions and at the right interface, respectively, and t,=362/2D;. Considering
that for t<t, the sum of the series on the right-hand side is negligible
compared to unity, recalling that for unstirred layer limited currents

Io0)=2F ~* [efd)—c] 29)

we find for ¢ <1
I(®) 0

I(o0) B VrD;t .

Eq. (30) has been shown to fit accurately the data for the time dependence
of the bilayer conductance in the presence of the highly permeant anion
Tph B~ (Neumcke, 1971a) and it might be applicable also to our system
when the ion fluxes become unstirred layer limited. To see whether this 18
indeed the case at high ¢, various experiments have been performed
applying voltage steps of different values across membranes interposed
between KCl solutions in the presence of valinomycin (cgq;=10">M;

.=5%10"%m). In all cases the t~'/* dependence of the current was ob-
served for t<10sec. Note that this range satisfies the conditions t<7;
in fact, substituting the following experimental values: D;=1.75x 10~°
cm?/sec and 6 ~0.35 mm, one finds 7,=35 sec.

A different teflon chamber was used in these experiments with sym-
metrical geometry on the two sides of the hole; moreover, the rate of
stirring was reduced to 50 rpm in order to increase ¢ and thus extend the
time range where the /> dependence for the conductance is expected.

Fig. 7 plots I(t)/I(cc) as a function of t~*/* in the range between 2 and
10 sec for a voltage step of 50 mV. The t~*/? dependence is satisfied, but
neither the slope (which is one-half of the theoretical) nor the intercepts
with the coordinate axes correspond to the values deducible from Eq. (30).
Improvements of the experimental conditions, such as the use of shorter
holes, might aid in resolving the discrepancy, but the limits of applicability
of the theory should also be considered.

(30)
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Fig. 7. The ratio I{t)/I(c0) between the current density I(¢) at the time ¢ and the steady-state
current density I(co) as a function of 1/]/; . A voltage step, V=50 mV, was applied across the
lipid film. The ionic solution contained 10~*m KCIl and the ionic strength was raised to 1m
by addition of LiCl. The antibiotic concentration was ¢,=5x 107 %M

Solubility of Valinomycin as Determined
by Optical Density Measurements

All the experimental results described in the previous sections are con-
sistent with the interpretation of the saturation of the conductance in
terms of unstirred layer effects, and seem rather conclusive against the
possibility of its primary cause being insolubility of valinomycin in the
aqueous solutions, at least up to 10~ m. Nevertheless, at higher concen-
trations the two phenomena may overlap and it seemed therefore inter-
esting to see whether any additional information on the solubility of
valinomycin could be deduced by an independent method. To this end
we carried out optical density measurements following the method de-
scribed previously. The results are shown in Figs. 8 and 9, where the OD
is plotted as a function of the concentration of valinomycin. The experi-
mental points have been fitted by a straight line according to Beer’s law

Iin
OD=log—=¢lc, (31)
I,
where I;,./I, is the ratio of the intensity of the incident to the transmitted
light, ¢ is the molar extinction coefficient, [ is the thickness of the sample
and c; is the concentration of valinomycin.
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Fig. 8. Optical density, OD, versus valinomycin concentration for the indicated ionic solutions,

maintained at 1M ionic strengthby addition of LiCl. All the points have been fitted by the same

straight line. Wave length 1= 220 nm. The points on the far right indicate the OD values after

centrifugation for the nominal concentration of valinomycin indicated by the corresponding

abscissa. Assuming that these solutions are saturated, the abscissa of the intercept between the

dashed line and the straight line fitting the experimental results should give the limit of solu-
bility of valinomycin
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Fig. 9. Optical density versus valinomycin concentration for the indicated ionic solutions. For
RbCl and KCI the ionic strength was held constant (1M) by addition of LiCl. Wave length
7.=220 nm. The meaning of the point on the far right is the same as those of Fig. 8
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For the points on the straight line no difference was found in OD
before and after centrifugation. At 4500 rpm (2500 x g) the linearity
between OD and ¢, in both Figures shows no evidence for precipitation
of valinomycin up to concentrations of the order of 5x 10~ m for all the
solutions studied; while in the case of NH,Cl, where the ionic strength
was not kept constant, the solubility may be even higher. The broken lines
of Figs.8 and 9 indicate points where the valinomycin solution is cer-
tainly saturated. For these points the OD values shown in the Figures and
referring to measurements performed on centrifuged solutions are con-
siderably lower than those obtained prior to centrifugation. This finding
can probably be ascribed to suprasaturation or to the presence of aggre-
gates which are removed by centrifugation.

An Independent Method to Determine the Thickness
of the Unstirred Layers

In this section we describe an independent method for measuring the
thickness of the unstirred layers and compare the values so obtained with
those deduced from the conductance experiments. The procedure consists
of raising the concentration of the permeant ion in one solution and
following the time course of the zero-current potential. Suppose that
initially (t <0) the concentration of the two solutions are equal

M=cH=c (32)

and that at =0 a certain amount of the permeant ion is added to the left
solution so as to increase its bulk concentration from ¢ to ¢. Because of
diffusion through the unstirred layer, the concentration at the interface,
c(0, 1), will increase slowly with a time course deducible from the integra-
tion of the time-dependent diffusion equation®. For a certain interval of
time ¢ after addition of the salt, sufficiently short that Ac(0,t)/c=
[c(0, £)—c]/c~10~2, the time dependence of the concentration can be de-
scribed approximately by the solution of the diffusion equation valid for a
semi-infinite medium (x> — ), where the boundary condition c(— 6, t)=¢’
remains unvaried; this is

c(x, t)=(c'~¢) [l—erf x+9 ] (33)

B — +
2|/Dit ¢

6 Rigorously, one should use the electrodiffusion equation, since addition of the electrolyte
to the bulk solution may produce a diffusion potential in the unstirred layer. This effect is
assumed to be small, mainly because of the high ionic strength (1M LiCl) of the solution.
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where
y
erfy=je"’2d17. (34)
0

At the left interface

c(0,t)=(c"—¢) [1—erf ]+c. (39)

)
2y D;t
Assuming negligible contribution of the diffusion potential across the

unstirred layer, the zero-current membrane potential will be given by the
Nernst equation

$()= —In C((i’ ) (36)
or, for (c(0,t)—c¢)/c< 1
ply=— 207, (37

Inserting Eq. (35) in Eq.(37) we obtain a relation between the transmem-
brane potential, time and the thickness of the stagnant layers, o.

The measured values of 7 to be inserted in Eq. (35) were corrected for the
time needed by the bulk stirred solution to equilibrate with the added salt.
Measurements were made in aqueous solutions of 10~ *m KCl, 10~2m KCl
and 1073 M RbCl, maintaining the ionic strength constant (1 M) by addition
of LiCl, and using valinomycin (10~ °m) to induce cation selectivity in the
membranes. The salt concentration was increased adding small amounts
of concentrated solutions of KNO; or RbNO;. Owing to the low perme-
ability of the membrane to LiCl, the presence of this salt does not affect
appreciably the validity of Eg. (36). Because of the different inclination of
the surfaces of the diaphragm near the hole (cone-shaped on one side and
coplanar with the membrane on the other), the thicknesses of the two un-
stirred layers were found to be different. On the cone-shaped side, where
the aqueous region near the membrane is expected to be less effected by
stirring, the thickness §, was considerably larger than on the opposite
side (§; ~0.6 mm; §,<0.1 mm). The larger value of § could be determined
quite accurately by the procedure described above, while the measurement
of the smaller one with the same method presented some difficulties, due
to the faster rising time of the potential and the error caused by the in-
determinacy of the initial time t=0; therefore, only an upper limit could be
estimated for §,. Comparing the values indicated in Table 3 with those of
Tables 1 and 2, it can be seen that the mean values of ; and 6, are in fairly
good agreement with those deduced from conductance measurements.



Unstirred Layers Limited onic Fluxes 21

Table 3. Anterior, posterior and mean value of the unstirred layer thickness 6 as deduced by
the direct method

Ton ¢ (M) Tonic 8, (m)x 10*  8,(m)x 10*  S(m)x 10*
strength (M)

K+ 1073 1 7 <1 <4

K+ 10-2 1 6 <05 <3

Rb* 103 1 6 <05 <3

It can be noted that there is an inconsistency between the assumption
of symmetry made in the theoretical analysis and the experimental finding
of unequal thicknesses of the unstirred layers. We have shown, however
(unpublished results), that extending the analysis to include different
thicknesses of the unstirred layers has no other effect on Eq. (20) than that
of replacing ¢ with the mean value (6, + 6,)/2.

Discussion

Some Inferences on the Mechanisms of Interfacial Permeation
from the Dependence of the Zero-Current Conductance
on Carrier Concentration

We have mentioned already that at least two distinct mechanisms for
ion permeation across the interfaces, called briefly (R;,) and (P,) and illus-
trated in parts (a¢) and (b) of Fig. 1, respectively, are in principle possible
and equally plausible. Here we present an argument, based on the be-
havior of the conductance, in support of the opinion that (R;) is a closer
approximation to physical reality than (P,); we will show that, for physically
reasonable values of the rate constants of ion-carrier complexation in the
aqueous phases, the saturation of the conductance as a function of carrier
concentration, predicted by Eq.(21) and found experimentally in our
system, would not be expected to be observable in the case of the (P,)
mechanism. An analogous conclusion as to (R;,) being the real mechanism
of interfacial permeation, based on a comparison between predicted and
measured limiting currents, was reached previously by Stark et al. (1971).
For the (P,) mechanism the conductance can be written again in the form
of Eq. (18), where the general expression for 4%[0] deduced from the model
1s derived in Appendix B and is given by Eq. (40B). As shown in the same
Appendix, that equation can be approximated in most practical cases by

1 (1 kP+24F A OK, vF
—— St ks Kisrit kis[_ — ] - (38
zF {kﬁ 2k, kB Ax sl Gt | et TG G8)

12

A[0]=—



22 S. Ciani, F. Gambale, A. Gliozzi and R. Rolandi

kZ denotes the rate at which the complexes cross the interfaces from the
membrane into the aqueous phases (see Fig. 1b), and k;; is the partition
coefficient of the complexes. The quantity denoted by A4 is defined as

¢ ¢\ Kiy'?
A=|KLyE (—’ —S) ] : 39

[ is '))l DS—I—Dl + Dls ( )
As to the dependence on ¢; and ¢, Eq. (38) is formally similar to Eq. (20),

which refers to the (R;;) mechanism, except for the presence of the term
A/KE . If this term were sufficiently small that

A 51{15’})1i
KES p. ¢
H 18 [4

s (40)

a saturation of the conductance at high values of ¢, due to the last term
Eq. (38), would be expected also for the (P,) mechanism. Aside from the
fact that relation (40) is certainly not valid for sufficiently small values of
¢,, we want to show that it cannot be satisfied in our systems even for the
highest experimentally attainable values of ¢,. Using the explicit definition
of A given by Eq. (39), relation (40) can be rewritten in the form

KF y.J—”>> Diz (&_{_&_}_;) (41)
T8 \D, Dy Dy Kyyit )

To estimate the right-hand side of this relation, the major uncertainty
concerns the value of K, . According to certain measurements based on
fluorescence (Feinstein & Felsenfeld, 1971), as well as on conductance
experiments (Ciani et al., 1973 a, p. 155), the value of K, for trinactin and
potassium is of the order of 0.5 M~1. Values of the same order of magnitude
for valinomycin, potassium and rubidium have been reported again by
Feinstein & Felsenfeld (1971), as well as more recently by Benz et al. (1973).
Therefore, for K;;=0.5M"!, ¢;=10"3M, ¢,=10"%m, 6=2x10"%cm,
D,=2x10"°cm?/sec and D,=35 x 10~®cm?/sec, relation (41) gives

KEyE>4x10ttmtsec?. (42)

1

Since this value is considerably greater than the upper physical limit
of KF v, corresponding to diffusion limited reactions (5 x 108 —10'%m~*
-sec™!; see Diebler et al., 1969), it is reasonable to conclude that relationship
(40) cannot be satisfied and, therefore, that the saturation of the conduc-
tance at high carrier concentrations would not be expected to be observ-
able in the case of the (P,,) mechanism. This result leads to the conclusion
that for our system the “heterogeneous reaction” mechanism is more
consistent with the interpretation of the experimental data.
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Some Comparative Observations on the Present and Previous Theoretical
Results for the Conductance in the Case of the (P.)) Mechanism

Previous results, based on models which neglected the effects of the
unstirred layers (Lduger & Stark, 1970; Ciani et al., 1973 a, b), suggested
that some hints as to the mechanism of interfacial permeation could be
deduced from the dependence of the conductance on the concentration
of the permeant ion ¢;, since a saturation of the conductance as a function
of ¢; was expected for the (R;,) mechanism, butnot for (B,). More precisely,
when the effects of the unstirred layers are neglected and equilibrium is
assumed in the aqueous phases up to the interfaces, 4%[0] for the (P,)
mechanism is found to be

1
707 = —
AET0V=~ o 3)
whereas for (R;,)
A*[0]=__1~{~_1_+_Iii,yii_c} (44)
* zF (K} kB+24% 77

This led to the inference that a saturation of the conductance for high ion
concentrations, expected from Eq.(44), but not from Eq.(43), could be
used as a criterion to distinguish between (P,) and (R;,). From the more
general treatment given here it is seen that this criterion is not unambiguous,
since an ion concentration-dependent term appears in Eq.(38), which
refers to (P), as well as in Eq. (20), which refers to (R;,).

The physical meaning of the ion concentration-dependent term in
Eq. (20), as well as of the corresponding one in Eq. (38), is related to the
limitation imposed on the conductance by the back diffusion of the neutral
carriers. The difference between the two mechanisms is that, while for
(R;,) the carrier may remain confined within the membrane, in the case of
(Pg) 1t must cross the interfaces. Consistently with this, Eq.(38) gives
infinity and G,; vanishes when kf=0."

Appendix A
Derivation of Eq. (18)
The purpose of this Appendix is to derive the general expression for the

zero-current conductance given by Eq.(18). For small applied voltages,
Eq. (16) can be approximated by

7 Rigorously, even if k®=0, the conductance should not fall to zero, because a depletion of
carriers at the interfaces can be compensated also by carriers diffusing from the aqueous
solution. This possibility is neglected in the approximation of Eq. (38), but is contemplated
in the rigorous expression for 4%[0] given by Eq. (40B).
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JE = A% {c* ()= efld) + ¢

[c£(0 )+C?‘s(d)]}- (1A)
Recalling the definition of 4% [0] given by Eq. (19), we can write for small
current densities

c5(0)=cf5(0)g + A5 [0]1. (2A)
At the right interface we will have analogously
ch(d)=cl(d)eg + A5 [d]1. (BA)
Since the system is symmetrical at equilibrium, we have
¢ (0)eq = cfi(d)eq = cis(eq). (4A)

Moreover, the value of ¢ (d) for a given current density is clearly equal to
the value of ¢ (0) for the same current flowing in the opposite direction.
This implies

4101 = — A4 [d]. (5A)

Substituting the right-hand sides of Egs. (2A) and (3 A) in (1A), and making
use of Eqs. (4 A) and (5 A) as well as of Egs.(1) and (17), we find after simple
rearrangements
I 2F? Af;
G,;=lim — = hettea) : 6A)
120 Vv RT 1 —2zFA¥ A%L[0]

Eq. (6 A) is rather general, but the explicit expression of 43 [0] will depend
on the particular mechanism of permeation across the 1nterfaces, as well

as on the physical processes in the unstirred layers.

Appendix B

Derivation of the Explicit Expression for the Conductance
in the Cases of the (R;,) and (P,;) Mechanisms

The purpose of this Appendix is to evaluate the explicit expression for
the term A%*[0] in the two cases of the (R;,) and (P,) mechanisms.

Since we consider only small currents and small deviations from equi-
librium, we can simplify the calculations by expanding all the quantities
in powers of I and retaining only the terms linear in I (or V). So, ifIisa
small current density flowing across the membrane, the concentrations
of the species i, s and is in the left unstirred layer can be written

clx)=c;+8(x)I; c(x)=co+d,(x)]; cis(X)=cis+6;5,(X) I
—0Zx=0

(1B)
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where ¢;, ¢, and ¢, are meant to represent the concentrations at equilibrium.
At the left interface, inside the membrane, we will have

cFO)=k,c,+ 0¥ (O ch(0)=Kpf ce,+ A%[0]1. (2B)

All the five quantities d,(x), d,(x), d;,(x), 6¥(0) and A%[0] are derivatives
of concentrations with respect to the current density, calculated at I=0.
Following the same argument which led us to Eq. (5 A), it should be clear
that each of these is antisymmetrical with respect to the center of the
membrane (x=4d/2); for instance

05 (0)= =063 (d). (3B)

This result is important because it relates, in an extremely simple way, the
properties of the left and right interfaces and unstirred layers, and will
relieve us from the necessity of considering them separately. Eq. (6), which
results from combination of the flux equations and the equations of
conservation of mass, can be conveniently rewritten as

dzci dzcis
Didx2 T2 dx? =0 4P
dZCS dzcls
g PO a0 oY
d*c; KLof K7
e p, AWeBTR ek, o9

Using the definitions of (1 B), Egs. (4 B) and (5 B) become
p 200 a9

=0
i dx2 is dxz (7 B)
d? 84(x) d?6;,(x)
D ) . s :O-
s dxz is dx2 (8 B)

Substituting now Eq. (1 B) in Eq. (6 B), recalling that the term KL yE c;c,—
K2 ¢, vanishes identically because the concentrations c;,c, and c;, are
those of equilibrium, and neglecting the term in I?, we find

d*5,(x) Kl K7,

dx2 I; Lci05(x)+ 5 0;(x)] — Dfséis(x). (9B)

13 1

A first integration of Eq.(7B) gives

d 8;(x) dd (x)
D. D.
" odx i dx

=const. (10B)
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If we observe now that the current density in the unstirred layers is given by

I
= J+J

F i+ Jis (11B)
and if we recall Egs. (2), (4) and (1 B), it should be clear that the constant
in (10B) is equal to —1/z F; therefore

Ao - dey(x) 1

D D =
"odx i dx zF (12B)

Assuming that the concentrations remain unperturbed at the edges of the
unstirred layers far from the interfaces (x= —9) so that

0i(=0)=0,(—0)=0;,(—0)=0 (13B)
integration of Eq. (12 B) gives
D; x+0
8 (x)= ——= 8.(x)— )
s(X)= =5 L)~ (14B)

Integrating now Eq. (8 B) and using Eq. (14 B) to express d;,(x) as a function
of 6;(x), we get

D, D; X

5,(x)=—-6; [5S ——’5-0](1 —).

()= 80+ | 8,0 = 180) | (14 (15B)
If we substitute the right-hand sides of Eqgs. (14B) and (15B) in Eq.(9B)
we obtain a linear differential equation of the second order in J;(x) with
constant coefficients; integration by standard procedures gives

Q ] sinh [A(x+4d)] Q

X
0i(x)= [‘Si(O)J“?F snh A5 A7 (1 +3) (16B)

where A is defined in Eq. (39) and

K. y.ic. D.
Q=—""21§ 0—*151'0]
D, [S() D, O} +

SKT,

—_— 17B
zFD; Dy ( )

Eq. (16B) gives the explicit dependence of d,(x) on x. The analogous
explicit functions for §,,(x) and §,(x) are obtained by substituting Eq. (16B)
in Egs. (14B) and (15 B).

It is useful for the purpose of this Appendix to consider the aqueous
fluxes of the three species i, s and is near the interfaces, namely J;(0),
J.(0) and J; (0). Using the definitions of Eq. (1 B), Egs. (2-4) can be rewritten
as
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Ji Ddél(x) Js . D d(SS(X) ﬁ: —D déis(x)'

1 Titdx I Cdx T I ¥odx (188)
These derivatives can be calculated straightforwardly using Eq. (16B),
as well as Egs. (15B) and (14 B), in which §;(x) has been expressed in terms
of Eq.(16B). From Egs.(14B-18B) it follows that the quantities J;(0)/1,
J,(0)/I and J; (0)/I are linear functions of the two unknown quantities
8,(0) and 5,(0); omitting, for brevity, to write down their explicit expressions,
we denote them by

J;(0) J5(0)
1 I

= F[6,0), 6,(0)]; =E[6:(0), 6,(0)];

(19 B)

Jis(0
O k506,01

We can proceed now to consider the two interfacial mechanisms (R;;)

and (Fy).

(R;,) mechanism. In the case of the (R;;) mechanism the complexes do
not cross the interfaces. It is then very reasonable to assume that also
the aqueous flux of the complexes vanishes near the interfaces; from
Egs. (19 B) we have

F[4:(0), 6,(0)]=0. - (20B)

Let us now consider the heterogeneous reaction at the interfaces; combin-
ing Egs. (12) and (14), using (1 B) and (2 B) to express ¢;(0), ¢¥(0) and c¥(0)
in terms of 6,(0), 6*(0) and A% [0], and neglecting the term in I%, we find

KI5t ke, o0+ KEo et O~ KIA5[01=—— (1B
Egs. (20B) and (21 B) are two relationships in the unknowns §;(0), ,(0),
0¥(0) and 4%[0]. In order to evaluate A% [0], which is the purpose of the
Appendix, we need two more equations; these are obtained by imposing
the condition that the total flux of carriers in the unstirred layers must be
equal to the total flux of carriers across the interfaces as well as to that
across the membrane interior, namely

Jot Jig= I+ T = JF + TR (22B)

Since J,+J;, in the unstirred layers is constant, we can take its value at
x=0; but J;(0)=0 as indicated in Eq. (20 B); therefore
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Jo+ i =J,(0). (23B)
On the other hand, J*=1I/zF and in the case of the (R;,) mechanism,
Jim=0, so that the two relationships in Eq. (22B) become

. 1
JO)= I =T+ (24B)

With the help of Egs. (19B), (10), (15), (1 B), (2B) and (3 B), Eq. (24B) be-
COmes

E[6,(0), 6,(0)] =k 6,(0) — kI 5% (0)=2 A 5% (0) +Z—11;~ (25B)

Finally, solving Egs. (20B), (21 B) and (25B) for 4% [0], we find

1 1 Ki?f ¢ Kiv{_ ksdc,
0]= ———<{—
A5[0]= F{K?+ 247 &+ D, Cs} (26 B)
where
D, D
Q[kF ]+R 5 +S§
- 27B
" R)[kF+D oDy ]+SD" (1+ ks ) Y
©+ FREYTY] RR R SREVE
[kF+D (1+ ks >]+23Df
‘- ¢ 0 2AF 0 28B)
o R [kF D+kBD ]+2sDi (1+ ke ) (
O+ Ry b+ 574w ARREYT:
K7 f[A0] fyic, fIAS]. G
=l+—="-"-=: R= ’s : ;. S=R—. 2
Q +Dis YR D, yE n (29B)
A 1s defined in Eq. (39), and
fIAS]=A8coth A5—1. (30B)

The quantities ¢ and &,, appearing in the rigorous expression for 4% [0]
and defined in Egs. (27B) and (28 B), are rather complicated, but become
equal to unity when

i%<2I<SA;“ (31B)
and

Q>»R; 0>»2S8

5k, A*. (32B)
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Recalling the definitions of Q, R and S given in Eq. (29 B), it can be seen that
the two relationships (32 B) are certainly satisfied if

ks A5

D
KisVii (S and KisVii ;<

is is

(33B)

Using any of the data given in the literature for parameters such as Ky,
k,, A¥ referred to either valinomycin or trinactin, it can be seen that the
relationships (31 B) and (32 B) are amply satisfied. We therefore conclude
that &, and &, can be approximated by unity and that the rigorous expres-
sion for 4%[0] given in Eq. (26 B) can be approximated by Eq. (20).

(P,) mechanism. Since in the case of the (P,) mechanism no chemical
reactions occur at the interfaces, the fluxes of the three species i, s and is
must be continuous, namely

J(0)=0; J(0)=J3,  J(0)=J" (34B)

Expressing Ji™ and Ji™ in terms of the rate constants ki, k& and kI, kZ,
respectively, and using the definitions (1 B) and (2 B) we get

Jmt int

=K O) KB AS[01: S-=K[8,(0)—kI 5XO).  (35B)

Recalling Eq. (19 B), the three Egs. (34 B) become
F[0:(0),6,0)]=0
F,[3:(0), 6,(0)] =k 6,(0)— k¢ 6%(0) (36B)
F;,[6:(0), ,(0)] = ki 6,,(0) — ki, 4%[0].

Moreover, the interfacial flux of neutral carriers must be equal to the corre-
sponding transmembrane flux J¥,

Jint= gk, (37B)
Recalling Eqs. (15), (2B) and (3 B) as well as (35B), Eq. (37 B) becomes
ks 0,(0)—k{ 6% (0)=2A%¥ 5¥(0). (38 B)

Eqgs.(36B) and (38 B) constitute a system of four linear equations in the
five unknowns 6;(0), 6,(0), J,,(0), 6*(0) and A%[0]. The additional rela-
tionship needed to evaluate A%[0] is provided by Eq.(14B), which gives
for x=0

D, 0

Bi(0)= 5 8(0) =

(39B)
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Solving Egs. (36 B), (38 B) and (39 B) for A4%[0] we find

J2[0] {1 o KEDKAT a4 247)]
N ZFk?s (a1; az2—ay, a21)(kf+2A§“)+2a11 kaj

with
1 f[Ad] Kf’s
——Ip, 41B
s 5{ T L f 451 KL 9F oD, 41B)

} (40B)

i FIASIKE 37 ¢
2= {Ds A7 f[AS1 KL )7 cs/Di} “25)
ay,=day,—D,/0 (43B)
ay; =ay; —Di/0. (44 B)

A and f[Ad] are defined in Egs. (36) and (30B), respectively.

Eq. (40B) is rather complicated, but it can be simplified considerably
with the help of approximations which are very likely satisfied in the case
of the common macrocyclic antibiotics, including trinactin and valino-
mycin. For instance, in the discussion of relation (38) we had mentioned
already that the highest estimates for the equilibrium constant K;; are of
the order of 1 M—1. If for KF, we take values ranging from those expected
for diffusion-limited reactions (10'° M~* sec™!) to even six orders of mag-
nitude lower, and if we use realistic values for 6, D;, D, and D (e.g. 6=
2x1072cm; D;=2x 10~ cm?/sec, Dy=D;,=5 x 10~ ° cm?/sec) we find

D, D,
—5—<a22; T<a11; A5>1 (45B)
Recalling Egs. (43 B-45B) and (30 B) the following approximations can be

made:
a11 a22_a12 a21=0; f[A5]:A(S. (46B)

Inserting Eq.(46B) in Eq.(40B), and neglecting the term D,/ in the
definition of a,,, compatibly with relation (45B), we obtain finally the
approximated expression for 4%[0] given by Eq. (38).

Appendix C

In all the experiments described in this paper we used membranes of
approximately 0.8 mm diameter. While offering the advantage of ex-
tremely high stability, membranes of such small areas give rise to other
difficulties already mentioned in footnote 5; namely, when valinomycin is
introduced in the aqueous solutions, the rate of exchange of the neutral
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carrier between the aqueous phases and the membrane is comparable to
that between the membrane and the torus, with the result that the specific
membrane conductance depends on the area. However, we want to show
in this Appendix that, provided the membrane area stays constant, the
flux of neutral carriers between the membrane and the torus, considered
as an empty reservoir of carriers, has negligible effects on the theoretical
results used for the interpretation of the conductance experiments (Egs.
21-26).

If we assume that for the time of the experiment the concentration of
carriers in the torus is practically negligible and that the concentration of
carrier c¢f is uniform over the area of the membrane, the flux of carriers
from the membrane to the torus will be

JHT=27r kMT c* (1C)

where kT is an appropriate rate constant and 2r is the membrane di-
ameter. At steady-state and zero net current, and assuming negligible
effects of aqueous complexation, the rate of accumulation of neutral carrier
in the torus, expressed by Eq.(1C), is related to the flux through the left
unstirred layer and across the left interface by

nr2£§—Bg—cxm]=nrﬂk§g«»—quxm]=nrkMTd%®- (20)

Solving for ¢,(0) and ¢*(0) we find

Cs kscs
Cs(o)st: kMTk 5 5 C;k(o)stz kMT 1 k 5 . (3 C)
b A
+D(1+kMT> A )
r _
* rk?

The interfacial concentration of complexes at the interfaces at zero current
will be
c50)=K; ¢; c¥(0)q 4C)

where ¢ (0),, is given by Eq. (3C). When current flows across the mem-
brane, and if we neglect complex formation in the aqueous phases, the
steady-state equations for the total flux of carriers are

2 e e O1= K 0) K2 € 0)

kMT I (5 C)
GO+ ATLEO) - D]+

¥
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For small currents we can use the same procedure as in the two previous
Appendices and define correspondingly

¢i(0)=c¢;+6,(0)I; ¢s(0)=¢,(0) +6,(0)

6C
cF(0)=cF0)+ 03O I;  cf(0)=ci(0), +4%[0] 1. ©©
Substituting Eq. (6 C) in Eq. (5C) we find after obvious cancellations
D, . 5 kMT 1
3 05(0) =k 0,(0)— kg 63 (0)=—— 05 (0)+24F 53(0) t 7 U C)
r Z

From the continuity of the electric current through the unstirred layers
and across the interfaces we find

D, _ _ I
— [ci— (0] =K p{ ¢,(0) cF(0)— K? ck(0)=—. 8C)
1) zF

Combining Eq. (6C) with Eq. (8 C) and neglecting the terms in I2, we find

D. _ _ _
51 8:0)=K{ yi* ¢; 0¥(0)+ K{ y;* c#(0), 6,(0)— KF 4%[0]=—-. (9C)

1
zF

Solving Egs. (7C) and (9 C) for 4%(0) we get

—zF A%[0]
1 Izi Vi ¢ Izi’})ii ks ¢
S . (10C
K?+2A*+kMT+ ! +D [1+kMT(1 +k55)] o
Ty k, 6 . 1 i r \kP D
D, kK

If we now substitute Egs. (10C), (4C) and (3C) in the expression of the
conductance, Eq. (18), and if we make the approximation

24%> (11C)

ko 1
D, K

we obtain an expression which can be written in the same form as Eq. (21),
provided that k, is replaced everywhere by

o[ G )]
* r \kE D,

and that N, is defined as
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L,
N= . (12C)

kMT
4 (14,5
s +2rA;“

The plausibility of approximation (11C) can be deduced from the following
considerations: it should be clear that Eq. (11 C) is certainly satisfied if

D
Af>252. (13C)

From relaxation experiments Stark et al. (1971) deduced that

*

AS 4 1
2 y ~2x 10%sec™ (14C)

where d is the membrane thickness. If d~7 x 10~ 7 cm, we find
A¥~T7x1073 cm sec™?. (15C)

On the other hand, for D,~10-° cm?/sec, §~2x 10~* cm and k,~10%,
we find

~5x10"% cm sec™?. - (16C)

8§

25k,

Comparing Eq.(15C) with Eq.(16C) it is clear that the approximations
(13C) and (11 C) are amply satisfied.
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