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Summary

We have found that an uncoupler of oxidative phosphorylation,
tetrachloro-z-trifluoromethylbenzimidgzole (TTFB) , can block
valinomycin induced potassium ion, (K ), conductance through bi-
layer membranes. Blocking is most pronounced at high K concen-
tration, (2 0.1 M), and at a pH greater than the pK of TTFB.

A blocking mechanism involving competition for membrane sites,
together with association of oppositely charged species within
the membrane, is proposed.

Introduction

A wide variety of compounds have been reported to modify the
electrical properties of lipid bilayer membranes. Among these
are the cyclic antibiotic, valinomycin,l which sharply increases
membrane conductance in the presence of K" ion, and the uncoupler
of oxidative phosphorylation, tetrachloro-2-trifluoromethylbenzi-
midazole,2 or TTFB, which produces large pH dependent increases
in membrane conductance. Neutral valinomycin facilitates K
transport by formation of a lipid soluble charged 1:1 complex
with the ion, with conductance being described in terms of appro-
priate chemical equilibria between the membrane and the agqueous
phases,3 or in chemical kinetic terms.4 The two descriptions are

equivalent5 in the ohmic or low current limit, which applies to

the experiments described below. Though the uncouplers, clas-
sifiable as lipid soluble weak organic acids, are considered

to enhance membrane conductance by promoting proton or uncoupler
anion transport, several specific mechanisms by which they may
act have been proposed.G_9 Though differing considerably in
their details, all mechanisms can account for the pronounced

maximum in conductance measured versus pH, at a pH near the

*
To whom correspondence should be addressed.

A 1079
Copyright © 1973 by Academic Press, Inc.
All rights of reproduction in any form reserved.



Vol. 52, No. 3, 1973 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

pK of the uncoupler. In the case of TTFB, however, a high resid-

ual conductance at pH > pK has also been observedlo’ll and attri-
buted to direct transport of the anion, TTFB . The pK of TTFB
12

is reported to be 5.04.

McLaughlin13 has recently reported bilayer membrane con-
ductance measurements using the uncoupler 2.4-dinitrophenocl (DNP),
together with the macrotetralide antibiotic, nonactin, which also
transports K+ through membranes by formation of a lipid soluble
1:1 complex. His observation of sharply increased nonactin-x"
conductance, upon addition of DNP, provide convincing evidence
for the enhancement of negative membrane surface potential due
to adsorption of DNP ions. Though our observations at low ionic
strength are qualitatively similar to those of McLaughlin, we
have found that valinomycin—K+ conductance is effectively abolished
by TTFB when the ionic strength of the aqueous phase is maintained
at 1.0 M. These observations are detailed below and their impli~-

cations are considered.

Materials and Methods

Bilayer membranes were formed by the brush technique in a
conductance cell of teflon and pyrex construction. TE% electrical
measurements employed apparatus previously described, operating
at voltage levels in the ohmic range of membrane conductance.
Salt solutions were prepared from reagent grade materials using
distilled and deionized water. Ethanolic solutions of TTFB were
prepared in varying concentrations between 1074 and 1071 m.

Small aliquoits of these were added to the cell to secure the

desired concentration of uncoupler. Valinomycin was similarly
introduced using 10™3 M ethanolic solution. Resulting ethanol
concentrations in the aqueous phases never exceeded 1/2 vol. %.

The membrane lipid used was phosphatidyl ethanolamine
(PE), prepared in our laboratory by solvent extraction from

E. coli, followed by fractionation on a DEAE cellulose column.
Purity of the lipid was verified by silica gel thin layer chroma-
tography.

In a typical set of measurements involving both valinomycin
and TTFB, valinomycin was added first, after the membrane was
fully black. Then at least fifteen minutes were allowed for
attainment of a stable conductance. Then stepwise aggitions_ﬁf
TTFB were made, increasing its concentration from 10 to 10 M.
Sufficient time, usually at least five minutes, was allowed after
each addition for the membrane conductance to stabilize. It was
generally possible to cover the entire range of TTFB concentra-
tion with a single membrane.
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Results and Discussion

Typical results are illustrated in Fig. 1. The aqueous solu-
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Fig. 1. The blocking of valinomycin-K+ conductance by TTFB is
illustrated (solid circles). At TTFB concentrations
in excess of 106 M the conductance does not differ
significantly from that observed in the absence of
valinomycin (open circles).

tions bathing the membrane contain 1.0 M K Cl and 2.0 mM tris
(hydrorymethyl) aminomethane as buffer, adjusted to pH = 8.0 with

H Cl. 1In the absence of valinomycin a monotonic increase of
membrane conductance with TTFB concentration is observed. The

high membrane conductance observed in the presence of 10_6 M valino-
mycin is, however, reduced upon addition of TTFB. In fact, at TTFB

6 M, the observed membrane conductance

concentrations in excess of 10
can be accounted for quantitatively in terms of conductance due to
TTFB alone.

When the K Cl concentration is lowered to 10"3 M, however,
the markedly different results illustrated in Fig. 2 are obtained
We note first that the valinomycin—K+ conductance, in the absence
of TTFB, is of the same order as (actually somewhat higher than)
that observed at a K Cl concentration of 1.0 M, This observation

implies the presence of a significant negative surface potential
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Fig. 2. Evidence of negative membrane surface potential is
apparent at low ionic strength. Increasing negative
potential, upon addition,of TTFB, enhances conductance
due to the valinomycin-K complex.

on the membranes at low ionic strength. The increase of
valinomycin-K+ conductance upon addition of TTFB indicates that

the negative surface potential is enhanced by adsorption of TTFB
ions to the membrane surfaces. Such an interpretation parallels
that given to the work of McLaughlinl3. Though blocking of valino-
mycin—K+ conductance is not evident in Fig. 2, its enhancement

is much less pronounced than the nearly two orders of magnitude
increase in nonactin—K+ conductance observed by McLaughlin upon
addition of DNP.

In an effort to minimize the effects of membrane surface
potential we have made a series of measurements at different K+
ion concentrations, while maintaining the ionic strength at 1.0 M
by appropriate additions of Li Cl. The results are shown in
Fig. 3, where it is seen that blocking of valinomycin—K+ conduc-
tance becomes more pronounced and sets in at lower TTFB concen-
tration as the K' ion concentration is increased.

The blocking which we have observed is consistent with a
model of transport through bilayer membranes which envisages the

binding of the permeant species to one of a fixed number of
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Fig. 3. Blocking at various k' concentrations, with total ionic
strength fixed at 1.0 M, is illustrated. Blocking of
valinomycin~K* conductance sets in at lower TTFB concen-
tration as the K' concentration is increased.

sites on or within the membrane. Such binding is assumed to
be prerequisite to transport. A higher affinity of TTFB~ for
the sites could lead to displacement of the valinomycin—K+ complex,
and hence to the observed blocking. Such a "fixed density of
sites" model was introduced by Bruner8 in connection with the un-
coupler problem. A model has also been introduced by Tréﬁuble15
for the permeation of small solute molecules by their inclusion
in "kinks" in the hydrocarbon membrane core. This model, involving
a fixed number of kinks as sites, could also predict blocking.

In chemical terms the fixed sites model, applied to the system
studied here, could be represented by the set of heterogeneous

reactions,

Vaq + sm 2z vm (1)
+ N +

K aq +v, 2 VK (2)
- N -

A aq +s % A (3)
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where Vaq is uncomplexed valinomycin in the aqueous phase, Sh
represents unoccupied membrane sites, Vrn is valinomycin occupy-
ing membrane sites, K+aq is potassium ion in the aqueous phase,
VK+m is the valinomycin-—K+ complex occupying membrane sites, and

A and A—m represent uncoupler ions in the aqueous phase and

aq
on membrane sites respectively. The system would be subject to
the constraint,
s +V_+ VK +a" =35 (4)
m m m m o
where so is a constant equal to the density of membrane sites.
Analysis indicates that blocking sets in at too low a con-
centration of TTFB to be accounted for in terms of this simple
model. This more rapid blocking can, however, be accounted for

if an association reaction of the form

VK o + A m ra VKAm (5)
is assumed to occur. In this case the neutral complex VKAm
must be included as an additional term on the left of Egq. (4).

It is important to note, however, that the assumption of
a fixed number of sites is still necessary to account for block-
ing, even in the presence of the association reaction. Thus
if the concentrations of Vo (and hence VK+m) and A-m were fixed
by simple partition equilibria with Vaq and A aq respectively,
then the concentration of VKA could simply adjust to any value
required by the equilibrium constant of the association reaction.
This adjustment would not modify the membrane concentrations of
charged species, hence the conductance due to each would contri-
bute additively to the total membrane conductance.
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