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Potassium transport through lipid bilayer membranes facilitated 
by tentoxin dimers 

A new mechanism of ion carrier transport? 
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The cyclic tetrapeptide tentoxin at concentrations greater than 5 X lo-’ M selectively increases the ion conductivity for potassium of 
lipid bilayer membranes, while the naturally occurring derivative dihydrotentoxin has no influence on this property. Current-voltage 
wnes, zero-current potential and charge-pulse measurements were used to characterize the action of tentoxin. The results suggest 
that a new mechanism of facilitated ion transport operates. The model of tentoxin dimerization and tentoxin-K’ association 
developed is in contradiction to the model of tentoxin pore formatloo described recently by Heitz et al. (Blophys. Chem. 23 (1986) 

245). 

1. Introduction 

It has been previously reported [2,3] that the 
cyclic tetrapeptide tentoxin increases the ion con- 
ductivity of lipid bilayer membranes. This phyto- 
toxic sbbstance is a product of the phytopatho- 
genie fungus Al&maria alternata (FR.) Keissler 
and produces disease in the seedlings of several 
plant species by irreversible chlorosis [4]. In several 
papers it was investigated whether the property of 
tentoxin affecting ion transport is in any sense 
connected with known tentoxin induced phenom- 
ena such as chlorosis (not tested), photosynthetic 
electron-transport inhibition [5,6] and closure of 
stomata (Dahse and Schnabl, manuscript in prep- 
aration) or with as yet unelucidated properties 
such as its effect on potassium uptake by plant 
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roots (Klotz and Erdei, manuscript in preparation). 
Tentoxin has also been used to model peptide-lipid 
interactions with respect to the permeation pro- 
cess [7]. 

The model of tentoxin interaction with mem- 
brane lipid components developed here, concluded 
from partitioning measurements and tested by 
means of NMR experiments [7], is based on our 
conductivity measurements which have not previ- 
ously been published. Because of the contradiction 
between our results and those recently obtained in 
ref. 1, we describe further data concerning the 
action of tentoxin on the ion conductivity of lipid 
bilayer membranes in support of our model of 
tentoxin dimerization. 

2. Experimental 

Tentoxin was isolated from a culture filtrate of 
A. alternata as described elsewhere [8]. The bilayer 
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membranes used here were formed from a disper- 
sion of egg yolk lecithin (EYL) from both Merck 
(F.R.G.) and Koch Light (U.K.) as well as of 
dioleoylphosphatidylcholine (DOPC) in n-decane 
across a 1 mm circular hole in a Teflon septum, 
separating two identical electrolyte solutions with 
a pH of 7.2. KCl, NaCl, RbCl, NH,Cl, MgCl, 
and CaCI, were used at 1 M for conductivity 
measurements, KC1 also being employed for de- 
termining the zero-current potential (Ag/AgCl 
electrodes). The charge-pulse measurements were 
performed as described previously [9]. A voltage 
of approx. 10 mV was applied to membranes 
preformed from DOPC, (Serva, F.R.G.). 

3. Results 

Fig. 1 shows a plot of the conductivity of EYL 
bilayer membranes used as a function of the total 
applied tentoxin concentration in the presence of 

Fig. 1. Conductivity h, of EYL/n-decane bilayer membranes Fig. 2. Zero-current potentials: low K+ concentration: lo-’ 
as a function of the total applied tentoxin concentration in the 
presence of 1 M KC1 at T= 295 K and pH 7.1. Linear 

M. The concentration of KC1 was progressively increased by 
the addition of small amounts from a 3 M KC1 stock solution. 

regression analysis yields: n = 45, slope = 2.04 and correlation T- 295 K. (0) Bilayer membrane: (0) bilayer membrane+ 
coefficient = 0.895. 10m5 M tentoxin. 

KCl. Linear regression analysis of the data (n = 45) 
yielded a slope of a = 2.04, the intersection with 
the axis being at b = 5.4 (correlation coefficient 
r = 0.895). A tentoxin concentration of 6 X 1O-7 
M was the lowest one to lead to a conductivity 
increase in the presence of K+. Up to lop5 M, 
tentoxin did not increase the membrane ion con- 
ductivity in the presence of NH:, Rb+, Na+, Lit, 
Ca2+orMg . ‘+ This strong selectivity is quite 
different from that of valinomycin-type carrier 
molecules and, of course from that of pore-for- 
ming substances, which have a rather low selectiv- 
ity. Additionally, the effectivity of tentoxin action 
in this sense is much lower compared to 
valinomycin. 

After addition of tentoxin (lo-’ M) zero-cur- 
rent potentials were measured by increasing the 
salt concentration on one side of the membrane. 
Only in the presence of K+, did the measured 
values differ from controls (without tentoxin), 
these potentials being shown in fig. 2. As in the 
case of valinomycin (data not shown, but see refs. 



M. G. Kiotz et a!. /K + fransport through bilayers facilitated by tentoxin dimers 185 

10 and ll), the data obtained on tentoxin satisfy 
the Nernst equation. These Kf concentration 
potentials were observed when tentoxin was added 
to chambers containing either low or high K+ 
concentrations. This led us to conclude that 
tentoxin is able to cross the lipid membrane inter- 
ior without the cation obeying only the partition- 
ing rules. This was also concluded from the parti- 
tion coefficients measured for tentoxin [7]. 

Current-voltage curves were recorded in order 
to determine the rate-limiting step of the K+ 
permeation caused by tentoxin. Following the the- 
ory in ref. 12, the conductivity ratio X/X, as a 
function of the reduced voltage u = U, F/RT can 
be expressed as 

x/x, = (1 +A) sinh(k-u/2) 

ku/2(1+ A cosh( ku/2)) 
11) 

where k is that part of the applied voltage which 
acts up on the charged complex (free Kt experi- 
ences a fraction of the voltage drop for penetra- 
tion of the head groups of the lipid molecules) and 
the parameter A is given by 

A = 2k,s[(k,c, + 2k, + 2/c,““)] [ ( kD + kgs) 

e( kRcM + 2ks + 2k,““) - kRc,k,] -I (2) 

which evaluates the influence of the membrane/ 
water (ma) interface for the permeation process 
and is fixed by the kinetic rate constants of com- 
plex translocation (kMs), carrier back transport 
(k,), recombination ( kR) with respect to the ion 
concentration ( cM) and dissociation (k,). 

The best approximation of the data for ten- 
toxin-mediated Kf transport using eq. 1 yields 
A = 0.08 and k = 0.73 for u 2 3 but k = 1 for 
u I 2 (shown in fig. 3). The charge-pulse measure- 
ments on DOPC/n-decane bilayer membranes 
shown in fig. 4 confirm the measured conductivity 
increase caused by tentoxin, however, the increase 
was only 30% compared to that of EYL/n-decane 
bilayer membranes. In this connection, it is inter- 
esting to note that the EYL used contains 34% 
DOPC. 

For tentoxin, only one relaxation process was 
observed in charge-pulse measurements. This re- 
sult has been described previously for beauvericin 

V-T 5 
u=U, F/RT 

Fig. 3. Current-voltage curves: ratio of the voltage-dependent 
conductivity and low-voltage conductivity (UN = 5 mv) as a 
function of the reduced voltage u = .!&,F/RT. The parameters 
A and k used for data approximation provide a measure of the 
influence of the membrane interface on ion permeation and the 
voltage effectively drops through the membrane, respectively 
(see refs. 13 and 15). S.D. values were calculated for five 
independent experiments. Tentoxin concentration, 5 X 10m6 M; 

KC1 concentration, 1 M. 

[13] and the hydrophobic cations TPA+ and TPP+ 
[14,15]. The authors identified this single-relaxa- 
tion process observed for the cations with the 
slower process of a two-step permeation mecha- 

Fig. 4. Voltage-time plot of a charge pulse measurement at a 
DOPC/n-decane bilayer membrane under the influence of 
tentoxin. T= 295 K, pH 7.1. Tentoxin concentration, 10e5 M; 
KC1 concentration, 1 M; U, = 9.069 mV; I = 192970.56 ps; 

h =1.94X 10m6 S cme2, r = -0.997. 
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Fig. 5. Log ion conductivity of an EYL/n-decane bilayer 
membrane as a function of time. Arrows denote the addition of 
dihydrotentoxin to the given final concentrations in M. The 
system was tested by adding lo-’ M valinomycin (Val.). 

T = 295 K. pH 7.1: KCI concentration, 1 M. 

nism (fast, adsorption/desorption; slow, translo- 
cation). They found that in this case processes at 
the interface are not rate-limiting and therefore 
the relaxation process observed corresponds to the 
ion-translocation step. Thus, the rate constants 
cannot be determined using the theory in ref. 9 
and only the product of the translocation rate 
constant and partition coefficient can be calcu- 
lated. The measured relaxation time may, under 
these conditions (k,, > k,), be identified with the 
steady-state time constant of the membrane l/k; 
= C,,,/X, = r (Cm, membrane capacity). In this 
way a translocation time for Kf (1 M) of t = 5.1 s 
was calculated for the effect of lop5 A4 tentoxin. 
Only for the hydrophobic cations mentioned above 
have times in the seconds range been described 
previously (t = 5.18 s at a DOPC/n-decane bi- 
layer membrane [14]). With respect to the reported 
fact that the naturally occurring derivative dihy- 
drotentoxin does not cause seedling disease in 
many plant species (which are affected by tentoxin 
via irreversible chlorosis), we investigated whether 
the small difference in conformation leads to dif- 
ferent behaviour of the K+ conductivity increase 
of lipid membranes. Surprisingly, we found that 
with the loss of the double bond the dihydro- 
tentoxin molecule as compared to tentoxin is un- 

able to alter the membrane ion conductivity. This 
is shown in fig. 5, the system being proved by the 
known effect of valinomycin. 

4. Discussion 

As reported previously [2,3], tentoxin increases 
the ion conductivity of EYL/n-decane bilayer 
membranes selectively for K+. With further mea- 
surements presented below, the slope of 3 reported 
for the relation between ion conductivity and 
tentoxin concentration is corrected to a value of 2 
by a linear regression analysis. This quadratic 
dependence of ion conductivity on tentoxin con- 
centration, demonstrated in eq. 3, coincides with 
the tentoxin dimerization within the membrane 
interior observed in ref. 7. 

log X = log[T]‘+ b (3) 

In ref. 7, it was shown by partitioning measure- 
ments that tentoxin forms dimers in n-alkanes and 
fluidization of the lipid bilayer membrane fatty 
acid chain region was established using NMR 
spectroscopy. Additionally, it was shown that K+ 
increases the tentoxin partition coefficient be- 
tween n-alkanes and water, however, stiffening of 
the fatty acid chains of a bilayer membrane is 
induced by both tentoxin and K+. Ivanov et al. 
[17] investigated whether the second power depen- 
dence of ion conductivity vs. enniatine B con- 
centration measured for bovine brain lipid bilayer 
membranes was caused by a carrier dimer forma- 
tion by synthesizing a ‘bis-enniatine B’. This 
artificial dimeric enniatine B indeed showed a 
linear effect, the dose response supporting the 
hypothesis that the slope of 2 in the plot for 
natural enniatine B reflects mediated KC transport 
during enniatine B dimer formation. 

The similarity between the charge-pulse mea- 
surements (only one relaxation process was 
observed) in the presence of tentoxin with the 
action of the enniatine derivative beauvericin 
mentioned is lessened by the faster translocation 
time of beauvericin K+ transport and the signifi- 
cant fact that, although beauvericin increases the 
ion conductivity of bilayer membranes dose-de- 
pendently with a slope of 3, no concentration 



M.G. Klotz et al./K + transport through hdayers facilitated hy tentoxin dimers 187 

dependence of the beauvericin partition coeffi- 
cient was found [13]. On the other hand, 
beauvericin shows a strong superlinear reIation 
between h/h0 and the reduced voltage as required 
by eq. 1 for A = 0 using the carrier concept. Such 
a superlinear relation between the conductivity 
ratio and voltage is evidence that the rate-limiting 
step shouId be the migration of ions through the 
membrane interior, the interface reaction being in 
the equilibrium domain [13-15,171. The parameter 
A must then decrease, which is connected with the 
boundary conditions, kzs x=- k, and kgs B k,,, 

describing a solution complexation mechanism. 
The k value calculated for tentoxin (u 2 3) is 

nearly the same as that for 10e5 M enniatine B at 
DOPC/n-decane bilayer membranes [13] and for 
nactine-cation transport at monoolein/n-decane 
membranes [17], but differs from that for 1O-7 M 
valinomycin (k = 0.6) and beauvericin (k = 1) [ 131. 

The apparent voltage independence of the con- 
ductivity in the voItage range between 50 and 75 
mV must be caused by diminution of the voltage 
which acts on the charged complex through the 
membrane. Rather, the low A and k values mea- 
sured for tentoxin (u 5 2) indicate a beauvericin- 
like behaviour of tentoxin. The action of 
beauvericin as well as of Pro-valinomycin on ion 
transport has been described as a solution com- 
plexation mechanism (A = 0 [13,14]). In studies 
[14,15] of the transport mechanisms of larger hy- 
drophobic ions very low A-values have also been 
found (e.g., A = 0.02 for 10e4 M tetraphenyl- 
arsonium (TPhA+) and tetraphenylphosphonium 
(TPhP+), respectively, at glyceromonooleate/n- 
hexadecane bilayer membranes), indicating ihat 
the adsorption/desorption rate (k,,) is about two 
orders of magnitude larger than the rate of trans- 
location (ki). With respect to the rather long ion 
translocation time (in the seconds range), rela- 
tively low A value and stiffening of the fatty acid 
chains of bilayer membranes by tentoxin-Kf, lo- 
calization of the tentoxin dimers associated with 
Kt in the chain end region of the membrane could 
be expected. This is supported by the fact that, in 
experiments using DOPC, K+ transport was less 
effective than in EYL bilayer membranes owing to 
the smaller available volume of the equal-chained 
DOPC membrane. Furthermore, support is also 

provided by the fact that tentoxin neither causes a 
conductivity increase nor induces a K+ concentra- 
tion potential on coloured membranes if 0.2 ml 
chloroform is used additionally as a lipid solvent 
(25% v/v), but it does give rise to a small poten- 
tial if chloroform is not employed (about 20% of 
the data shown in fig. 2). From partitioning mea- 
surements [7] it is known that tentoxin has a 
relatively high partition coefficient between chlo- 
roform and water and that it exists as a monomer 
in both solvents. It has also been reported [l] that 
UP to 10e3 M, tentoxin exists in the monomeric 
form in chloroform as well as in water and 
methanol. Therefore, the electrochemical standard 
potential difference between n-decane, chloroform 
and the lipid inner layer should hinder dimeri- 
zation. 

Tentoxin neither influences the membrane 
capacity [7] nor leads to alteration of the mem- 
brane surface potential (A. Hattenbach, personal 
communication). Now, as a matter of fact, in 
addition to the capability of fast membrane per- 
meation as has also been observed in vivo [18] by 
fluidization of the fatty acid chain region, tentoxin 
has the ability to associate as a dimer with K+. 
K+ as observed in conductivity measurements is 
able to use the tentoxin dimer as a vehicle to 
overcome the membrane energy barrier driven by 
an electrochemical gradient. The tentoxin dimer 
(with respect to the volume available within) 
should work as a cage coordinating the K+ via the 
unbound carbonyl functions (of every pair of 
tentoxin molecules, one should be hydrogen- 
bonded with the two amide functions of the other 
to form the dimer), which has been tested success- 
fully with the help of a CPK model. 

As a summary of the results discussed here, we 
can confirm that the following facts are strong 
arguments against the channel concept for the 
action of tentoxin as proposed by Heitz et al. [l]: 
(1) low stoichiometry in connection with the small 
size of the molecule, (2) selectivity for K+, (3) K* 
concentration potential measured in coloured 
membranes in the absence of chloroform as a lipid 
solvent, and particularly the facts that (4) ten- 
toxin, depending on the temperature, fluidizes the 
membrane interior, and (5) in the presence of K+ 
and tentoxin membrane stiffening is observed. 
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For a general discussion of the results using the 
parameters of the carrier model (A, k) developed 
only for 1: 1 ion carrier ratios and dimerization of 
ion transport mediators, two assumptions appear 
to be necessary: (1) that the association of the 
dimer with the ion is independent of the dimeriza- 
tion process itself; and (2) that the concentration 
of the carrier molecule in the aqueous phase is 
about equal to the total carrier concentration used. 
From the partitioning experiments we know that 
tentoxin is able to form dimers in a hydrophobic 
environment in the absence of any cation [7]. 
Thus, we can introduce a stability constant for 
dimerization in the membrane: 

G’= tT,ml/[T;“12 (4) 

and an equilibrium constant for the association 
process : 

q,+= [T~K+]/[K+][T~]. (5) 

As mentioned before, the partition coefficient of 
tentoxin (rr) is very low in comparison with other 
known carrier molecules (e.g., I$~~~‘(tentoxin) 
= 3 x 10d3 [7]) because of its rather good solubil- 
ity in water which allowed us then to assume: 

r,. := [T;“]/[T;] = [T;~]/[T”“~~]. (6) 

Combination of eqs. 4-6 gives 

[T;“K+] = KTmKTm,K+[K+]r~[Ttota’]2 (7) 

which should be equal to the expression for the 
concentration of the complex in the membrane 
used in the carrier model and, under the assump- 
tions stated above, it seems possible to formulate 
an expression for ion conductivity as a function of 
the second power of the tentoxin concentration 
and partition coefficient using the equations de- 
veloped in ref. 12: 

2F2k,, 
X = ~f(U)[T’“K+]. (8) 

On the other hand, a valinomycin-type interface 
complexation mechanism can easily be excluded 
from the discussion. If the action of tentoxin is 
described by a solution complexation mechanism, 
as reported for Pro-valinomycin-K+ [14,19], 

tentoxin and K+ would have to associate in the 
water phase. This possibility would appear to be 
excluded with respect to the increase in hydro- 
phobicity on dimerization of tentoxin [7]. 

Eq. 8 should also be valid for the adsorption/ 
desorption mechanism developed for permeation 
of large hydrophobic ions if k,, is substituted by 
the translocation constant ki. 

However, especially in view of the lack of com- 
plete kinetic data, there is as yet no evidence 
available to help one to decide which of the 
mathematical models of carrier-mediated ion 
transport developed is useful to describe the ac- 
tion of tentoxin or whether one should determine 
if a possibly new ion carrier mechanism exists, 
with features of the translocation mechanism for 
large hydrophobic cations. 

Further experiments and theoretical considera- 
tions are under way to resolve this problem. 
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