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Summary. The effects of methylation on the rate constants of 
carrier-mediated ion transport have been studied on monoolein- 
decane bilayers with K +, Rb +, NH2, and T1 + ions, using the 
series of homologue carriers, nonactin, monactin, dinactin, tri- 
nactin, and tetranactin, each member of the series differing from 
the previous one by only one methyl group. Measurements of the 
amplitude and time constant of the current relaxation after a 
voltage jump over a large domain of voltage and permeant ion 
concentration, together with a computer curve-fitting procedure, 
have allowed us, without the help of steady-state current-voltage 
data, to deduce and compare the values of the various rate 
constants for ion transport: formation (kRi) and dissociation (kD~) 
of the ion-carrier complex at the interface, translocation across 
the membrane interior of the carrier (ks) and the complex (k~s). 
With the additional information from steady-state low-voltage 
conductance measurements, we have obtained the value of the 
aqueous phase-membrane and torus-membrane partition coef- 
ficient of the carrier (L and Fs). From nonactin to tetranactin with 
the NH 2 ion, k~s , and ys are found to increase by factors of 5 and 
3, respectively, kD, and F~ to decrease respectivery by factors 8 and 
2, while kRi and k~ are practically invariant. Nearly identical 
results are found for K +, Rb +, and T1 + ions. kRi, k s and k~ are 
quite invariant from one ion to the other except for T1 + where k m 
is about five times larger. On the other hand, kD~ depends strong- 
ly on the ion, indicating that dissociation is the determining step 
of the ionic selectivity of a given carrier. The systematic va- 
riations in the values of the rate constants with increasing metby- 
lation are interpreted in terms of modifications of energy barriers 
induced by the carrier increasing size. Within this framework, we 
have been able to establish and verify a fundamental relationship 
between the variations of k~ and kD~ with methylation. 
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Introduction 

The purpose of  this work is to investigate in a 
systematic way the influence of  ion and molecular  
variations of the ionophore  on the rate constants of 
carrier-mediated ion t ranspor t  through lipid bilayers. 
Our  goal through this study is to gain more  insight 
at the molecular  level on the fundamental  mecha-  
nisms of  ion permeat ion through membranes.  The 
macrotetral ide actins (nonact in to tetranactin) con- 

stitute a part icularly well-suited series of  molecules 
since each homologue  differs from the preceding one 
by only one methyl  group. 

Since their early identification as ion translo- 
cators in lipid bilayers (Mueller & Rudin,  1967; 
Pressman, Harris, Jaeger & Johnson,  1967; Eisen- 
man, Ciani & Szabo, 1968; Tosteson, 1968), these 
molecules have been the subject of  various investi- 
gations on lipid bilayers, which all contr ibuted to 
confirm their role as mobile ion carriers. Earlier 
works were confined to steady-state potential  and 
conductance  measurements,  which allowed the de- 
terminat ion of  ionic permeabil i ty ratios in terms of  a 
model  where the interracial reactions were assumed 
at equil ibrium (Eisenman et al., 1968; Szabo, Eisen- 
man  & Ciani, 1969; Szabo et al., 1973; Eisenman 
et at., 1973). Then with Markin,  Kristalik, Liberman,  
and Topa ly  (1969) followed by L/iuger and Stark 
(1970), by Hladky  (1972), by Ciani, Eisenman, La- 
wade ,  and Szabo (1973a) and by Ciani, Laprade  
Eisenman, and Szabo (1973b), theoretical frame- 
works in the steady-state were available where dif- 
fusion of  the complexes across the membrane  in- 
terior was no longer the rate-limiting step. One en- 
tered the "kinetic era." The theoretical expectations 
of  these models sufficed to account  for an impor tan t  
body  of membrane  steady-state data  (zero-current 
potential  and conductance,  current-voltage relation- 
ship) and allowed one in appropr ia te  systems to 
deduce interesting combinat ions  of  kinetic parame-  
ters (Stark & Benz, 1971; Ciani et al., 1973a; Benz 
& Stark, 1975; Feldberg & Kissel, 1975; Hladky, 
1975a; Laprade,  Ciani, Eisenman & Szabo, 1975; 
Krasne  & Eisenman, 1976). 

However,  it was only with the in t roduct ion of  
the vol tage-clamp relaxation technique (Stark, Ket- 
terer, Benz & L/iuger, 1971) that  one could get at 
the individual values of  the rate constants. Laprade  
et al. (1975), on glyceryl-dioleate/decane membranes,  
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Fig. I. Schematic diagram of the processes involved in carrier- 
mediated ion transport  

Benz and Stark (1975), on monoglyceride/decane 
membranes, and Hladky (1975b), on glyceryl- 
monooleate/hexadecane membranes, deduced the in- 
dividual rate constants for trinactin-mediated trans- 
port with various ions. Relaxation studies were also 
conducted with nonactin by Hladky (1975b) and by 
Benz and Stark (1975) for the series nonactin 
through trinactin with the NH 2 ion. Although used 
primarily as a steady-state method, the charge pulse 
technique also allowed Feldberg and Kissel (1975) to 
estimate the rate constants for the series nonactin 
through trinactin with the NH 2 ion. 

However, even with all the existing data ob- 
tained from relaxation studies, it is not possible to 
build a complete kinetic characterization with the 
whole series from nonactin to tetranactin on the 
same type of membrane, in the same experimental 
conditions, and with a good variety of ions, which 
would allow a useful and unambiguous comparison 
of the rate constants amongst the different homo- 
logues and ions1. 

So it is the purpose of this work to report such a 
kinetic characterization and comparison. The use of 
an averaging system in the experimental set-up has 
allowed us to obtain data on ion-carrier combi- 
nations and in concentration ranges that could not 
be studied previously. In addition, we present results 
on the carrier tetranactin and the thallium ion 
which had never heretofore been reported. More- 
over, a novel way of deducing the individual rate 
constants will be introduced, which uses solely relax- 
ation data in contrast with the standard approach 
which relies also on steady-state current-voltage 
data. 

1 The reader interested in a detailed and critical review of 
carriers is referred to the excellent and recent one by Hladky 
(1979b). 

Theory 

The transport model we will use is schematized in 
Fig. 1 and corresponds to the widely accepted model 
for carrier-mediated ion transport introduced by 
Markin et al. (1969), L/iuger and Stark (1970) and 
Stark et al. (1971), This model is essentially identical 
to that of Ciani (Ciani et al., 1973a; Laprade et al., 
1975) with the omission of the complex partition 
process. The notation used here is that of Hladky's 
recent review (Hladky, 1979b), which is a slightly 
modified version of that of L~iuger and Stark (1970). 

Time Dependence  o f  Ehe Electr ic  Current  

For such a system, it has been shown in an Eyring 
type of treatment (Stark et al., 1971; Hladky, 1975b; 
Laprade et al., 1975) that the time course of the 
current after a voltage jump is given by 

I( t )  = loo(1 + ~1 e - t /~  + ct2 e-U~) (1) 

where I~  is the steady-state or stationary current, 
which for the case of a monovalent cation and a 
carrier added via the aqueous phase is given by 

kRi C a c i sinh (u/2) 
Ioo = F d  G ~ lq~ [1 + K c i ]  [1 +A cosh (u/2)]" (2) 

~1 and ~2 are the relaxation amplitudes, while rl 
and z 2 are the relaxation time constants, which are 
given by 

1/z 1 = a - b (3) 

1/r 2 = a + b (4) 

where 

2a = 2kis cosh (u/2) + kDi + 2k~ + kRiC i (5) 

2b = [(2kis cosh (u/2) + k D i -  2 k  S -  kRiCi) z 

4- 4kRiCikDi] �89 (6) 

1 = A cosh (u/2) + B (7) 

r = A cosh (u/2) - B (8) 

cosh (u/2) 
B - 4 b [A  (kRi c i + koi + 2 k~ 

- 2k~ r (u/2)) - 4 k J  (9) 

0q + ~'2 = A cosh (u/2) = ~r (10) 

kls [ kRiCi\ 

F V  
u = ~ .  (12) 
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In the above expressions, F is the Faraday, d, the 
membrane thickness, ~, the aqueous phase-mem- 
brane partition coefficient, % the permeant ion con- 
centration, c~, the total aqueous carrier concen- 
trations, K, the aqueous phase ion-carrier complex- 
ation constant, and V, the applied voltage. 

Zero- Current Conductance 

In the limit of low applied voltages and thus low 
currents, we obtain from Eq. (2) the so-called zero- 
current conductance (Szabo et al., 1969; Uiuger & 
Stark, 1970) 

G~= lim I ~  kRic~ci (13) 
v-o V 2 R r  ' ~kv~ ( l+K q) ( l+A  ) 

where the superscript "a" refers to the carrier added 
to the aqueous phase. In the case where the carrier 
is added to the lipid phase (1) and for small mem- 
branes which are torus-buffered (Hladky, 1972, 1973; 
Benz, Stark, Janko & L~iuger, 1973) we have 

l F2d kRi eZsCi 
G~ (1 +A) (14) 

where F~ is the torus-membrane partition coefficient. 

Materials and Methods 

Black lipid membranes were formed from a 25-mg/ml solution in 
n-decane of monoolein obtained from Sigma. Membranes were 
formed according to previously published method (Szabo et al., 
1969) on a Teflon partition separating two aqueous compart- 
ments of 20 ml volume each. The diameter of the aperture in the 
Teflon partition for the relaxation experiments was either 0.6 or 
1 mm. The same aperture diameters were used for the steady-state 
zero-current conductance measurements where the carrier was 
added via the lipid phase. For the conductance measurements 
where the carrier was added via the aqueous phase the aperture 
diameter was 4.3 mm. In the latter case, in order to minimize 
adsorption of the carrier to the Teflon walls, the membrane was 
formed on a Teflon disc separating two glass compartments (La- 
prade, Grenier & Asselin, 1979) 2. The measurements were carried 
out at room temperature which was kept constant at 22.5_+0.5 ~ 
Nonactin was a gift from Barbara Sterns of Squibb and Hans 
Bickel of Ciba-Geigy; monactin, dinactin, and trinactin were gifts 
from Hans Bickel, and tetranactin was a gift from W. Simon and 
from K. Ando. Small volumes of stock ethanol solutions of the 
carrier (10-5--10-3M) were added either to the aqtaeous or the 
[ipid phase. The finaI concentration of ethanol in the aqueous 
phase never exceeded 1 ~ .  When the carrier was added to the 
lipid phase, the ethanol from the appropriate stock solution was 
first evaporated and then replaced by an equal volume of lipid 
solution. Aqueous salt solutions were chlorides of the different 
ions except for thallium, where it was acetate. Ionic strength was 
kept constant at 1 M with LiC1 except for thallium, where the salt 
was LiNO 3. 

2 Laprade, R., Grenier, F., Asselin, S. Lateral diffusion of ion 
carriers in lipid bilayers. Manuscript in preparation 
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Fig. 2. Schematic diagram of the experimental set-up for the elec- 
trical relaxation studies 

The conductance measurements were performed as in pre- 
vious studies (Szabo et al., 1969; Laprade et aI., 1975). For relax- 
ation experiments~ we waited about 15 min after the blackening of 
the membrane before recording the current transient decay since 
we had observed a gradual decrease of the time constant during 
the first 10min. A schematic diagram of the experimental set-up 
is shown in Fig. 2. Voltage pulses of about 1 msec duration were 
supplied by a pulse generator with a rise time of 10 nsec (Hewlett- 
Packard 8005A). A CA3040 wideband amplifier (RCA) with a 
constant open loop gain of 30 up to 100MHz was used as a 
current amplifier with feedback resistors of 5.4 or 22.4kf2; its 
output was amplified by a second CA3040 in an open loop 
configuration. A Biomation 805 dual time base transient recorder 
was used as a buffer to an averager (Fabri-Tek Instruments, Inc.. 
model 1072). Signal repetition rates varied around 200Hz. and 
between 1024 and 8196 samples were taken on the same mem- 
brane. The first 90yo of the current decay was recorded with the 
first time base at a setting allowing maximum resolution and the 
last 107o with the second time base at a ten times slower setting, 
thus allowing the decay to be totally completed by the end of the 
recording. The output of the averager corresponding to (1(0 
-I~o), where I~o is the steady-state current, was fed to a logarith- 
mic amplifier, whose output was displayed on an x - y  plotter. 
The time constant of the exponential decay could be read directly 
from the slope of the straight line on the x - y  plotter, the in- 
tercept at t = 0  giving the difference between instantaneous and 
steady-state current. Obviously the relaxation current could be 
relied upon only after the capacitive transient, whose time con- 
stant for the smallest membranes was less than 200nsec. The 
procedure has allowed us to measure relaxations of small ampli- 
tudes and short time constants with increased precision using 
lower carrier concentrations. 

Numerical Methods 

The procedure we have used for the analysis of the rate constants 
fiom the relaxation data requires curve fitting the theoretically 
predicted values (Xmeor) of the amplitudes and time constants to 
the experimentally measured o n e s  (Xexp). In order to obtain the 
values of the parameters k~, k~, kR~, and kv~, which would give 
the optimum fit between experimental quantities and predicted 
ones, we have used a least-squares fir program on a digital com- 
puter. This program, starting with hand-calculated initial guesses 
(cf  Results) for the values of the parameters varies them until it 
finds a minimum (in four dimensions) for the sum of [(Xox p 

Xthoor)/XeJ 2 for all the points. In this procedure, it is the 
relative difference which is minimized, so that each point is then 
given the same importance. 
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Table 1. Values of rob ~ and C~ob ~ for trinactin and tetranactin with NH 2 
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V (mY) Trinactin c i (M) 

10 -2  3 x 1 0  -2  10 - I  0.5 1 

Tetranactin c i (M) 

10 -2  3 •  2 10 * 0.5 1 

%bs (gsec) 

10 32.5 32,0 37.5 42.3 43.0 
25 30.1 30.9 35,4 40.0 41.0 
50 25.0 26,3 30.5 33.6 33.9 

100 15.3 16.3 19.1 20.6 20.5 
150 8.8 9.6 11.5 12.0 11.6 

~obs 
10 2.5 2.5 2.3 3.4 5.3 
25 2.8 2.7 2,4 3,9 5.8 
50 3.7 3.4 3.1 4.7 7,4 

100 7.4 6.7 6.0 8.9 14.9 
150 21.1 15.7 12.8 18.9 35.0 

26.9 29.3 29.5 29.1 27.8 
24.6 26.8 28.0 27.6 26.0 
20,4 20.6 22,5 22.5 21.6 
11.6 11.9 12.6 12.7 11.9 

6.0 5.9 6.2 6.9 6.2 

7.3 7.8 7.8 13.2 18.0 
8.1 8.3 8.8 14.5 20.6 

10.8 11.4 12.0 18.5 26.2 
26.8 26.0 28.9 44.9 58.0 

115 137 136 153 191 

Values at c~"=5 x 10-gM 

Results 

Relaxation amplitudes and time constants, gobs and 
rob ~, were measured at ion concentrations ranging in 
most cases from 10-2 to 1 M, and, in some instances, 
up to 3M, and for voltage jumps from 10 to 150inV. 
These measurements were carried for the whole se- 
ries of nonactin and its homologues with NH +, K +, 
Rb +, and T1 + ions. In all cases, aside from the early 
capacitive transient, only one exponential relaxation 
could be detected ('Cobs, gobs)' In general, we can state 
that at low voltage as ion concentration is de- 
creased, "cob~ and %b~ decrease and approach a finite 
limiting value, and as ion concentration is increase& 
c%s increases linearly; finally, at a given ion con- 
centration, rob ~ strongly decreases with voltage while 
U.ob s increases. Typical results are shown in Table 1, 
and Figs. 3 and 4, while complete data are presented 
in Appendix B. Accordingly, as described by Hladky 
(1975b, t979b), "Cob s and C~ob ~ were identified with the 
slower relaxation z~ and %, Whose expressions are 
given in Eqs. (3) and (7). 

Determination of the Rate Constants 

From the above considerations, we can obtain in the 
limit of low voltage good estimates for the values of 
the rate constants kis and kD~ and the ratio kRjk  ~ 
(Hladky, 1979b). Indeed at low ion concentration 

robs --~ h ~- 1/(2 k~s + ko~) (15) 

and 

~obs ~ (Z1 @- g2 ~- 2 k i s / k n i  (16) 

' ' I  ' ~ ' ' I ' ' ' ' I ' ' .  

( ~  

I C  - I T E T R A N  z 

I T R I N  I / ~  
I D I N  . 

IC) , , I , , , , I L , t , I , J 
0.01 0.1 I C i ( M )  

Fig. 3. Measured amplitude of relaxation, C~ous, at 10 mV as a 
function of ion concentration for the whole series of macrotet- 
ralides. The theoretical curves have been drawn according to Eq. 
(17). Vertical bars indicate scatter 

from which separate values of kis and kD~ can be 
calculated. At higher ion concentration (c.f. Fig. 3) 

%bs ~ % + % = (kijkz)i) (2 + k m cjk~) (17) 

the slope of which as a function of ion concen- 
tration gives, from the knowledge of k~s/koi, the ratio 
kRi/kis; we are left with only one unknown (km or k~) 
which can be calculated in principle from the value 
of rob ~ at higher ion concentration and voltage. In- 
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Fig. 4. An examp]e of curve-fitting for the tetranactin-NH~- ion- 
carrier complex. The open symbols represent the experimental 
data: squares, 0.01 M; circles, 0.1 M; and triangles, 0.5 M. The solid 
curves represent theoretical curves corresponding to the best-fit of 
~ and ~ to the experimental data, using the values of Table 2 for 
the rate constants. The dashed curves represent the corresponding 
theoretical values of ~2 and c~ 2 

spection of Fig. 3 clearly shows that Eq, (17) is very 
well followed, which strongly suggests that both ra- 
tios, kUk w and km/k~, are constants independent of 
% This also constitutes a strong indication that the 
individual rate constants are independent of % since 
indeed it would be highly fortuitous that kR~ and k~, 
for example, would vary in a parallel way. This 
finding for all macrotetralides, which confirms the 
observations of Hladky (1975b) for nonactin and 
trinactin, is very interesting since it was shown for 
valinomyein (Knoll & Stark, 1975; Benz & L~iuger, 
1976) and the enniatins (Benz, 1978) that, although 
k~ and kz) ~ seemed fairly constant with % k~ showed 
a slight decrease, while kRi showed a strong one, 
with increasing ion concentration. 

In order to obtain values for the rate constants 
which would give the optimum fit to Tob ~ and ~obs 
over the extensive experimental range studied, the 
above estimates were used as initial guesses in a 
computer curve-fitting program (see Numerical 
Methods). Interestingly, in all cases, the final values 
for k~, kD~, and the ratio kRjk ~ came out very close 
to the initial values. Only in the separate values of 
kR~ and k~ were there significant differences. Using 
these values in the expressions for a2 and r a, we 
have verified that indeed this faster relaxation pro- 
cess could not be detected experimentally. 

In addition to the curve-fitting procedure, the 
present method of obtaining the separate values for 
the rate constants differs from the usual method 
(Stark et al., 1971; Benz et al., 1973; Gambale, Glio- 
zzi & Robello, 1973; Benz & Stark, 1975; Hladky, 

1975b; Laprade et al., 1975), in that it relies solely 
on relaxation data. Thus, it does not make use of 
the ratios kis/kvi and kRi/k s determined from current- 
voltage data, which, as was pointed out by Hladky 
(1979b), can be much in error due to the particular 
form of the equation and the inadequacy of the 
voltage function to describe the current-voltage re- 
lationship. 

Table 2 presents the values of the individual rate 
constants obtained from independent curve-fittings 
for each ion-carrier combination over the whole 
range of voltage and ion concentration. Some of the 
results for the NH~ ion have been reported earlier 
in a preliminary form (Laprade, Grenier & Asselin, 
1978). Table 3 shows some useful and interesting 
ratios of the rate constants calculated from the val- 
ues of Table 2. For  Rb § with nonactin and monac- 
tin, the data at low ion concentration was not suf- 
ficient to allow reasonably reliable values to be ob- 
tained from our method of analysis. For each ion- 
carrier combination, we also present in Table 2 the 
mean percent difference between predicted and data 
values (zl 70 = 100[Zl(Xexp- X~u~or)[/Xex;,]/n, where n 
is the number of points), each data point being the 
mean of about three different measurements. We can 
see that the fits are quite good, especially those for 
the highest homologues and preferred ions (c.f. Fig. 
4), for which we obtain larger time constants and 
amplitude of relaxations that are easier to measure. 
Indeed, we can state that, in general, the quality of 
the fit parallels quite closely the quality of the data, 
the latter reflecting to a large extent variations from 
one membrane to the other (Hladky, 1975b). How- 
ever, one may ask what is the reliability on the 
values of the rate constants so determined. In order 
to have some idea on this matter, we have fixed the 
value of one rate constant and allowed the others to 
vary at will in order again to get the best fit; we 
have then calcuated z J70 for different fixed values of 
this rate constant. We have done this for the four 
rate constants lq~, kDi , kRi , k~, and the ratio kRjk~; 
the results for trinactin-NH~ are shown in Fig. 5 
where J G is plotted as a function of the ratio of the 
fixed over the optimum value of the rate constant. 
Quite similar curves are obtained for other ion-car- 
rier combinations. It can be seen that the minimum 
is quite sharp in the case of ki~, kvi , and the ratio 
(kR]ks). A much shallower minimum is seen for kR~ 
and k~, although it is clear that k~ has to be greater 
than a certain value. This means that the values of 
k~ s, kD~, and the ratio kRi/k ~ are very well deter- 
mined, while the separate values of kR~ and k~ could 
be given with certitude only a minimum value. This 
finding corresponds to what is expected since Eqs. 
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Table 2. Rate constants from nonactin to tetranactin 
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NH + K + Rb + T1 + 

Tetran ki~ (sec- *) 1.44 x 10 r 1.69 x 104 
k~ (sec- 1) 6.13 x 104 7.24 x 104 
kai (M- t -- sec- i) 1.79 x 10 s 1.27 • l0  s 
k~  (sec- 1) 4.06 x 10 a 1,80 x 104 

zlTo 6.6 8.6 

Trin ki, 8.98 x 103 9.00 • 103 
k, 9.20 • 104 1.17 x 105 

kRi 1.70 x 105 2.80 x l0  s 

kDi 9.00 x 103 6.47 x 10 ~ 

A ~  16.8 12.8 

Din ki~ 7.74 x 10 a 7.19 • 103 
k~ 6.37 x 104 6.98 • 104 
kRi 3.16 x 10 5 1.68 x 105 

kD~ 1.35 x I0 r 1.24 • 105 

z~o 15.0 22.9 

Mon k~ 5.09 x 10 a 6.8 x 103 
k~ 6.60 • 104 1.7 x 105 
k m 1.70x10 s 2.8 x l 0  5 

koi 1.98 x 104 1.95 x 10 s 

A ~  13.6 20,5 

Non k~ 2.86 x 103 5,9 • 103 
k~ 8.6 x 104 6,3 • 104 

kRi 3.7 • 105 2.3 X 104 
kDi 3.17 X 104 1.6 X 105 

dYo 16.5 18.9 

2,03 x 104 
1,14 x 105 
2.93 x 10 s 
9.01 x 104 

10.3 

9.38 x 103 

7.84 x 10 ~ 
1.07 x 105 
1.68 • l0  s 

10.8 

8.75 x 103 
7,04 • 104 
1.76 x l0  s 

4.94 x 10 s 

9.9 

1.47 x 104 

1.39 x 105 
6.6 x 105 
1.62 x 104 

15.1 

6.39 x 103 
1.99 x 105 
1.22 x 106 
4.1 x 104 

18.4 

4.49 • 103 
1.82 x 105 
1.07 x 106 

6.00 x 104 

11.7 

2.13 x 103 
7.65 • 104 
8.03 x 105 
1.33 x l0  s 

16.8 

1.77 x t03 
1.26 x 105 

8.36 • 105 

3.46 x 105 

25.1 

Table 3. Values of the ratios kRi/kDi , kRi/k s and kis/kbi from 
nonactin to tetranactin 

N H  2 K + Rb + TI + 

Tetran kRi/kDi (M- 1) 44.1 7.1 3.25 40.7 
kajl  q (M- 1) 2.92 1.75 2.57 4.75 

kljkv; 3.55 0.94 0.23 0.91 

Trin kRifl% i 19.9 4.32 0.64 29.8 
km/k ~ 1.85 2.39 1.36 6.13 

kis/l%i 1.0 0.14 0.056 0.16 

Din lCRi/kDi 23.4 1.35 0.36 17.8 
kRjk ~ 4.96 2.4 2.5 5.88 
kis/kDi 0.57 0.058 0.018 0.075 

Mon kRi/kD~ 8.58 1.44 6.07 
kRi/k s 2.57 1.65 10.5 
kis/koi 0.26 0.035 0,016 

Non km/kD; 11.6 0.14 2.42 

kRi/k s 4,30 0.37 6.63 
kijk,~ 0.09 0.037 0,0051 

Calculated flom the values in Table 2. 

(15), (16), and (17), which gave the estimams for l G,  
kD~, and k R J k  s a r e  very good approximations, while 
it was shown by Benz et al. (1973) that separate 
values for k m and k~ could be obtained only when 
%h~ was significantly less than aT, which is obviously 

the case here only at the highest voltages. Neverthe- 
less in the following, additional arguments, mostly 
based on steady-state measurements, will be given 
that should justify a good degree of confidence in 
the values of kRi and k~ reported in Table 2. 

It should be stated that the values of the rate 
constants we have found do not depend critically on 
the particular voltage dependence of the translo- 
cation rate of the complex we have used and which 
appears in the different equations as k~scosh(u/2 ). 
Indeed using the weaker voltage function 
ki~cosh(nu ) for the rate of transfer of the complex 
(Hladky, 1975b; Knoll & Stark, 1975; Laprade et 
al., 1975), we have found with the NH~- :ion and the 
whole series of actins, letting n be an additional 
adjustable parameter (0.37<n<0.44), that 1G in- 
creases by less than 10~, while kD~ decreases by less 
than 3 ~o. Moreover, the voltage dependence of the 
rate constants is of little importance here since we 
are more interested in the variations of the rate 
constants when going from one carrier to the other 
or from one ion to the other, than in the precise 
absolute value of the rate constants which will al- 
ways be dependent on the assumptions made. This is 
clearly seen in Appendix A where rate constants are 
derived in the limit of low applied voltage, taking 
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Fig. 5. Illustration of the reliability on the values of the rate 
constants corresponding to the optimum fit for trinactin-NH 2. 
The value of a single rate constant is fixed at a value different 
from the optimum one and the other three are allowed to vary in 
order to get a minimum in the mean relative error between 
predicted and experimental points (z3~). A ~  is plotted as a 
function of the ratio k/kop t of the fixed over the optimum value 

into account  their  vol tage  dependence .  Indeed,  al- 
though  the abso lu te  values might  be different from 
those in Table  2, the var ia t ions  we are in teres ted  in 
are not  s ignif icant ly altered�9 

Ratios of kRi from Conductance Measurements 

As s ta ted  before,  a l though the ra t io  kR~/k ~ is ra ther  
well defined, the separa te  values of kRi and  k S do not  
appea r  as clear ly defined. Nevertheless ,  the fact that  
k~ for a given carr ier  turns  out  to be the same for 
different ions legi t imates  some conf idence in the val- 
ues of  these two constants�9 However ,  the re l iabi l i ty  
of these values can be checked indi rec t ly  with da ta  
from s teady-s ta te  conduc tance  measu remen t s  at  low 
ion  concent ra t ion .  F o r  two different ions with a 
given carrier,  we have 

Go(/) ( l + 2 k i , / k D )  

Go(i ) kRi kDj ki~ (1 + 2kjs/kDj )" 
( i s )  

Since kDi, kD~, ki~, and  kjs as well as the ra t io  
Go(j)/Go(i) are k n o w n  with a good  degree of  re- 
l iabil i ty,  one can calcula te  the ra t io  (kRj/kRi) and 
c o m p a r e  it with tha t  ob t a ined  f rom the r e l axa t ion  
analysis.  Tab le  4 shows such a compar i son .  The 
conduc tance  ra t ios  that  have been  used and  appea r  
in Table  5 have been  o b t a i n e d  on small  a rea  mem-  
branes  with the car r ie r  a d d e d  to the l ip id  at  a con- 
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Table4. Comparison of the ratios kRi/kRNH 2 of the relaxation 
analysis with those calculated from steady-state conductance data 

Men Din Trin Tetran 

I II I II I II I II 

K § 1.65 0.84 0.53 2.2 1.65 1.44 0.71 1.53 
Rb + 0.56 2.2 0.63 1.t9 1.63 2.53 
T1 § 4.72 12.4 3.4 7.1 7.18 7.44 3.7 4.11 

I: Calculated from the values in Table 2. 
II: CalcuIated from Eq. (18) using the values of kis and kDi of 
Table 2 and the values of the ratios Go(i)/Go(NH2) of Table 5. 

Table 5. Values of the ratios Go(i)/Go(NH]) at ldw ion con- 
centration 

Men Din Trin Tetran 

K + 0.22 0.42 0.47 1.14 
Rb + 0.09 0.14 0.18 0.90 
TI § 1.12 1.89 2.56 3.57 

cen t ra t ion  vary ing  be tween 10 - s  and  10-~M. The 
ra t ios  for K + and R b  + are no t  much  different f rom 
unity,  and  we can see f rom the c ompa r i son  of col- 
umns  I and  II  that  the agreement  is good  wi thin  
abou t  a factor  of  two. It  is in teres t ing to see also 
that  the kRi values for T1 § which were sys temat ica l ly  
larger  than  those for N H ~ ,  K § or  R b  + ions, ei ther  
from the value of  the ra t io  kRi/k ~ in Table  3 or  their  
separa te  value in Table  2, are also larger  here from 
c o m p a r i s o n  of  the conduc tance  levels. 

Determination of the Partition Coefficients 7s and F~ 

Since all o ther  pa rame te r s  are known,  Ys and  F~ can 
be ob t a ined  from conduc tance  measurement s  at  low 
ion concen t r a t i on  with the help  of  Eqs. (13) or  (14), 
depend ing  on whether  the car r ie r  is a d d e d  to aque-  
ous phase  or  to the l ip id- forming  solution�9 In the 
former  case, in o rde r  to min imize  the effect of ex- 
change  of  carr ier  be tween  the m e m b r a n e  and  the 
torus and  thus to be the closest  poss ib le  to the 
equ i l ib r ium concen t ra t ion  of  the carr ier  in the mem-  
b rane  (Hladky,  1973; L a p r a d e  et al., 1979), large 
a rea  m e m b r a n e s  have been used (0.15cm2; see also 
Methods) .  Conversely ,  in the la t te r  case, in o rder  to 
be torus  buffered (Hladky,  1973), we have used small  
a rea  membranes  (5 x 10-3cm2) .  The first and  last  
rows of  Tab le  6 give the values of 7s and  F~, calcula t -  
ed f rom Eqs. (13) and  (14), respectively,  using the 
values for the rate  cons tan ts  f rom Table  2. It can be 
seen that  7s increases only sl ightly from nonac t in  to 
t e t ranac t in  while F~ decreases a lmos t  by the same 
amount .  This small  increase  in 7s with me thy la t ion  
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Table 6. Calculated partit ion coefficients 7~ and F~" 

Non  Mort Din Trin Tetran 

7s b 2.4x105 2 . 6 x l 0  s 7.4x105 5.1x105 7 .4x10 s 
o c y~ 2 x l 0  ~ 1 .6x1@ 6.7x105 4.2x105 3.7• 
F~ ~ 9.4 10.7 6.2 7.5 5.8 

a Calculated from NH~- data and for d = 5  x 10 .7  cm. 
u From Eq. (13) using values of the rate constants from Table 2 
and the following respective values of G O (Siemen-cm 2) from 
nonact in to tetranactin, measured on large area membranes 
(4mm diameter) and at c i=10 2M, c [ = 1 0 - s M :  6 .6x10 -4, 7.1 
x l 0  4 , 5 . 9 x 1 0 - 3  3 . 3 x l 0 - a ,  a n d 5 . 8 x l 0 - 3  

From Eq. (19) using the followir;g respective values (s) for z 
from nonactin to tetranactin: 170, 130, 560, 350, 310. D~=3 
x l 0  6 c m Z - s e c  - 1 , 6 = 1 0 - 2 c m , d = ~ x l 0 - T c m .  

d From Eq. (14) and the following respective values (Siemen- 
cm 2) for G o from nonactin to tetranactin measured on small 
area membranes (0.8mm diameter) and at C~=10-2M, c~ 
=10  *N: 2 .4x10 -4, 2.92X10 ~, 4 .93x10 ~4, 4.25X10 4, and 
4.32 x 10 r 

is in agreement with the finding of Benz and Stark 
(1975), although the values for 7s found here are 
about one order of magnitude higher than those 
found by Benz and Stark (1975). This is due mainly 
to the fact that our values of conductance are about 
one order of magnitude higher than theirs. This dif- 
ference can be explained by the fact that these au- 
thors have used smaller area membranes and a Tef- 
lon cell on the walls of which an important fraction 
of the carrier is lost by adsorption (Laprade et al., 
1979). However, our values for G~ are close to those 
found by Hladky (1975a) on hexadecane bilayers 
and our values of F~ in close agreement with his for 
nonactin and trinactin. 

Of course, the reliability on the values of 7s and 
F~ depends on the reliability on the values of kis, kD~, 
and k m as can be seen from Eqs. (13) or (14), k m 
being again the most questionable. Interestingly, a 
further check is provided by an independent 
measurement of ?s. For a very large area membrane 
and low enough ion activity, so that the number of 
complexes is negligible as compared to the number 
of free carriers, one can show (Hladky, 1973; La- 
prade et al., 1979) 3 that the time constant for the 
increase in G~ after addition of the carrier to the 
aqueous phase and the beginning of stirring is given 
by 

r=7~ ~ (D j6) (19) 

where d is the membrane thickness, D s, the aqueous 
diffusion coefficient of the carrier, and 6, the thick- 

3 S e e  footnote 2, p. 193 
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ness of the unstirred layer, d is assumed from the 
measured dielectric thickness to be 50~ (Fettiplace, 
Andrews & Haydon, 1971; White, 1973; Benz, 
Fr/51ich, L/iuger & Montal, 1975). c5 is assumed to be 
equal to 10 -2 cm (Hladky, 1973). D s is calculated 4 to 
be 3 x l0-6cm2-sec -1 and assumed to be the same 
for all the homologues. The values obtained from 
Eq. (19) appear in the center row of Table 6. They 
are strikingly similar to those of the first row which 
were obtained from Eq. (13) using the values of the 
rate constants of Table 2, thus corroborating the 
reliability of the latter values. 

Discussion 

The most striking feature of Table 2 is certainly the 
increase in ki~ parallelled by the decrease in kvi as a 
function of increasing methylation of the carrier 
(non~ te t r an )  which is seen for all studied ions. 
Then, for all carriers, we observe a quasi-invariance 

.in k~s with ion, indicating isostericity of the com- 
plexes (Eisenman, Ciani & Szabo, 1969; Eisenman et 
al., 1973), a fact which had been verified earlier for 
trinactin (Laprade et al., 1975; Benz & Stark, 1975; 
Hladky, 1975b). Finally, kR~ and k s seem to be quite 
invariant from one carrier to the other as well as 
from one ion to the other except for thallium, where 
kRi tends to be systematically and significantly larger. 
The fact that k, does not vary from one ion to the 
other is not surprising since, in principle, it should 
be invariant; however, its constancy (within a factor 
of two) as a function of the ion is an indication of 
the internal consistency of the method of analysis. 

The values of the rate constants in Table 2 agree 
within approximately a factor of two with the corre- 
sponding ones reported by Hladky (1975b) for non- 
actin and trinactin with NH~ and K + ions on 
monooleine/hexadecane bilayers and by Benz and 
Stark (1975) for trinactin with NH2, K +, and Rb + 
ions on monooleine/decane bilayers. For nonactin, 
monactin, and dinactin with NH +, our values for 
k~, kD~ , and the ratio kR~/k ~ still agree within a factor 
of two with those of Benz and Stark (1975), although 
for the individual values of kRi and ks, they are 
about five times larger. The agreement is still good 
with the estimates of Feldberg and Kissel (1975) for 
nonactin to trinactin with NH2, although our val- 
ues for k s for all homologues as well as kis for the 
lower ones are significantly smaller. 

4 By comparison with the tetraphenylborate molecule, for which 
the diffusion coefficient is 4.6 x 10-6cm2/sec (Skinner & Fuoss, 
1964), using Stoke's law and the known value of the radii of 
nonactin and tetraphenylborate, 6.25 and 4.2~,, respectively (Si- 
mon & Morf, 1973; Grunwald, Baughman & Kohnstam, 1960). 
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However, although the values of the constants 
are in the same range, the trends in k~ and kv~ as a 
function of carrier methylation, which though not 
apparent, were already contained in the results of 
Benz and Stark (1975), Hladky (1975b) and Feldberg 
and Kissel (1975), are much more emphasized here, 
due both to the larger number of homologues and 
ions involved and the larger differences observed in 
the values of the rate constants from one homologue 
to the other. 

kis 

The increase of kis with methylation would seem at 
first glance somehow surprising since one would ex- 
pect, if anything, a larger complex to be slower in 
crossing the membrane interior (Krasne & Eisen- 
man, 1976). However, electrostatic energy consider- 
ations may offer, as we will see, an interesting and 
mostly satisfactory explanation for this phenome- 
non. Indeed the height of the electrostatic energy 
barrier a complex sees, corresponds to the difference 
between its energy level in the middle of the mem- 
brane, EB(d/2 ), and that at the bottom of the well at 
the adsorption site near the interface, EB(x ) where x 
is the distance from the interface. For  a carrier of 
radius r e and dielectric constant e c with an ion of 
radius r> and for a membrane of thickness d and 
dielectric constant e 2 separating two aqueous phases 
of dielectric constant e l, we have, expressed in units 
of kT (Neumcke & L~iuger, 1969; Parsegian, 1969) 5 

EB(d/2)=E B - 2 q ~  2~1 (20) 
g2 d gl -Fg2 

and 

vq~ (21) EB(x)=EB~ 2~2X 

where 

;) EB~ -- ~;2 rc #'c - -  

1 e2o 
283 A at 22.5 ~ (23) 

q ~  2kT 

v - e t - ~2 (24) 
g l @ g 2 '  

5 The expression of E~(x) assumes the complex can be consid- 
ered in a semi-irtfinite medium. This assumption is equivalent to 
neglecting the image forces from the other interface, which is well 
justified in the cases that will be studied here where x is smalI 
compared to the membrane thickness. Moreover, Eq. (21) will be 
used solely to compare carriers and since in this comparison, only 
differences in E~(x) will be considered, the eventual small correc- 
tion will practically vanish. 

In the above expressions, ~0 is the free space per- 
mittivity, Co, the electronic charge, k, the Boltzman 
constant, and T, the absolute temperature. We then 
obtain for the ratio of the rates of transfer of two 
complexes with the same ion. 

_ _ _  1 1 k)~-expVq~ ( ~ 7 -  x71). (25) 
k/2s 2e  2 

This relation shows that the larger is the distance 
between the center of the complex and the interface, 
the larger is kzs. This is a very interesting finding 
since, in order to explain the observed increase of kis 
with carrier size, we only have to postulate that the 
edge of the complex coincides with the interface or 
that the adsorption distance corresponds to the car- 
rier radius. Although the individual radii for the 
different carriers are not available, except for non- 
actin for which it is 6.3 ~ (Simon & More 1973), so 
that a quantitative prediction for the variation of kis 
is not possible, we can, however, do the inverse 
calculation, namely, start from the known increase 
in kis and see if the increase in carrier radius is 
reasonable. Performing the calculation with the val- 
ues of k~s for N H  4 from Table 2, using g1=78 and 
g2 =2, we obtain for the radii of the different homo- 
logues, the values of x h that appear in the second 
row of Table 7. We see that from nonactin to tetran- 
actin, the increase in radius needs be only 1.1 t~ in 
order to be compatible with the observed increase in 
k~,. Considering that the covalent diameter of an 
additional carbon from CPK models is 1.55~ and 
that for tetranactin, four of these are distributed 
symmetrically around the molecule, this increase ap- 
pears quite acceptable since due to motion of the 
complex, the interface will see more or less an av- 
erage radius. Moreover, and interestingly, we will 
see that the above hypothesis will allow us to predict 
the variations in kD~ with methylation from the cor- 
responding variations in k~,. 

kDi 

Table 2 shows that kvi decreases strongly with 
methylation and at a rate somewhat greater than 
that of the increase in kis. This phenomenon is much 
less pronounced in bulk phases such as a methanol- 
chloroform mixture (Grell, Funck & Eggers, 1975) 
where the overall dissociation rate constant de- 
creases by a factor of only 1.5 from nonactin to 
trinactin, while we observe a factor 3.5; we might 
again seek the explanation in terms of electrostatic 
energy barriers. Figure 6 represents the potential 
energy barriers encountered by an ion when crossing 
the membrane from one aqueous phase to the other 
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Table 7. Radii of complexes of nonactin homologues according to 
Eq. (25) 

Non" Mon  Din Trin Tetran 

kfs/k~s b 1 1.78 2.71 3.14 5.03 
x h (~) 6.3 6.65 6.94 7.04 7.4 

The value for nonactin is assumed from Simon and Morf  
(1973). 
b Ratio of k~ for a given homologue to that of nonactin. 
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Table 8. Test of the prediction of Eq. (26) 

N H  + K + Rb + TI? 

I II I II I II I II 

Tetran 0.59 0.45 0.5 0.28 
Trin 1,0 1.0 1.0 1.0 
Din 1.18 1,5 1.28 1.91 
Mon  1.87 2.2 1.36 3.01 
Non  3.52 3.52 

0.43 0.54 0.4 0.4 
1.0 1.0 1.0 1.0 
1.08 2,94 1,47 1.46 

3.35 3.24 
4.1 8.44 

I: (k~jk{~)-1.1 calculated relative to trinactin. 
II: k~z/k~i relative to trinactin. 

F" c 

/ _  
ED 

0 x 

Fig. 6. Potential energy profiles for an ion and a career crossing a 
membrane from one aqueous phase to the other. Profiles for two 
hypothetical carriers of different size with the same ion. Within the 
present framework, the fact that with a larger carrier (dashed line) 
the ion is located further away from the interface is responsible 
for the lower decrease in E D as compared to that in E c (cf. Eqs. 
(20) and (21)). This combined with the constancy of E R with 
carrier, is at the origin of the relationship between k~ and kD~ (cf 
Eq. (26)) 

with two hypothetical carriers of different size. E R 
represents the energy peak for formation of the ion- 
carrier complex, E D is the energy of the formed 
complex at the adsorption site and E c is the energy 
peak for translocation of the complex, E D and E c 
corresponding to EB(x ) and EB(d/2), respectively. Ac- 
cordingly, assuming as before, that the distance of 
the center of the carrier from the interface corre- 
sponds to its radius, and considering that kR~ seems 
quite invariant from one homologue to the other, we 
find, with the help of Eqs. (20) through (25) 

1 2 ~ ., i. 2 . = ( G / k ? s ) _ , ~  (k~/kD~) = G s / G )  (26) 

where we have used as before q = 7 8 ,  ~2=2, and 
assumed e c ~> e 2. 

Table 8 shows the test of Eq. (26) for NH~,  K § 
Rb § and T1-- ions using the values of k~s and koi 
from Table 2. We see that, although the values for 
kDi vary by a factor of one hundred from the N H 2 -  

tetranactin complex to the Tl+-nonactin complex, 
the predictions of Eq. (26) are fairly well verified. As 
a matter  of fact, the few deviations that are observed 
can be directly correlated with a larger uncertainty 
in the values of the rate constants (cf.  -~  A/o, Table 2). 
It should be realized that the ability of Eq. (26) to 
predict the variation of kvi from that of k~,, results 
directly from our assumption according to which the 
position of the energy minimum from the interface 
at the adsorption site corresponds to the radius of 
the carrier. 

Obviously, from one homologue to the other, 
other factors might influence the energy of the com- 
plex at the adsorption site or in the middle of the 
membrane,  and consequently ki~ and kDi, such as 
variation in the free carrier energy profile or mem- 
brane surface dipoles, variation of the dielectric con- 
stant near the interface or change in dipolar mo- 
ment of the coordinating ligands of the molecule. 
Unfortunately, however, their importance cannot be 
as easily assigned at the present time. 

ks 

Table 2 shows that the rate of transfer of the free 
carrier, k s, does not change with carrier methylation 
and that its value is close to 7 x 10~sec -1. This is 25 
times larger than the value of kis for nonactin and 
only five times larger than that for tetranactin. How- 
ever, assuming that the complex and the carrier 
have similar conformations inside the membrane,  
i.e., the same covalent radius, one would expect from 
Eqs. (20) and (21) the energy barrier for the nonactin 
complex to be 6 . g k T  higher than that for the free 
nonactin molecule and the free nonactin to move 
nearly one thousand times faster than its complex. 
This discrepancy could find a satisfactory expla- 
nation if the free carrier would be adsorbed to the 
membrane interface with the carbonyl groups orien- 
ted towards and close to the aqueous phase and the 
apolar parts oriented towards the membrane interior 
in a way similar to that proposed for valinomycin 
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by Shemyakin et al. (1969) and as discussed by Stark 
et al. (1971) and Haydon and Hladky (1972). There- 
fore, the free carrier would also have to surmount an 
electrostatic energy barrier in desorbing from the 
interface, and this desorption which would then be- 
come the rate-limiting step for the rate of transfer of 
the carrier would therefore be independent of the 
carrier methylation as is observed. 

kRi 

As discussed previously and as can be seen in Table 
2, kRi seems to be an invariant, first as a function of 
carrier methylation, and also as a function of ion 
with the exception of T1 + ion; the variations are 
small and probably more related to the level of im- 
precision in the determination than to any funda- 
mental differences. In fact, the values we find for k m 
are about three orders of magnitude lower than 
those reported for methanol solutions, for which 
they appear to be diffusion controlled (Grell et al., 
1975), clearly indicating that the membrane interface 
offers an additional barrier to the complexation re- 
action. Therefore it would be very unlikely that 
methylation could modulate this rate-limiting step. 
As far as the variations of kRi with ion are con- 
cerned0 we might consider that NH~,  K § and Rb + 
have nearly the same crystal radii, so that they are 
likely to see the same energy barrier when crossing 
the interface and reaching the carrier in its open 
configuration. This could then well explain why kRS 
is the same for these three ions. The higher value of 
kR~ by a factor five observed for all homologues with 
T1 § which has, however, a crystal radii in between 
that of Rb § and K § is probably related to its 
particular feature of being a polarizable ion. So, 
from one ion to the other, with the exception of T1 +, 
we would expect the equilibrium constant (/~) for 
the heterogenous reaction to be controlled by the 
dissociation constant kDi. This prediction related to 
the constancy of kR~ can be easily checked since a 
reliable value of the ratio (K~/~2j) can be obtained 
directly from the ratio of the equilibrium extraction 
constants (Ki/Kj) of these metal ion salts in organic 
solvents (Eisenman et al., 1969). Therefore, we have 

Ki __ I~i __ kRi kDj kDj 
Kj  Kj  kRj kDi--kDi" (27) 

Table 9 shows the comparison of these two ratios 
with respect to K + for monactin, dinactin, and tri- 
nactin. The values of (KjKK+) are taken from 
Table 15 of Eisenman et al. (1969) and the ratios 
(keK§ from Table 2. It can be seen that, al- 
though the individual values of kDi vary by more 
than a factor 30, the predictions of Eq. (27) are 

Table9. Compar ison of the ratios kDj/kDi with the ratios of the 
extraction equilibrium constant  in organic solvents K~/'K i 

Mon Din Trin 

I II I II I II 

NH 2 9.2 19 9.2 12 7.2 12 
K + 1.0 1.0 1.0 1.0 1.0 1.0 
Rb* 0.25 0.40 0.39 0.29 

I: kDj/kDi with respect to K +. 
II: KI/K ~ with respect to K § From Eisenman et al., 1969, Ta- 
ble 15. 

followed well within a factor 2. This finding stresses 
the importance of the step of dissociation of the 
complex in determining the equilibrium selectivity of 
carrier molecules. 

?~s and F~ 

We have seen in Table 6 that 7s changes by only a 
factor three from nonactin to tetranactin. As dis- 
cussed by Benz and Stark (1975), assuming a contri- 
bution of 500cal/mole for each CH 2 group, one 
would have expected 7s for tetranactin to be about 
30 times larger than for nonactin. However, this 
type of reasoning based on molecule surface con- 
siderations, if justified and verified in the case of 
straight or branched molecules for which each ad- 
ditional group is exposed to the solvent, is quite 
questionable for large spherical molecules such as 
the macrotetralides. Indeed, although four ethyl 
groups are added to the tetranactin molecules, they 
are likely to be more or less embedded beneath the 
four terminal methyl groups, so that they cannot 
interact completely with the neighboring solvent 
molecules and consequently cannot exhibit the full 
predicted change in free energy. We would then 
expect, as observed, a lower increase in Ys. 

F~, in the present model, reflects the equilibrium 
number of carrier molecules in the membrane avail- 
able for complexation with ions in the aqueous 
phase and therefore the membrane carrier concen- 
tration near the interface. From Table 6, we see that 
F~ is larger than unity which thus indicates that the 
free carrier interacts more with the membrane than 
with the mostly decane bulk phase of the torus. This 
finding would be compatible with the idea proposed 
above that the carrier is adsorbed near the interface, 
its polar groups oriented towards the aqueous phase 
providing the additonal interaction energy. The va- 
riations in F s with increasing methylation are quite 
small as expected since they reflect mostly changes 
in interaction energy of the hydrophobic exterior of 
the carrier molecule within two very similar hy- 
drocarbon phases. 
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Comparison with Glyceryl-Dioleate (GDO) Bilayers 

A good amount of kinetic data has been already 
reported on so-called glyceryl-dioleate/decane bilayers 
(Laprade et al., 1975; Krasne & Eisenman, 1976); 
although the lipid used was not pure ( 90~ purity 
mixture of 1-2 and 1-3 esters from Pfaltz and 
Bauer) and probably contained a good amount of 
monoolein, it would be interesting to compare the 
rate constants obtained on this lipid with those ob- 
tained on monoolein. Table 10 presents the values of 
the rate constants obtained with trinactin and NH~, 
K +, and T1 § ions on GDO bilayers. These have 
been calculated from the data of Laprade et al. 
(1975) using the same procedure we have used in the 
present work. Interestingly, the values in Table 10 
are very close to those calculated by Laprade et al. 
(1975) using also a curve-fitting procedure but in- 
cluding, in addition, steady-state current-voltage and 
zero-current potential data. Comparing the values in 
Table 10 with the corresponding ones in Table 2, we 
may conclude that they are nearly identical. So, 
from the above evidence as far as the carrier mecha- 
nism is concerned, this so-called GDO/decane bi- 
layer is identical to a monoolein/decane one. 

Table 10. Rate constants for trinactin on GDO bilayers 

NH~- K + a T1 + 

kls 5.5 x 103 9.7 • 103 1,1 x 104 
k s 5.8 • 104 1.4 x i05 
kRi 8.8 x 104 1.8 x 106 
kD~ 1.0 x I04 5.2 x 104 5.7 X 104 

a For K +, the relaxation data was not sufficient to allow a 
reliable determination of k s and kR~. 
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Appendix A 

Determination of Rate Constants 
Taking into Account Their Voltage Dependence 

Although a theory for relaxations taking into account the voltage 
dependence of the rate constants over the actual experimental 
range of applied voltages has still to be worked out, it is, howev- 
er, possible to estimate the voltage-independent portion of some 
rate constants or their combinations from voltage-jump relax- 
ation experiments conducted at small applied potentials (Hladky, 
1979b). Indeed, since in our case, at least at low applied poten- 
tials, %b~=~r, the expression for % is given by (Markin & 
Liberman, 1973; Hladky, 1979a, b) 

[ 2kis kRiclkis\ [ ~ kDi . 2 q 
% + 1 =  t l + / ~ T D / + ~ )  [ , / -+~k~ (2~) j ( a l )  

where 7 and ~ are related by 2 ~ + 7 = 1 .  
represents the equivalent of charge transported across the 

membrane whenever an ion binds to a carrier on the left or a 
complex dissociates on the right, while ,/ corresponds to the 
equivalent of charge transported when a complex crosses the 
membrane. The value of ~ is obtained from the potential de- 
pendence of (k'i~+k'/~) as measured by changes in rob,~ (Hladky, 
1975b). Indeed, since in all cases here the slower relaxation do- 
minates, we have 

1 
(ki~ + k','~) = (A2) 

~ +  1 

Table 11. Rate constants in the limit of low applied voltage, considering the voltage dependence of the 
rate constants a 

NH~ 

Non Mon Din Trin Tetran 

ki~ (sec 1) 4.1 x 103 6.2 x 103 9.4 • 103 9.9 x 104 1.6 x 104 
kvl (sec- 1) 1.3 • 10 4 1.0 X 104 8.7 X 103 5.l X 103 2.2 X 103 
k R i / k  s (M 1) 2.7 2.73 4.38 2.22 1.91 

Tetran 

K + Rb + T1 + 

kls (sec i) 1.9 • 104 2,1 x 104 1.5 x 104 
kvi (sec- 1) 1.1 x 104 4.0 • 104 7.4 x 103 
kiwi/ks (Ivi 1) 1.67 1.94 2.81 

a The same value of ~. = 0.095 was used for all carriers. 
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where ~ and cz corresponds to "gobs and c~ob ~, respectively, and ki~ 
and k'i; are given by 

k'~s = ki~ exp [ - (0. 5 - {) F A V / R  T]  (A 3) 

k'~; = k~ exp [-(0.5 - ~) F A V / R T ] .  (14) 

As was found by Hladky (1975b), no significant variations in 
the value of ~ as a function of the carrier or the ion was seen, so 
the same value of {=0.095 was used to obtain k~, from Eq. (A2) 
for all ion-carrier combinations 6. From the value of % as a 
function of ion activity which in our case is equal to aob~ and the 

6 It shouId be pointed out  here that ~ being invariant with 
carrier is not realIy in contradiction with the concept introduced 
in the discussion according to which the wells are not located at 
the same distance from the interface for the different carriers. 
Indeed, we needed only 1 A to explain the change in kr so that 
for a membrane  of 50~  the effect on the voltage dependence of 
the rate constants would be barely noticeable. 

value of {, it is possible to obtain the ratios kis/kD~ and kR]k  ~. 
Then from the above calculated value of k~ we can obtain kor 

Table 11 summarizes the results of such a procedure applied 
to our data obtained at 10mV with N H  + for the whole series of 
homologues and with tetranactin for NH2 ,  K +, Rb +, and T1 + 
ions. If we compare these values to the corresponding ones in 
Table 2, we can see that for all ion-carrier combinations, the 
values of kls in Table 11 are between about  10 and 20 3/0 larger 
than those in Table 2 while the values of kD~ are about two times 
smaller; the values of the ratio k R j k  s is relatively unchanged 
except maybe for TI + where it is significantly decreased. Howev- 
er, it should be emphasized that, al though the absolute values of 
/q~ and ko~ are slightly altered, the same trends as a function of 
carrier methylation or as a function of the ion that  were seen in 
Table 2, are seen in Table 11 : k~s and kzx vary by about the same 
factors from nonactin to tetranactin, while from one ion to the 
other, k~, remains about the same and kn~ varies by about the 
same factor. Consequently, the values in Table 11 would agree as 
well as those of Table 2 with the predictions of Eqs. (25) and (26). 

Appendix B 

Observed Time Constants and Amplitudes of Relaxation ~ 

Table B 1. Tetranactin 

V (mV) rob s (~tsec) %b~ 

c i (M) 0.01 0.1 1 0.01 0.1 1 
c, ~ (M) 5 x l O  -8  2 x l O  -8 5 x l O  -9  5 x i 0  -8  2 x l O  - s  5 x l O  ~9 

K + 

Rb + 

T1 + 

10 16.6 18.8 22.2 2.3 2.1 4.2 
25 15.8 18.4 20.9 2.4 2.3 4.3 
50 14.3 15.4 17.4 2.8 2.9 5.2 

100 9.1 9.5 9.8 5.6 4.9 11.6 
150 (3.5) b (5.7) (13.6) (11.7) 

C i (M) 0.01 0.1 1 0.01 0.1 1 
C~'(M) 5X10 - s  1 .5x10  8 10 8 5X10-8  1 . 5 x l 0 - S  10-8 

10 7.4 7.6 11.4 0.49 0.52 1.2 
25 7.7 7.3 12.7 0.56 0.59 1.3 
50 7.3 7.3 10.0 0.57 0.69 1.6 

100 6.0 6.1 6.6 1.1 1.3 3.4 
150 (4.7) (4.1) (4.3) (1.1) (3.2) (6.5) 

c i (M) 0.01 0.1 0.5 1 0.01 0.1 0.5 1 
C~(M) 1.6X10 8 1 .6x10-8  1.6X10-8 2 X 1 0 - 8  1.6X10-8 1 .6x10-8  1.6X10-8 2X10-8  

10 18.1 21.3 30.6 37.6 1.7 2.44 4.2 5.8 
25 16.9 20.0 29.7 35.2 2.0 3.12 4.8 6.7 
50 15.4 16.1 28.5 2.8 5.10 7.9 

100 10.2 11.3 15.4 8.9 16.4 22.7 

These values are generally the  mean  of three different measurements.  For the greater majority of the data, the 
scatter between extreme values was well within 15 % of the mean. As expected, in the case of both short time 
constant  and small amplitude relaxations, the scatter was slightly more important  due to experimental limitations. 
b Values in parentheses have not been included in the final curve-fitting program because they might have 
corresponded to the faster relaxation process (r2, cq). 
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T a b l e  B 2. T r i n a c t i n  
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V (mY) "Cob s 

c~ (M) 0.01 
c~(M) 5 •  -8 

0.1 0.3 1 
2 x 1 0  -8 10 -8 10 s 

Gobs 

0.01 0.1 0.3 1 
5 x 1 0  - s  2 x 1 0  - s  10 .8  10 s 

K + 

Rb + 

T1- 

25 10.6 12.1 14.9 20.2 
50 10.6 11.8 13.2 17.0 
75 9.8 10.0 11.5 13.8 

100 8.3 8.3 9.8 I1.0 
125 6.8 6.8 7.8 8.4 
150 5.8 5,7 6.4 6.7 

c~ (M) 0.1 0.3 1 
c~(M) 5 x 1 0  -8 2 x 1 0  - s  2 x 1 0  - s  

10 
25 
50 
75 

100 
125 
150 

10 
25 
50 

100 
150 

c~ (u) 0.0l 
c~(M) 2 x 1 0  -a  

15.0 
12.9 
13.0 
12.0 
9.3 

0.39 0.53 0.69 1.0 
0.47 0.59 0.82 1.3 
0.62 0.82 1.0 1.6 
0.88 1.1 1.4 2.3 
1.2 1.5 1.8 3.3 
1.6 2.1 2.4 4.3 

0.1 0.3 1 
5 x 1 0  -8 2 x 1 0  -8 2 x 1 0  8 

11.5 
8.5 11.6 

8.4 8.5 10.8 
8.4 7.8 9.8 
8.4 6.9 8.5 
7.2 6.1 7.3 
6.1 5.4 6.0 

0.1 
2 .5x  10 -9 

22.7 
21.9 
20.1 
14.9 
10.2 

0.21 
0.15 0.21 

0.08 0.18 0.27 
0.09 0.21 0.35 
0.11 0.26 0.47 
0.14 0.36 0.64 
0.18 0.43 0.84 

1 0.01 0.1 
2 . 5 x 1 0  9 2 x l 0 - S  2 . 5 •  

41.6 0.33 0.63 
39.9 0.35 0.71 
35.2 0.39 0.89 
24.6 0.52 1.7 

0.90 4.5 

1 
2.5 x 10-9 

1.4 
1.4 
1.6 
3.1 

T a b l e  B 3 .  D i n a c t i n  

v (mv) "Cob s 

ci (M) 0.01 
c~(M) 10 -8 

0.1 
5 •  -9 

0.5 1 
5X10  -9 5X10  -9 

Gobs 

0.01 
10-8 

0.1 
5 x 1 0  -9 

0.5 1 
5 •  -9 5 •  -9 

N H ;  10 33.3 
25 31.9 
50 27.8 

100 18.3 
150 8.3 

c~ (M) 0.01 
C~(M) 2 x 1 0  -7 

34.8 
33.2 
28.9 
19.2 
10.3 

0.1 0.3 
4 x 1 0  -8 2 x 1 0  -8 

39.4 40.1 1.3 
36.5 36.5 1.4 
31.5 30.3 1.7 
19.5 18.4 3,9 
10.8 9.5 (19.1) 

1 
lO-S 

1.6 
1.7 
2.3 
4.1 

(14.2) 

0.01 0.1 0.3 
2 x 1 0  -v 4 x 1 0  -8 2 x 1 0  -8 

2.9 4.2 
3.3 4.6 
4.2 5.7 
8.4 11.6 

24.3 34.5 

1 
10-8 

K + 10 
25 11.1 
50 8.0 9.5 11.0 
75 7.7 9.5 11.0 

100 8.2 9.6 10.9 
125 8.3 9.3 9.9 
150 8.1 8.5 8.8 

C i (M) 
C; (M) 

14.5 
15.2 0.21 
14.7 0.10 0.11 0.25 
12.8 0.12 0.13 0,30 
10.4 0.14 0.17 0.34 
8.6 0.17 0.20 0,49 
7.0 0.21 0.26 0,69 

0.1 0.3 0.5 1 
10 -v 5 x 1 0  -8 6 x 1 0  -8 2.5 x 10 s 

0.35 
0.56 
0.66 
0.93 
1.4 

2.0 
3.0 

0.1 0,3 0.5 1 
l0 -v 5 x  10-a 6 x 1 0  -8 2 . 5 x  10 -8 

Rb + 25 
50 
75 

100 
125 
150 

c~ (M) 0.01 
g ( M )  10 -7 

8.3 

6.5 
6.1 

10,0 
9.2 10.1 10.2 
8.9 9.3 9.5 
7.7 7.8 8.5 
6.6 7.4 7.4 
5.6 7.3 6.6 

0.1 
10-7 

1 
10-7 

0.01 
10 7 

0.04 

0.04 
0.05 

0.08 
0.03 0,05 0.10 
0.04 0.07 0.I5 
0,06 0.11 0.23 
0.08 0.19 0.33 
0.15 0.25 0.61 

0.1 
10-'7 

1 
10 v 

TI + 10 
25 
50 

100 
150 

12.5 
12.1 
13.2 
11.9 
9.5 

17.2 
18,5 
19.4 
17.1 
12.2 

40.4  
38.6 
36.8 
25.4 
14.7 

0.20 
0.22 
0.23 
0.42 
1.5 

0.24 
0.24 
0.28 
0.54 
1.2 

0.65 
0.74 
0,87 
1.8 
4.4 



R. L a p r a d e  et al.: Kinet ics  of  Ca r r i e r -Med ia t ed  Ion  T r a n s p o r t  

Tab le  B4.  M o n a c t i n  

205 

v (mY) "~obs 

c i (M) 0.01 0.1 0.5 1 
Ca(M) 5X10 -8 10 -8 10 -s 10 s 

~obs 

0.01 0.1 0.5 1 
5 x 10 -s I0 -s i0 -8 10 -s 

NH2 10 29.6 
25 29.0 
50 26.1 

100 19.0 
150 11.9 

c~ (M) 0.01 
Ca(M) 5• _7 

35.2 40.7 44.9 
34.8 39.I 45.6 
30.4 35.4 40.4 
20.6 26.6 27.3 
12.5 16.0 16.3 

0. l 
2x10  -s 

0.56 0.58 1.2 1.6 
0.61 0.66 1.3 1.7 
0.84 0.88 1.6 2.1 
1.7 1.9 2.7 4.0 
5.3 5.0 6.4 9.0 

I 3 0.01 
4x10  -9 5• -9 5• -7 

0.1 I 3 
2x10  -s 4x10  -9 5 •  -9 

K + 10 
25 
50 

100 
150 

6.4 
4.9 
4.0 

e~ (M) 0 .0l  
Ca(M) 2X 10 -v 

8.0 
5.2 
4.6 

13.9 
7.2 15.0 
8.9 11.2 
7.7 9.5 
6.5 6.8 

0.t 0.3 1 
2x10  -8 2.5x10 8 5x10 8 

0.08 
0.19 
0.46 

0.45 
0.13 0.43 

0.13 0.33 0.68 
0.32 0.64 0.79 
0.56 1.0 1.8 

0.01 0.1 0.3 1 
2x10  v 2x10-,~ 2.5x10 8 5 x i 0 - 8  

T1 + 25 
50 
75 

100 
125 
150 

19.5 42.0 
9.3 I3.7 19.5 37.9 
7.7 13.9 19.6 33.0 
9.I 14.8 18.5 30.3 
6.7 14.3 17.0 24.3 
9.0 12.9 15.5 20.2 

0.07 0.16 0.31 
0.08 0.08 0.24 0.35 
0.10 0.10 0.33 0.56 
0.12 0.13 0.48 0.72 
0.19 0.19 0.62 1.06 
0.24 0.25 0.79 1.44 

Table  B5. N o n a c t i n  

v (mV) ~obs 

C~ (M) 0.01 0.1 0.5 1 
Sa(M) 3X10 -v 2X10 8 10 8 10-S 

C~obs 

0.01 0.1 0.5 1 
3x10 -v 2x10  -8 10 _8 10-8 

NH2 10 
25 
50 

100 
150 

~, (M) 
ca (M) 

26.8 34.9 33.9 63.2 
25.2 30.5 37.8 52.2 
23.0 28.7 34.9 46.6 
16.9 21.0 25.6 31.9 
13.2 14.1 16.1 19.8 

0.1 0.3 I 3 
2x10  7 5 x l 0 - S  4x10-8  5x10 8 

0.14 0.26 0.45 0.69 
0.17 0.32 0.47 0.80 
0.25 0.44 0.65 1.l 
0.61 0.96 1.4 2.1 
1.74 3.04 3.3 4.6 

0.1 0.3 l 3 
2x10  -v 5x10 s 4x  10-s 5x  10-8 

K + 10 I0.1 
25 9.0 10.6 
50 9.1 9.6 10.6 
75 9.4 

100 9.3 9.1 8.3 8.3 
125 8.5 
150 5.8 6.4 

ci (M) 0.1 1 
ca(M) 2X10 7 2x  i0-8 

0.04 
0.04 

0.17 
0.07 0.17 

0.05 0.09 0.20 
0.05 
0.04 0.12 0.42 

0.26 0.88 

0.1 1 
2x10  7 2x10  s 

T1 + 10 13.6 
25 13.2 
50 12.9 12.8 

100 14.3 12.8 
150 13.6 10.2 

0.07 
0.07 

0.019 0.08 
0.029 0.15 
0.10 0.32 
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