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Addition of the ionophoric antibiotics salinomycin or narasin to preparations of large unilamellar vesicles made from 
e9gKg yolk phosphatidylcholine in sodium or potassium chloride solutions gives rise to dynamic effects in the ~Na- and 

-NMR spectra. The dynamic spectra arise from the ionophore-mediated transport of the metal ions through the 
membrane. The kinetics of the transport are followed as a function of the concentrations of ionophore and the metal ion 
and are compatible in all cases with a model in which one ionophore molecule transports one metal ion. For both 
ionophores the transport of potassium ions is appreciably faster than that of sodium and in both cases the rate-limiting 
step for sodium transport is dissociation of the ionophore-metal complex. Assuming dissociation to be rate limiting in all 
four cases it is shown that the transport rate differences between the pairs of complexes of each metal arise solely from 
differences in the rates of formation. The stability constants for ionophore-metal complex formation in the membrane/ 
water interface are evaluated. 

The ionophoric antibiotics of which salinomycin and 
narasin are amongst the most commercially important 
examples have widespread biological action [1]. In par- 
ticular they are efficient mediators of the transport of 
metal ions and H + through the limiting membranes of 
cells. This property is presumed to be responsible for 
their biological activity through the dissipation of 
trans-membrane ion gradients. It is believed that trans- 
port occurs by the ionophore transporting the metal ion 
through the membrane in the form of a 1 : 1 metal-iono- 
phore complex. 

Salinomycin (Fig. 1, R = H) [2,3] has proved to be 
one of the most effective and widely used ionophoric 
antibiotics. It is extensively used as a coccidiostat in 
poultry and the doses of salinomycin needed to control 
coccidia appear to be lower than those of some other 
ionophores [4]. Salinomycin is effective against a wide 
range of other micro-organisms including Gram positive 
bacteria [3] and malaria [5]. Salinomycin also has poten- 
tial as a cardiac drug [6]. 

Narasin (Fig. 1, R = CH3) [7,8] is an equally effec- 
tive ionophoric antibiotic. It is a potent coccidiostat in 
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poultry with an efficacy as good if not better than 
monensin [9]. It is also active against many other 
micro-organisms including Gram positive and anaerobic 
bacteria [7]. 

The action of the ionophoric antibiotics has been 
ascribed to their ability to complex with and then 
transport alkali metal ions through biological mem- 
branes. Studies on the ability of salinomycin to migrate 
metal ions into organic phases showed that salinomycin 
exhibited a greater preference for K + than for other 
metal ions [10]. This conclusion was reinforced in a 
biological system by studies on the effects of salinomy- 
cin on the transport and membrane functions of rat 
liver mitochondria which showed that salinomycin ap- 
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Fig. 1. Structures of the ionophoric antibiotics salinomycin and 
narasin. 
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peared to have greater effects on K + metabolism than 
on that of any other metal ion [11]. Painter and Press- 
man showed that the preference of salinomycin for K + 
over Na + in mixed solvents increases as the proportion 
of water increases [12]. For narasin the evidence of 
which ion is preferred is less clear cut. Kinetic transport 
selectivity in erythrocytes suggests preferential transport 
of K + over Na + [13,14] and equilibrium selectivity for 
uptake of Na + and K + ions into DMPC vesicles agrees 
with this [15]. However, studies of respiring mito- 
chondria suggest the opposite selectivity [16]. 

The sole difference between these two commercially 
important antibiotics is the methyl substituent at C-4. 
In view of the small difference we thought it important 
to measure the rates at which these two materials trans- 
port alkali metal ions through model biological mem- 
branes and to use our techniques to compare the effect 
of this difference on the recognition rates and on the 
stability of the metal-ionophore complex in the mem- 
brane surface. 

We have previously demonstrated that dynamic N M R  
techniques can be used to study the ionophore-mediated 
transport of alkali metal ions through phospholipid 
bilayers [17-21]. Briefly, the experiments involve the 
preparation of phosphatidylcholine (PC) vesicles with 
equal concentrations of metal ions inside and outside, 
the establishment of a chemical shift difference by use 
of an aqueous shift reagent for the metal ions and a 
dynamic line broadening [17,18,21] or magnetisation 
transfer [19-21] experiment to obtain transport rates as 
the ionophore is added. The dynamic N M R  results 
allow the rates of transport to be measured for various 
concentrations of ionophore and metal ion. We have 
also demonstrated [17-21] that the classical mobile car- 
tier system presented by Painter and Pressman [13] is 
satisfactory to account for the observed kinetics. This 
model is presented in Fig. 2 and has been discussed by 
us before [17-21]. 

The rate equation derived from this model [17] is 
presented in Eqn. 1. 

1 A-  kdiff • k d • [L]T 

TM+,in Vm(kd+2kdiff)([M+]+kd/kf) (1) 

(This equation describes the lifetime ( , )  of a metal ion 
M + inside a vesicle of volume Vin and surface area A 
with a total ionophore concentration (complexed + 
uncomplexed) [L]T. ) 
Eqn. 1 can be rewritten as: 

1 A'Vm" [LIT 
'rM + ,in Vin(Km + [M+ 1) (2) 

where K m = k d / k  f = K s  1 ( K  s is the stability constant 
of the membrane-bound ligand-metal complex). The 

value of V m depends upon the relative values of kdi ff 

and k d. 
Eqns. 1 and 2 predict the following: 

1 
= k2" [L]T (3) 

'I'M+ ,in 

i.e., first-order kinetics in [L]T where 

A.V m 
k2 = Vin(Km + [M+ ]) 

and 

Km [M + ] 
"i'M + ,in Vrn' [L]~ + V m" [L]~ (4) 

Eqn. 4 indicates that a plot of TM+,i n VS. [M +] at 
constant [L]T (i.e., 1/first-order rate constant for el- 
flux) should be linear with a slope 1/Vm[L]T and inter- 
cept Km/Vm[L]T. Thus, for this graph the ratio of slope 
to intercept is the stability constant K s for the mem- 
brane-bound complex. If diffusion is rapid the slope 
and intercept will be proportional to 1 / k  d and 1 / k f ,  
respectively. For  slow diffusion the graph will have a 
slope proportional to 1/kdm and intercept proportional 
to k d • kdiff/kf. For intermediate situations the func- 
tions describing slope and intercept will be somewhat 
more complex. 

We now present our results for salinomycin and 
narasin transporting sodium and potassium ions through 
PC bilayer membranes obtained by similar methods to 
those described in previous papers [17-21]. The results 
are in accord with the model in Fig. 2 and Eqns. 1-4. 
The results show that both ionophores transport sodium 
ions through PC bilayers at rates comparable with the 
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Fig. 2. Model used to describe ionophore-mediated metal ion trans- 
port through phospholipid bilayers. The rate constants are: kf, forma- 
tion rate for metal-ionophore complex; ka, dissociation rate for the 
metal-ionophore complex; kdiff, the diffusion coefficient for diffusion 

through the membrane. 
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Fig. 3. Typical dynamic 39K spectra obtained for salinomycin with [K + ] = 0.100 M. 

monensin-mediated t ransport  of  potassium and bo th  
ionophores  t ransport  potass ium at rates faster than 
those of  any other i o n o p h o r e / m e t a l  combina t ion  that 
we have so far reported. Assuming that  diffusion is 
rapid, for bo th  ionophores  interacting with the same 
metal  the dissociation rates are indistinguishable within 
experimental error. Transpor t  rate differences and sta- 
bility constant  differences arise solely f rom differences 
in the format ion rates of  the complexes at the mem-  
brane  surface. For  sodium the narasin complex forms at 
about  twice the rate of  the salinomycin complex but  for 

TABLE I 

Rate constants for salinomycin-mediated Na + transport in egg PC  
vesicles 

From these results k~ = (2.611 5: 0.277). 104 s- 1, k~ = (0.425 5: 0.062). 
104 M-s -1, Ks=6.1+l.8 M -1. k~ and k~ are calculated on the 
basis that diffusion is not the rate-limiting step. 

[Na + ] (M) k(mol lipid. (mol salinomycin) - 1. s- 1) 

0.025 (2.147 + 0.250). 104 
0.050 (2.161 5: 0.038). 104 
0.100 (1.201 + 0.018). 10 4 
0.125 (1.657 + 0.044). 104 
0.150 (1.237 + 0.035). 104 
0.200 (1.131 + 0.019). 104 

potass ium the narasin complex forms at about  half  the 
rate of  the sal inomycin complex. 

As we have observed previously for monensin,  
nigericin and M139603, adding small aliquots of  
sal inomycin and narasin to vesicle preparat ions broad-  
ened the N a  + and K ÷ lines consistent with a dynamic  
exchange process between the Mi + and the Mo+t popu-  
lations. Typical  39K spectra for sal inomycin mediated 
t ransport  are shown in Fig. 3. The rates of  t ransport  are 
given in Tables I - I V  where the derived k '  values 
incorporate  terms in area and volume of  the vesicles 
and in ionophore  to lipid ratio. For  bo th  metals at every 

TABLE II 

Rate constants for salinomycin-mediated K + transport in egg PC 
vesicles 

From these results k~ = (28.32 5:1.62). 104 s-l, k~ = (1.39 + 0.30)-104 
M.s -1, K s =  20.4+9.5 M -1. k~ and k~ are calculated on the basis 
that diffusion is not the rate-limiting step. 

[K + ] (M) k(mol lipid-(mol salinomycin)-1, s-1) 

0.050 (1.179 + 0.034). 105 
0.100 (1.068 + 0.050). 105 
0.150 (0.860 + 0.080). 105 
0.175 (0.524 + 0.032). 105 
0.200 (0.561 + 0.037). 105 
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TABLE III 

Rate constants for narasin-mediated Na + transport in egg P C  vesicles 

From these results k~ = (5.859 + 2.229)- 104 s -  1, k~ = (0.535 + 0.121). 
104 M.s  -1, K s =11.0+8.56  M -1. k;  and k~ are calculated on the 
basis that diffusion is not the rate-limiting step. 

[K ÷ ] (M) k(mol lipid. (mol naras in)-  i. s -  1) 

0.050 (0.432 + 0.056). 105 
0.100 (0.269 + 0.010). 105 
0.150 (0.192+0.005). 105 
0.200 (0.203 + 0.007). 105 

TABLE IV 

Rate constants for narasin-mediated K + transport in egg P C  vesicles 

From these results k~ = (14.7+3.8).104 s -1, k~ = (1.67+0.34).104 
M. s  -1, K s = 8 . 8 + 2 . 7  M -1. k~ and k~ are calculated on the basis 
that diffusion is not the rate-limiting step. 

[K ÷ ] (M) k(mol lipid. (mol narasin) - 1. s -  1) 

0.050 (0.880 + 0.093). 105 
0.100 (0.926 + 0.055). 105 
0.150 (0.658 + 0.097). 105 
0.200 (0.505 + 0.027)- 105 

concentration studied, the transport rates in the direc- 
tion in ~ out vary linearly with the both salinomycin 
and narasin concentrations, indicating a first-order rela- 
tionship between ionophore concentration and the 
transport rate (Eqn. 3). The linear relationship between 
k-1 and metal ion concentration shown in Fig. 4 is also 
in accord with our model (Eqn. 4). Taken together these 
results present strong evidence that the transporting 
species is a 1 : 1 complex between ionophore and M ÷. 

Our model predicts that if diffusion is the rate-limit- 
ing step the slope in Fig. 4 would be proportional to 

- 1  
kdiff. Since it would be expected that the Na ÷ and K ÷ 
complexes would have almost identical molecular 
volumes and shapes, the diffusion coefficients should be 
almost identical for both metals and therefore the slopes 
should be identical. Fig. 4 shows that the slopes of the 
graphs for Na + are about three times those of the 
slopes of the graphs for K +. The metal with the steeper 
slope, sodium, cannot therefore have diffusion as its 
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Fig. 4. Graph showing tile linear relationships between k -1  and [M ÷ ] 
from which the values of k~ (1/ intercept)  and k~ 0 / s l o p e )  are 
obtained on the assumption that diffusion is not the rate-limiting step. 

rate-limiting step. It is possible that diffusion is rate 
limiting for potassium. We note that the much smaller 
value of slope observed for K÷/sal inomycin than for 
any previous observation gives further weight to our 
conclusions that diffusion is not rate limiting for mo- 
nensin and nigericin [17,18] and probably not for 
M139603 [21]. 

The observations of earlier workers that salinomycin 
is an ionophore that prefers to transport K ÷ are borne 
out by the current work. For narasin we conclude that 
K ÷ is transported more rapidly than Na ÷ in agreement 
with most of the earlier observations but that the dif- 
ference in transport rates for narasin is less than for 
salinomycin. 

It is of interest that the slopes of the graphs in Fig. 4 
are similar for the same metal. As indicated above this 
means that the dissociation rates of the two sodium 
complexes are similar. The same conclusion may well 
hold for the two potassium complexes. The differences 
in the transporting ability of each ionophore for the 
same metal arise from differences in the formation rates 
of the complexes. 

Salinomycin not only transports K + more rapidly 
than Na +, it also forms a more stable complex with K ÷. 

TABLE V 

Comparison of  rate and stability constants for M139603, monensin, nigericin, salinomycin and narasin in egg PC  vesicles 

Li Na K 

(104 s -1)  (104 M. s  -1)  (M -1 ) (104 s -1 ) (104 M . s  -1 ) (M -1 ) (10 -4 s -1 ) (104 M . s  - l  ) (M -~ ) 

M139603 0.549 0.0479 11.5 20.52 0.855 
Monensin 0.103 0.00558 18.5 4.878 0.150 
Nigericin too slow to measure 7.838 0.352 
Salinomycin no measurements yet attempted 2.611 0.425 
Narasin no measurements yet attempted 5.859 0.535 

24.0 5.65 0.804 7.03 
32.6 2.30 0.433 5.3 
22 9.61 0.0997 96 

6.1 28.32 1.39 20.4 
11.0 14.7 1.67 8.8 



For narasin, as we observed earlier for monensin and 
nigericin, the opposite is the case and the more stable 
complex in the membrane is with the more slowly 
transported ion. These results emphasise that for these 
materials the thermodynamic stability of the metal/ 
ionophore complex bears little relationship to the trans- 
porting ability and the transport rate. Transport rates 
are determined by the kinetic parameters kf, k d and 
kdiff. Stabilities are determined by the ratio of the 
kinetic parameters kf and k d. Thus, the more stable 
complex can be either the faster or slower transporting 
species. The stability of the complex only becomes 
important in determining transport rates if it is excep- 
tionally high in which case the metal ion is never 
released by the ionophore (low value of kd) or it is 
exceptionally low in which case the complex never 
forms (low value of kf). The most important role of the 
stability constant in those ionophores we have examined 
so far (Table V) is that it is such that between approx. 
20% and 80% of the ionophore molecules are bound to 
metal ions at any one time. When this is the case, 
provided that kf, k d and kdiff are sufficiently large, 
rapid transport will occur. 
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