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Addition of monesin to preparations of large unilamellar vesicles made from egg yolk phosphatidylcholine 
(EPC) in ,Mium or potassium chloride solution and from diuleoylphosphafidylcholine (DOPC) in sodium 
chloride so!utions ~ves rise to dynamic 2aNa. and 39K-NMR spectra. The dynamic spee__tva arise from the 
monensin-mediated transport of the metal ions throtigh the membrane. The kinetics of the transport are 
followed as a function of monensin and metal ion cotlcen~'afions and are compatible with a model in which 
one monansin molecule transports one metal ion. Rate constants for the association and dissociation of the 
munensin-metal complex in the membrane/water interface are extracted and the stabili~ eons~mts for 
complex formation are evaluated. The rate constants; iin DOPC are similar to those in EPC, confinaing that 
diffmion is not rate.limiting in the trmtsport process and that dissociation of the complex is the rate.limiting 
step. Although l~otassium on its own is transported nL¢~re rapidly, sodium forms the more stable complex and 
is therefore transported preferentially in cut, petition with potassium. 

ln¢oduetion 

One of the most important proce~ses for the 
maintenance of viability in living cells is the abil- 
ity to transport nmterials through their limiting 
membranes [1]. Cells must import their raw 
materials and export their waste products and 
other finished materials. Maintenance of ionic bal- 
ance and merabrane potential also requires effi- 
cient transport processes for ions, notably Na + 
and K +, which are quantitatively the most im- 
portant metal ions in riving cells. The membrane- 
bound transport systems that perform these 
processes are mainly enzymes such as the Na~/K + 
pumping enzyme Na~/K+.ATPase [2]. 
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Ionophores offer an alternative mode of trans- 
port for metal ions [3-7]. lonophoric materials are 
efficient transporters of metal ions and H + tt~rough 
the fimiting membranes of riving cells. Many iono- 
phores, notably monensin, nigeriein and 
valinomycin, are active as antibiotics [8] and have 
other striking physiological effects. These proper- 
ties presumably arise from dissipation of trans- 
membrane ion gradients. It is believed that iono- 
phores transport ions through membranes in the 
form of their complex with the metal [9]. 

We have previously demonstrated that 23Na- 
and 39K-NMR can be used to study the iono- 
phore-mediated transport of Na + and K + ions 
through phospholipid bilayers [1031]. Briefly, the 
experinient involves the preparation of phos- 
phatidylcholine vesicles with equal concentrations 
of metal ions inside and outside the vesicle, the 
establishment of a chemical shift difference by use 
of an aquous shift reagent for the metal ions and 
the obtaining of dynamic NMR spectra as the 
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Fig. 1. Model used for ionic transport. 
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ionophore is added. The dynamic spectra allow 
rate o~nstants to be measured for various con- 
eentrations of ionophore and of metal ion. 

We also demonstrated [11] that the classical 
model of a mobile carrier system presented by 
Paintw and Pressman [9] is satisfactory to account 
for the observed kinetics. This model is presented 
in Fig. 1. Three important phases are required for 
a metal ion to traverse the membrane. Firstly :he 
ion mast be complexed by the ionophore (kf), 
then the ionophore-metaJ complex diffuses across 
the membrane (k,~r) and finally the the complex 
dJssoeiat~ at the other membrane surface (kd). 
Althorigh both of the surface processes un- 
doubtedly have many steps, they are conveniently 
represented by simple over,all rate constants. The 
rate equations for transport derived from this 
model were presented and were shown to account 
satisfactorily for the observed ~Jetics of nigeri- 
ein-mediated Na + and K + transport. 

We were able to show for nigericin-mediated 
transport that diffusion was not rate-limiting apd 
that consequently a plot of the reciprocal of the 
rate constant for transport vs. metal ion con- 
ccntrafion should give both the rate constants for 
formation (intercept= k~ -1) and dissociation 
(slope=k~ -I) where the k' values incorporate 
terms in area and volume of the vesicles and in 
ionophore/lipid ratio. The apparent stability- 
constant for the metal-ionophore complex in the 
membrane is consequently given by slope/ 
hatercept. We were furthe~ able to demonstrate for 
nigericin that although sodium ions in isolation 
were transported faster by virtue of a faster dis- 
sociation step, potassium ions were transported 
preferentially in competition experiments due to 

the greater stability constant of the K + complex. 
This is in accord with the idea of rfigericin being 
the anionic ionophore of preference for potassium. 

We now present our results for the 
monensin-mediated transport of sodium and 
potassium through phosphatidylcholine bilayers. 
Monensin is an ionophofi¢ antibiotic related to 
nigeriein which is known to form complexes with 
all the alkali metal ions, the most stable of which 
in non.aqueous solvents is that with sodium. 
Monensin gives rise to dsalamie :3Na., 39K., 87Rb. 
and 7Li-NMR spectra under our conditions. The 
rubidium results are diff~icult to quantify and the 
7Li results obtained by a magnetisation transfer 
technique will form the basis of separate reports 
[12,131. 

P)evious work on the transport properties of 
monensin have been repoited by ourselves [10], by 
Sandeaux et al. [14,15] and by Degani and Elga- 
vish i16]. Our results presenk, d herein agree with 
these previous reports that monensin transports 
Na + by a 1:1 complex but now allow the extrac- 
tion of rate constants for the reactions at the 
membrane surfaces and hence the stability con- 
stants for the M+-monensin complex in the mem. 
brane surface. 

Experimental 

Large unilamellar vesicles were prepared from 
egg yolk phosphatidylcholine (EPC) and di- 
oleoylphosphatidylcholine (DOPC) by a modifica- 
tion of the dialytic detergent removal technique 
introduced by Reynolds and co-workers [17] de- 
scribed in a previous paper [11]. In a typical 
preparation for sodium transport studies approx. 
27/tmol of EPC together with 15 equivalents 
(0.405 mmol) of n-octyl-~-glucopyranoside were 
dissolved ha 1.5 ml 100 mM NaCi. The solution 
was dialysed at 40°C against approx. 2 litres of 
100 mM NaC1 for 12 h. This dialysis was repeated 
three times by which time the vesicles had formed, 
The dialysis medium was then changed to 50 mM 
NaCl/10 mM NasPPP.f20 mM choline chloride 
(PPPi = linear tripolyphosphate) and two further 
dialyses were performed. For potassium the final 
dialysis medium was solely composed of KsPPP i 
and chotir~e chloride. The amount of choline chlo- 
ride added in all cases was such as to equalise the 



281 

osmotic pressure inside and outside the vesicles. 
All dialyses were performed under a constant 
stream of bubbled oxygen-free nitrogen and -all 
dialysis sohitioas were presaturated with nitrogen 
at 40°C for a~ feast 12 h prior to use. Distilled 
water was used throughout. 

The size of the vesicles i~ refitted by the 
percentage of the total volume enclosed. For the 
Na + and K + experiments with EPC the average 
internal volume was 11.5~ in both cases. For the 
DOPC vesicles a smaller average size is indicated 
by the average internal volume being 6.6%. Be- 
cause smaller vesicles give rise to shorter lifetimes 
of entrapped metal ions and the rate varies with 
r -~, the rates for the DOPC vesicles have been 
reduced by a factor of (11.5/x) ~/3 where x is the 
percent Na + i~side each vesicle preparation. The 
effect of this is to decrease kf and kd by approx. 
(11.5/6.6) 1:, Details of vesicle sizes are given in a 
previous paper [ll]. 

All preparations resulted in equal concentra- 
tions of metal ion inside and outside the vesicles 
and so the transport experiments involve no net 
movement of metal ions. A slight contraction of 
volume generally occurred upon dialysis and typi- 
cally 1.45 + 0.1 ml of vesicle smpension was re- 
covered. To this suspension of large unilamellar 
vesicles was added sufficient of a 1 M solution of 
DyCI~ (Na+} or TbNO 3 (K +) to generate a shift 
difference of approx. 12 ppm (Na +) or 9 ppm 
(K+), typically a few microlitres in both cases. 

Commercial sodium and potassium tripoly- 
phosphates were used throughout. The tripoly- 
phosphates were shown by 3~p-NMR to contain 
approx. 85% triphosphate and 15% diphosphate. 
The errors in M + concentrations arising from this 
difference are less than 2%. Monensin was sup- 
plied by Sigma as its sodium salt (90-95~ pure) 
and purified by dissolving in ethanol and precipi- 
tating with water. All phospholipids were supplied 
by Lipid Products. 

Sodium transport studies were performed on a 
Bruker WPS0 FT NMR spectrometer in Stifling 
operating at 21.19 MHz, Potassium transport 
studies were carried out on a Bruker WH360 FT 
NMR spectrometer in Edinburgh University oper- 
ating at 16,8 MHz, In all cases the spectrometer 
was fidd/frequency locked on the 2H resonance 
of 2H20 in the inner compartment of a coaxial 

tube. All measurements were performed at 303 K. 
Spectra were line-breaded, typically by 2 Hz (Na) 
or 5 Hz (K), to improve the signal-to-noise ratio. 
For 23Na typically 4000 transients were collected 
into 512 data points with a spectral width of 1000 

. . . .  ¢:11 . ' - ~k  A~ tn  noint~ • u'.~, ~. , . . , ,ed and transformed Jr, . . . . . . . .  ~ ..... 
For 39K typically 40000 transients were collected 
in 512 or 256 data points with a 2000 I-Iz spectral 
width, zero-filled and tranformed in 16k data 
points. Pulse widths of approx. 90 0 were used 
throughout and recycle times were several times/'1 
in all cases. 

Additional of small aliquots (microlitre 
amounts) of a standard solution of monensin in 
methanol 0.005-0.01 M caused a dynamic line 
broadening of both the in and out lines from the 
vesicle preparation. Lifetimes (~) were followed 
by measuring the line broadening of the Mi+n peak 
using the relationship (1/¢) = ¢t (line broadening) 
which applies near the slow exchange limit at 
which we are working. Rate constants (k) for 
efflux were determined from plots of 1/¢ vs. 
nigericin/PC molar ratio. Results are given in 
Tables I-III. Ratios of phosphatidyleholine to 
monensin used in this work range from approx. 
6000 to 250. This corresponds to a concentration 
range of monensin in the membrane of approx. 
0,65.10 -4 to 4.6.10 -3 M. 

The activation energy for the overall process 
was determined by following the temperature vari- 
ation of the linewidth of the Na + signal. Suffi- 
cient monensin was added to a vesicle preparation 
at 100 mM Na + to establish a moderate rate 
(approx. 17 s -1) at 303 K. The line broadenings at 
wdous temperatures were calculated from the ob- 
served linewidth minus the natural linewidth at 
that temperature (Table IV). 

Results and Discussion 

As we have previously observed for both 
monensin and nigericin, adding small aliquots of 
monensin to the vesicle preparation broadened 
both lines in the spectra in a fashion consistent 
with a dynanuc exchange process between the Mi + 
and Mo+~t populations. The rates of exchange at 
different metal ion concentrations are recorded in 
Tables I-IlL For every concentration of Na + and 
K + studied the transport rate in the direction in 



282 

TABLE I 

RATE CONSTANTS FOR SODIUM TRANSPORT IN EPC 

From the values presented in the table, k~ = (4.878 + 0.694). 104 
s-1, k,~ = (1A98:[:0.067)'103 M .s -1, correlation coefficient = 
0.983 and K = 32.64-8.3 M -1, 

' 10 5 k-lsec-1 

Na" DOPC 

[Na + ] k (tool PC-tool S.D. Correlation 
(M) mcmensin- S.s- l) coefficient 

0.025 ~.Q32.104 0.662.103 0.995 
0.375 2.159,104 0.362.103 0.997 
0.050 1.632,104 0.255' 103 0.998 
0,075 1.261,104 0.] 45' 103 b'.999 
0,100 1.244'104 0.409.103 0.987 
0.100 1.274.104 0.192,103 0.998 
0.125 1.004.104 0.211.103 0.995 
0.150 0.869' !04 0.321.103 0.983 
0.200 0.612'104 0.656.103 0.928 

S EPC 

K" ePC 

TABLE 11 

RATE CONSTANTS FOR POTASSIUM TRANSPORT IN 
EPC 

From the values presented in the table, k'f = (2299 +0.350), 104 
s -I, k~ = (4.329+0.9737"103 M-s -1, correlation coefficient = 
0.814 and K = 5.34-2.1 M-k 

[Na + ] k (mol PC. mol S , D .  Correlation 
(M) monemin-Ls-I) c~¢[ficicnt 

0.075 1.685-10'* 0.412-103 0.994 
0.100 1.533.104 0.540.103 0.979 
0.125 1.2~- 104 0.303.103 0.997 
0.150 1,359.104 0.789.103 0.980 

TABLE lit 

RATE CONSTANTS FOR SODIUM TRANSPORT IN 
DOPC 

From the values presented in the table, k~ ~ (1.307 + 0,212). 104 
t 3 1 s -1, k d ~ (0.949+0.089).10 M . s - ,  correlation coefficient = 

0.967, and K =13.8:1:5A M -1. 

[Na + ] k (mol PC.tool S.D. Correlation 
(M) monensin- t.s- t) coefficient 

0.025 1.201.104 1.279.103 0.983 
0.050 0.640-104 0.407.103 0,993 
0.100 0.593.104 0,087,103 0,999 
0,150 0.402'104 0.115.103 0.998 
0.200 0,358.104 0.189.103 0.992 

-~ out varies linearly with monensin concentra- 

tion, indicating a first-order relationship between 

monensin concentration and the transport rate, 

IM°I mM 

Fig. 2. Graph of k-  1 vs. [M ÷ ] for Na + and K +. 

The linear relationship between k =1 and metal 
ion concentration (Fig. 2) is also in accord with 
our model. Together these results present strong 
confirmation of the validity of our model and of a 
1:1 complex between M + and the transporting 
ionophore. 

As with nigericin, the difference between the 
slopes of the lines for Na + and K + in Fig. 2 is 
strong evidence that diffusion is not the rate=limit= 
ing step. Our model predicts that if diffusion were 
rate-limiting the slopes would be given by 1/kdlff. 
Since the Na + and K + complexes should have 
similar molecular volumes and shapes the diffu- 
sion rates should be similar for both metals, The 
3-fold difference in slope for Na + and K + there- 
fore argues strongly against diffusion being 
(wholly) rate-determining in the transport process 
for monensin. As reported em'lier [11], incorpora- 
tion of cholesterol into the membrane which is 
widely believed to stiffen the interior of biological 
membranes [18] had no appreciable effect on the 
monensin-mediated transpo~ rates for sodium, 
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Further, a similar series of experiments in which 
Na ÷ transport using vesicles of DOPC m edh*~ 
by monensin was studied resulted in a k -1 vs. 
concentration plot almost parallel to the line for 
EPC but with a somewhat higher intercept. The 
incorporation of further unsaturation into the fatty 
acyl chains is believed to increase the mobility of 
the interior of the membrane and should lead to a 
faster diffusion rate through the membrane, i.e., 
different slope if diffusion is rate-limiting. In fact 
the main difference is in the intercept, indicating a 
slightly slower association rate. The slope of the 
DOPC line is slightly steeper than the EPC line, 
the wrong direction for a process with diffusion as 
the rate-limiting step, since it would indicate slower 
diffusion in the more mobile membrane. These 
three pieces of evidence point strongly to dissocia- 
tion, and not diffusion, being rate-limiting. 

Comparison of the rate data with that obtained 
for nigericin shows that the formation rates of the 
nigeficin complexes are greater. The sodiur~ com- 
plex of nigcricin forms at about twice the rate of 
monensin and the potassium complex at about 
4-times the rate. The dissociation rates show a 
reversed position for monensin compared to 
nigericin. The sodium-nigericin and potassium- 
moncnsin are the faster-dissociating complexes in 
each instance. 

Application of the Arrhenius equation to the 
results presented in Table IV gives a small positive 

TABLE IV 

TEMPERATURE VARIATION OF SODIUM TRANSPORT 
RATES o,b 

Temperature k 
(g) (s-')° 

283 6,5 
293 10.7 
303 16.9 
313 24.9 
323 37,2 
328 44.5 

a Conditions: EPC, 100 mM Na ~, sufficient moacn~in to give 
a rate constant of 16.9 s- 1 at 303 K. 

u These resuhs give at, ,talvauon energy of 7.84-0.13 kcab 
tool- t. 

¢ k=l/'rM~, 

activation energy (7.8 kcal. mol-1). This activa- 
tior, energy was obtained under almost identical 
cor~ditions to those used for the same experiment 
on nigericin (monensin/EPC = 1:690; nigericin/ 
EPC-~ 1:870) which showed a similar activation 
energy of 8.2 kcal. mol - t  [11]. These activation 
energies cannot be interpreted in detail as the 
te,~peralvre dependence of k arises from several 
individual rate constants. The results are, however, 
not unreasonable since the activation energies for 
the formation and dissociation of ionophore-metal 
complexes in homogeneous solution are small [19]. 

The ratio of slope to intercept gives the ap- 
parent stability constant for the ionophore-metal 
complex in the membrane surface. The vahes 
obtained for PC are 32.6 + 8.3 M -t (Na +) and 
5.3_+2.1 M -1 (K+). For the DOPC vesicles the 
value obtained for Na + is 19.3_+5.4 M -t. The 
Na + complex of monensin is thus considerably 
more stable in the membrane/~,ater interface than 
the K + complex. This distinction also holds in 
homogeneous methanol solution but the absolute 
magnitudes of the stability constants are consider- 
ably larger: log K (methanol)--6.48 (Na +) and 
4.97 (K +) [21]. It is noticeable that the difference 
in stability constants for the Na + and K + com- 
plexes arises largely, as in the case of nigericin, 
from a difference in dissociation rate, with the 
association rates being very similar. This too is 
seen in homogeneous solution [21]. 

As we suggested before, part of the reduction in 
the stability constant on going from methanol to 
our membrane interface may be attributed to the 
higher solvation energy of the metal ions in water 
compared to methanol [22]. The remainder may 
come from interactions between the various par- 
ticipating species in the complex environment of 
the interface where the zwitterionic head group of 
the phospholipid, the carboxylate group of the 
ionophore, the metal ions, the anions and water all 
mingle. 

Iadependent confirmation of the significantly 
greater stability of the Na + c¢~nplex is given by 
the observation that an equimolar amount of K* 
does not significantly aher the transport rate of 
Na + [23]. The 6..fold greater stability of the Na + 
complex will ensure that in the presence of K + it 
monopolises the available monensin, leading to a 
negligible reduction in the Na + transport rate, 
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