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Transmembrane >2Na fluxes across bimolecular lipid membranes are measured under two different experi-
mental conditions: (a) the pH is the same in the two bulk aqueous solutions on either side of the membrane
while the concentrations of Na™ are different; (b) the concentrations of Na™ are identical but pH of the two
solutions are different. In this latter case, the transport of Na® occurs in the opposite direction to the
difference of the proton concentration. In both cases, the electrical charge flux is negligible. A transport
model is proposed to account for the experimental data.

Introduction

The monocarboxylic polyether antibiotics which
are isolated from Streptomyces form a well de-
fined class of carriers for alkaline and alkaline
earth cations.

The molecular structure of these ionophores can
be represented by a chain of tetrahydropyran and
tetrahydrofuran cycles terminated on the one side
by a carboxylic function and on the other by one
or two hydroxyl groups. X-ray spectra of crystal-
lized cationic complexes show a pseudomacrocylic
structure centred on the cation around which are
distributed [1] coordination oxygen atoms, the
structure being stabilized by hydrogen bonds.

These carboxylic ionophores induce potassium
fluxes through cellular membranes and at the same
time, they modify the pH inside the cell [2-4].
Among these cation-carriers, monensin shows the
greatest selectivity towards sodium ion {5,6]. Fur-
ther it does not affect the electrical properties of
lipid bilayers [7] while, in the same conditions,
grisorixin and nigericin which are potassium car-
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riers of the same family, increase the membrane
conductance which depends strongly on the pH of
the bathing solutions [7,8].

In this paper a study of the sodium transport by
monensin, through bimolecular lipid membranes
using flux measurements with **Na is presented.
Two different conditions are considered: the two
aqueous solutions have differing pHs but the same
concentration of Na™ or then the same pH but
different Na* concentrations. The sodium fluxes
are compared to those of the electrical charges.
One can note here that this type of measurement
has already been used in the elucidation of the
transport mechanism of Ca®* using another
carboxylic ionophore A 23147 [9].

Experimental

The bimolecular lipid membranes are prepared
by a technique previously described [10], the
capacitance being controlled by coulostatic mea-
surements. The area of the membrane is 1 mm?.

The cell for the measurement of fluxes is com-



128

posed of an inner compartment (2 ml) which con-
tains the radioactive sodium while the volume of
the outer compartment is 8 ml. The dissymmetry
of the two aqueous solutions, either with respect to
the pH or Na* concentration, is brought about
after the formation of the bimolecular lipid mem-
branes and with the addition of the radioactive
tracer *Na.

The two solutions are stirred throughout the
experiment. At regular intervals of time, aliquots
of 0.2 ml of solution are taken from the external
compartment and replaced immediately by an
equal volume of the initial solution. Each sample
is dissolved in 10 ml of a liquid scintillator solu-
tion and its radioactivity determined by means of
a Packard Tri-Carb Liquid Scintillation Spec-
trometer.

During the flux determination the short circuit
current is measured by means of two Ag-AgCl
electrodes immersed in each of the aqueous solu-
tions, using a picoamperemeter (Keithley 600 B).

The lipid bilayers are prepared from a 1:1
mixture of phosphatidyicholine (Supelco) and
cholesterol (Sigma) dissolved in n-decane (Fluka
purissimum), to give a solution for which the ratio
of the lipids to the hydrocarbon is 1% by weight.
In this bilayer forming solution, known quantities
of ionophore are dissolved. The monensin used
was kindly given by Dr. G Jeminet of the Univer-
sity of Clermont-Ferrand.

The pH of the solutions is fixed by the addition
of hydrochloric acid or of sodium hydroxyde while
the actual values of the media are determined
using a micro glass electrode. For measurements
made with symmetry of pH (pH = 8), the solutions
have been buffered with tris(hydroxymethyl)-
aminomethane (Tris).

The sodium chloride is a Merck Suprapur prod-
uct while the ?Na-enriched sodium chloride solu-
tion is obtained from the Radiochemical Center.
Amersham. This radioactive isotope emits y rays
and has a period of 2.58 years.

Results

In the absence of a carrier, and in the case
where either the pH or the Na™ concentration are
different, the quantity of 2 Na which is found in
the external compartment is always smaller than

the amount detectable by the spectrometer, even
when experiments are carried out for periods longer
than three hours.

In the presence of monensin, with an identical
Na* concentration in the two aqueous solutions
and a pH dissymmetry, the amount of Na in the
external compartment increases with time. A typi-
cal curve is shown in Fig. 1. This was obtained
with a solution of NaCl 2.5-10 2M and pHs of
10 and 5, respectively, in the internal and external
solutions. One notes that a steady flux is reached
20 to 30 min after the modification of the pH of
the aqueous solutions. The measured short circuit
current remains approximately constant with a
value of 3-6 pA throughout this period.

Fig. 2 shows that for the same Na™ concentra-
tion but differing pHs on either side of the mem-
brane, the steady-state flux is directly proportional
to the concentration of monensin in the bilayer
forming solution.

With the same pH difference between the two
aqueous solutions, the monensin concentration in
the membrane-forming solution being kept con-
stant (5- 10 ~3M), the Na* flux increases with the
concentration of Na™ which here is the same on
both sides. The steady-state values of the Na™ flux
are respectively 0.23, 0.37 and 0.67 nmol-cm™ -
s ! when the NaCl concentrations of the aqueous
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Fig. 1. Variation with time of the number of Na™ ions crossing
the bimolecular lipid membrane. NaCl, 2.5-10 ~2 M: monen-
sin, 5-10 7* M: ApH, 5.
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Fig. 2. Variation of the Na* flux with the concentration of
monensin. NaCl, 10 72 M; ApH, 5.

solutions are 10, 25 and 50 mM.

Fig.3 shows the variation with time of the
number of Na* ions which appear in the more
acidic solution when the pH of the other solution
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Fig. 3. Variation with time of the number of Na™ ions crossing
the bimolecular lipid membrane. NaCl, 10 ~2 M; monensin,
5-10 > M. (a) ApH, 5; $,y, =0.23 nmol-ecm™ 2.5~ ' (b) ApH.

1: $n, =002 nmol-cm™ 2571,
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Fig. 4. Variation with time of the number of Na* ions crossing
the bimolecular lipid membrane. pH, 8; monensin, 5-10 73 M.
(2) AC y,, 4-10 72 M; ¢, =0.072 nmol-cm " 2-s ~'. (b) AC .
1-10 72 M; &y, =0.018 nmol-cm™ 257",

is either 10 (curvea) or 6 (curveb); the Na™ and
monensin concentrations being the same in both
cases. Measurements were also carried out with
solutions having the same pH on both sides (pH 8)
but only one containing Na* ions. The amount of
these ions appearing in the solution which initially
did not contain any was determined and Fig.4
shows the variation with time of the amount of
these ions when the concentration in the other
solution was either 10 72M or 4- 10 "2 M and that
of monensin in the membrane-forming solution
5-10 M.

Discussion

The standard transport model is similar to the
one proposed for the alkaline cation transport by
neutral carriers such as valinomycin and nonactin
[11,12].

In the membrane the carboxylic carrier can
exist in three different forms: the anionic C~,
protonated CH, and complex with a cation M ™,
CM form. All three forms are located at the two
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interfaces between the membrane and the solu-
tions. Heterogenous reactions of proton exchange
and cation complexation and decomplexation oc-
cur at each interface between the ionophore in the
bimolecular lipid membrane and the ions H™ or
M™* in the planes of closest approach of the
adjoining aqueous solutions. In principle, each of
these forms C~, CH and CM can undergo a
translocation reaction between the two sides of the
membrane.

Under the two experimental conditions of this
study (ApH#0, AC,, =0 and ApH=0 and
AC, #0), the flux of electrical charges is very
small as compared to the measured Na™* flux. In
all measurements, the short-circuit current at the
steady state is always smaller than 6 pA. As the
membrane area is 10 ~2 cm?, the resulting flux of
charged species is smaller than 6-10" "> mol-
cm™?- 571, while the measured flux of Na* rang-
ing about 10 "' mol-cm™2-s7 .

This result shows that while Na* is carried
from one side of the membrane to the other, under
the 1:1 complexed form, the return passage of the
carrier from the second to the first interface takes
place only in the protonated form. Nevertheless
under a pH gradient, and for the same Na* con-
centration in both aqueous solutions, the interfa-
cial concentration of C~ is much higher on the
basic than on the acidic side. Further, when the
pH is 8 on both sides, the number of free C ™~ is
greater at the interface in contact with the less
concentrated solution of Na™. In the last case a
flux of electrical charges carried by C~ could be
expected during the transport of Na* as there
exists a difference between the two interfacial con-
centrations of C .

The electrical conductance measurement of
symmetrical systems [7] have shown that even in
presence of Na™, the monensin increases only
very slowly the membrane conductance and this is
even true at higher pH. These two results suggest
that the translocation rate constant of C ~ is much
smaller than the rate constant of the neutral forms
CH and CM. This is probably due to a greater
standard adsorption enthalpy of the carrier in the
anionic form as compared to the others because of
the hydratation of the ionized group. It is a well
known fact that protonated fatty acids are less
soluble in water than their ionized forms. With the

Na* complexation a structure change occurs with
the formation of a pseudo macrocycle and this
may well diminish the interactions between the
water molecules and the carboxylic groups. Such a
change is also borne out by the results of surface
tension measurements between water and decane
in the presence of an other carboxylic ionophore,
grisorixin, dissolved in decane (Gros, M. and
Gavach, C., unpublished data). An important de-
crease in the surface tension is observed when the
ionophore passes from the protonated to the
anionic form. This result confirms the stronger
adsorption of the carboxylic ionophore in its
anionic form as compared to the non ionized
molecule. Therefore the translocation of C ~ is not
involved in the transmembrane transport of Na™* .

As the total electrical flux is zero, at the steady
state, protons and cations are exchanged at both
interfaces. At each interface, the number of Na*
ions passing from the aqueous solution to the
membrane per unit time, is equal to that of the
protons passing in the opposite direction from the
membrane to the aqueous solution.

Under the two different conditions, i.e. differ-
ent pHs and the same Na™ concentration on both
sides and different Na™ concentrations but similar
pHs, the transport of the Na™ can be represented
schematically by the simple model in Fig. 5. At the
steady state, the Na™ flux is proportional to the
monensin concentration in the membrane-forming
solution (Fig. 2). This result confirms the 1:1 com-
plex formation.

One can note that when the pH value is 5 on
one side and 6 on the other (Fig.3, curveb), or
when the pH is 8 in both sides with dissymmetri-
cal Na™ concentrations (Fig.4) the flux has a
constant value while, when the pH is 10 on one
side and 5 on the other, it fluctuates at the begin-
ning (Figs. 1 and 3, curve a) only afterwards reach-
ing a constant value. It is impossible to state
whether this variation of the flux is due to a
change of the interfacial concentration of the dif-
ferent forms of the carrier or to a modification of
the nature of the bilayer as for example the possi-
ble hydrolysis of the lipids at higher pH.

As the actual interfacial concentration of
monensin in the membrane is unknown, one can-
not determine the value of the rate constant of the
different steps. Nevertheless the lowest limit of the
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Fig. 5. Schematic representation of the transport model under the two different conditions. (a) pH dissymmetry with the same Na™
concentration in both sides. (b) Different Na™ concentrations with a symmetry of pH.

translocation constant of the protonated form can
be estimated from the results obtained under a pH
dissymmetry. If one assumes that the number of
monensin molecules in the protonated form is zero
on the side where the pH of the solution is 10, and
that the maximum ratio of the number of monen-
sin molecules over the number of phospholipid
molecules is higher than 1/5, it is possible to
estimate the maximum number of monensin mole-
cules in the protonated form on the side where the
pH is 5, knowing the values of the molecular areas
of these molecules. These values have been de-
termined from balance film measurements (Van
Mau, N., unpublished data). The maximum value
of surface concentration of monensin is 4- 10"
mol - cm~ 2. From this estimation and recalling
that the maximum measured flux is 0.67-107°
mol-cm 257! the turnover rate of the monensin
in the protonated form is higher than 14.

In Fig.4, one notes that in spite of the high
value of the pH, the Na* flux increases with the
Na* concentration in the concentrated side. This
means that the rate of Na* transport is not limited
by the diffusion of protons from the bulk to the
membrane in the less concentrated solution.

Wulf and Pohl [13] have measured, under simi-
lar conditions, the flux of Ca’* transported by the
carboxylic carrier A23187. They have found that
the flux reaches a saturation value which increases
with the ionophore concentration.

From the data in Fig. 4, one deduces that the
Na* flux is 7.2- 107" mol-ecm™2-s™! when the

pH is 8 on both sides and the difference of Na®*
concentration is 4 - 10 ~2 M. According to the pro-
posed transport model, the steady-state flux has
the same value as the proton flux which diffuses in
the less concentrated solution from the bulk to the
membrane solution interface.

Assuming as did the above authors, that the
thickness of the diffusion layer is 10 73 ¢m and
taking for the diffusion coefficient of the proton
the value of 2.25-10 ° cm™?. s~ !, the calculated
proton flux limited by the diffusion should be
225-107" mol-cm~2-s~' if the proton con-
centration in the aqueous layers adjoining the
membrane is the same as in the bulk. This paradox
cancels if one recalls that, in this case, the solu-
tions are buffered and the transport of proton in
the unstirred layers is therefore accomplished by
the buffer molecules.
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