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SUMMARY

The effects of cations on the adsorption of Ca2?* to stearic acid monolayers was
investigated by the radiotracer method. The addition of either Na* or K+, once the
monolayer had formed in the presence of Ca®, caused the desorption of Ca?* from
the monolayer. The rate of desorption of Ca®* brought about by K* was greater than
that by Nat; whereas, the equilibrium adsorptions were almost the same. The free
energy of the exchange reaction was the same for both ions. Mg?*, Ba?* and Sr?* all
bind to the monolayer to the same extent as Ca?* but to a considerably lesser extent
than the transition metal ions. The difference in the interfacial effect of Na* and
K+, which may be related to the time needed to desolvate the ions prior to interaction,
may in part account for the K+ selectivity of cellular membranes.

INTRODUCTION

The investigation of interactions between surface monolayers and the solute
in the underlying solution is essential to an understanding of the reactions occurring
at the interface of cellular membranes. In recent years considerable evidence has
accumulated to show that Ca?* is involved in regulating permeability of ions across
the cell membrane!=38. It is of importance, therefore, to examine the interactions
between Ca?* and other ions within the monolayer. The adsorption of Ca%* to the
stearic acid monolayer has become quantitatively measurable by applying the radio-
tracer technique~8. The aim of the present study is to compare the static and kinetic
behaviors of the adsorption of radioactive Ca%*t to monolayers of stearic acid in the
presence of other inorganic cations.

METHODS AND MATERIAL

Materials, the methods and the apparatus were described in preceding papers’?.
Surface pressure—area diagrams and data on surface adsorption of Ca?*+ were obtained
with monolayers of stearic acid in the presence of 3.6-107% M *5CaCl, (specific activity,
10 mC/mole) and 2.5-107® M metal chloride salt. For the experiments requiring a
constant surface concentration of the stearic acid monolayer, the stearic acid was
spread to an occupied area of 26.8 A2 per molecule on the surfaces of the solutions
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containing CaCl, with a fixed concentration of 1.62-1073M and varying concen-
trations of NaCl or KCl. The pH of the solutions was adjusted to 8.0-8.2 with either
NaHCO, or KHCO,, the adsorption of Ca*t approaching saturation at this pH
(ref. 6). It was established that the adsorption of Ca?* was not significantly affected
by the addition of the small quantities of Nat or K+ used for adjusting pH. The
experiments were carried out at temperatures near 10°.

RESULTS

The degree of adsorption of radioactive Ca?t was measured by means of the
Geiger—Miiller tube and conventional scaler and expressed as the surface fraction
covered by calcium stearate @ which is given by a relation @ = I/I° where I denotes
the increase in the intensity of radiation (counts/min) in the presence of the added
salt and I°, the saturation value.

301
{

/g%

L)
foltaypislal
WRNTRHHTRN N
RER AR S S

032083000
)

»OZNO
™
N

20

=c

$ $/

g
o8- 2
oz -
2 1
4 = 1
V4 s
7 5
w
// v
/ o
i -
= . | R 33
1 8. 3 ! -
°5 7 2 3 © 20 25 %0

-log ¢ Area (B[ molecule)

Fig. 1. Effect of alkali ions on the adsorption of Ca?* to stearic acid monolayers. [Ca2t] = 1.62-
10> M (pH 8-8.2); O---0O, Na(Cl; © —@, KCI. The full and dotted lines are calculated according
to Eqn. 2. Abscissa is the negative log of the molar concentration of NaCl and KCI; the ordinate
is the fraction (@) of initial Ca®* remaining in the monolayer.

Fig. 2. Effect of added salts on the surface pressure of stearic acid monolayers as a function of
surface area. Substrate containing 3.6-107% M %CaCl, and 2.5+ 1073 M metal chloride salt, at pH
8.0 ~ o.1.

The equilibrium values of @’s were measured with varying concentrations of
added monovalent ions and the results are shown in Fig. 1. There is an increased ad-
sorption of Ca®* to the stearic acid monolayer which is increasingly replaced by Na+
or KT with the increase in their concentrations.

The effects of added salts on the surface pressure-area diagram of stearic acid
monolayer and on the adsorption of Ca?* are shown in Fig. 2z and Table I, respectively.
As seen in Fig. 2, in the presence of Cu?t or AI3*, there occurs an expansion of mono-
layer, presumably due to the complex soap formation®. The reason why the films do
not exhibit the expansion in the presence of Co?*, Ni2t, and Zn?* may be due to the
low concentrations of these ions and the effect of condensation by Ca%*. In the pre-
sence of various metal ions there is a diminished adsorption of Ca?t (Table I), pre-
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TABLE I

FRACTION OF SURFACE OCCUPIED BY CALCIUM STEARATE, ¥, AND APPARENT EQUILIBRIUM CON-
STANT, K

Parameter Added ions

Ba?t Sy2+ Mg?+ Co?t N3+ Zn? Cutt AP+
D 0.56 0.61 0.63 0.25 0.18 o o o
K 0.88 1.08 1.18 0.23 0.15 — — —

sumably because of competition by the metal ion. In Table I are presented the
apparent equilibrium constants for the competitive adsorption between Ca?t and
metal ions, calculated according to the equation

(1 — D) coa (1)
where cc,er and ¢y denote the concentrations of the Ca?* and the metal ions, respec-
tively, and @, the fraction of monolayer occupied by calcium stearate at 20 A2 per
stearyl group. It may be seen in Table I that Mg?*+ and the alkali earth metal ions
have an adsorptivity comparable to that of Ca?t, while transition metal ions have
a greater adsorptivity.

An interesting property of the cellular membrane is its selective permeability
to certain alkali earth metals. It has been convenient to discuss this property in
relation to adsorptivity of ions. Since the phenomenon of permeability is kinetic in
nature and may be more intimately related to the rate of adsorption or desorption
rather than to any static property such as the equilibrium adsorption’, the following
experiment was done. When the equilibrium adsorption of Ca?* to the stearic acid
monolayer was attained, various concentrations of Nat or K* were injected into
the subsolution by means of a syringe and the time course of the desorption of Cat
measured (Fig. 3). Under such conditions bound Ca?* was desorbed more rapidly
by K+ than by Nat. It should be noted that the desorption of Ca?* did not occur
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Fig. 3. Desorption of bound Ca?* with time. [Ca?t] = 1.62-107 % M (pH 8.0-8.2); O---O, NaCl;
©—©, KCl. 1 mlof 0.4 M (a), 1.0 M (b) and 4.0 M (c} alkali chloride solution, respectively, was
injected into the subsolution. @ = fraction of initial Ca?t remaining in the monolayer; abscissa
is time following injection of NaCl or KCl.
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immediately after the injection of Nat, while the desorption curve exhibited an
induction period of about 10 min. On the other hand, the injection of K+ caused an
immediate desorption of Ca%+. The same phenomenon has been observed with lecithin
fitms?.

DISCUSSION

In the present case, the following equilibrium holds for the surface adsorption
of Ca?t to the stearate monolayer:

2 M(St) + Ca?t = Ca(St)g + 2 M+ (2)

where St represents the stearyl group and M+, the monovalent ion. Disregarding the
very small fraction of undissociated stearic acid, the monolayer formed at the surface
consists of calcium stearate and monovalent metal stearate. If such mixed monolayers
are assumed to be a non-athermal mixture of monomer and dimer, the adsorption
isotherm can be expressed by the following equation’:

Awd — RT W o

aca®t RT rr 2P

._..2*._ = e . 77*7‘). e (3)
aciyt (1 — @)*

where 4u° is the standard free energy change of the reaction (2), W the interchange
energy and a’s, the activities of the respective ions.

Assuming that the activity coefficients of ions in the substrate are all unity,
the linear relation was obtained between the In [(1—®)%/x%,.-®] and @ at the fixed
concentration of Ca?**, where x,. is the mole fraction of the ion M* in the bulk
solution. The values of W and Au° can be evaluated by using the slopes and the
intercepts of the ordinate, respectively. All their values, together with the equilibrium
constant K, calculated from 4u°, are shown in Table II. By the use of these values,
the @ — ¢y, and @ - cg. curves are well reproduced with Eqn. 2, as shown by
full and dotted lines in Fig. 1. Irom the values for the equilibrium constants it can
be concluded that the difference between the equilibrium adsorptivity of Nat and
K+ 1s very small.

TABLE II

CONSTANS FOR EQN 2 AND EQUILIBRIUM CONSTANT K

Parameter Added ions

Nat Kt
W (kcal/mole) —0.23 —0.50
Au® (kcal/mole) —0.68 —o0.70
K 34 35

The fact that the rate of interfacial exchange of Ca?* and K+ exceeds that for
Ca?* and Nat implies that factors other than ionic charge and radius are responsible
for the differential effect. One possible explanation is that the removal of water dipoles
from the hydrated Na* or K+ as interaction occurs may be a rate-determining step
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in the exchange reactions; so that more time is required in the case of the more hy-
drated Na*. A further test of this hypothesis would require the use of other alkali
metals, such as Lit which is more hydrated than Nat. It is obvious from the present
studies that ion transport processes across the cell membrane could be better under-
stood by a consideration of the kinetics of adsorption rather than adsorptive pheno-
mena at equilibrium. This difference between the interfacial behavior of Nat and K*
in ion exchange kinetics could account for the K+ selectivity so characteristic of most
cellular membranes.
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