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In this paper we describe a method for determin-
ing the fraction of a diffusible ion in a compartment
bound to a nondiffusible substance. This can be
accomplished without separating the ion-binding
substance from its equilibrium solution.

A theoretical consideration (/) leads us to the
possibility of determining a fraction of the bound
form of an ion in a sample by isotopic exchange. The
method is based on the kinetic measurement of iso-
topic exchange by the continuously monitoring sys-
tem developed in this laboratory (2). Total labile
quantities must be determined by a separate method
in order to calculate the quantities in bound and free
forms.

Ion-binding characteristics of protein have been
studied by equilibrium dialysis (3,4) and by ion-
selective membrane electrodes (5-7).

The equilibrium-dialysis method requires knowl-
edge of Donnan distribution and the chemical de-
termination of the oppositely charged ion from the
ion of prime interest. The average charge of the
ionic species must also be known before computa-
tion of the electrostatically interacting quantities can
be accomplished.

The membrane electrode method requires knowl-
edge of ionic-activity coefficients, bi-ionic potential
in the multi-ionic system and the availability of a
truly permi-selective membrane.

The proposed method using isotopic exchange
at equilibrium does not require the separation of a
particular ion under investigation into bound and
free forms for quantitative estimation. It has par-
ticular advantage in the study of an adsorption
isotherm or binding of an ion in the presence of
many ions.

THEORETICAL CONSIDERATION

The system to be considered is a tri-compartmental
model at equilibrium

k. k.
a— b = ¢
k, k.
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where a, b and c refer to the phases and k, and k.
are the rates of exchange at equilibrium. If a and b
are labeled while c is not labeled and the size of c is
“infinitely” large, the change in the radioactivity in
a and b can be expressed as

®

A8 Xc

where A and B are the radioactivity and g, A and k
are rate constants. The rate constants are related to
k, and k, by the following relations

k, k, k.
p= —M‘— A= Wb k= -M;.

M., and M, are the concentrations of the ion in re-
spective phases expressed in terms of total sample
volume containing both phases a and b. In this
paper phases a and b refer to bound and free forms
of the ion under investigation and c is an “infinite”
sink containing unlabeled ion which has an electro-
chemical potential identical to that present in phase
b (b and c are in equilibrium); a and b are sepa-
rated from ¢ by a membrane. The rate equations for
A and B will be

A =B A (1
and % = pA — (k 4+ A)B. (2)
The solutions are
A=l Gty @
and
B =5 [t p)e — (k40 | (0

where p = —%{(,u+)\+k) —
172
h+Hﬂu%4I
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and

po=—g{rr+10+

1/2
[(#+/\+k)2-—4k#] ]

A, and B, are the initial activities of the ion in phases
a and b, respectively. In obtaining Eqs. 3 and 4, the
relationship that the initial specific activity in both
phases are identical, AB, = pA,, was used. When
"'—A“ and 2B k
phases are not equal, then a fraction of the ion un-

der investigation in phase a does not participate in
the process of isotopic exchange, and Eqs. 1 and 2
do not apply. If attention is directed to that fraction
of the ion that is isotopically exchangeable and M,
is defined for that fraction, then A, can always be
made equal to AB,. In this paper all definitions are
based on these labile fractions only.

If phases a and b are separated from c and the
radioactivity emitted from a and b is measured si-
multaneously, the registered activity will be propor-
tional to A 4 B where

, the initial specific activities in both

(A+B) = % (A, + Bo){ €1t 1 e’
k, + sz (fa — fp)
+ [(k; + kof,)2 — 41(1](:f f,]172 (e 1t

-p1 and p, are expressed as

— 1 M‘+Mb
s ol LR

&)
ep'*’t)]-

172
[(kl + kofa)? — 4kxsz.fb] l

(6)
+ fuk: +

1/2
[(kx + k.fa) 2 — 4k1sz.fb] l .

In obtaining Eqs. 5 and 6 the relationships that

A . M

A +B, — =M+ M,
B.  _.__ M
A,+B,~ "T M.+ M,

were used. f, and f, in these equations are the frac-
tions of the ion in phases a and b, respectively.

If an experimental condition is such that k. is very
small, the over-all rate of isotopic exchange is gov-
erned by k. and is membrane-controlled. A proper
choice of k. being rate-limiting can be experimentally
accomplished. If this condition is fulfilled, then log
(A 4 B) plotted against time will always become
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linear. Therefore the term e 2 does not contribute
to the experimental semi-log plot. Under this con-
dition Eq. 5 can be approximated as

In(A+B)=1In (A+B) —fogit. (1)

The exact form of Eq. 7 can be obtained from
Egs. 1 and 2 by putting

A_A_M_,

BB~ M, ®
The sum of the two becomes
d _ »n 9B _
a(A+B) =14K%) at = —kB.
Therefore
—k
A=Ae "
9)
__'S_.,.g
B=Be ' "
and
In (A + B) = In (Ao + Bo) — fo ;‘;t (10)

Equations 7 and 10 become identical.
Equation 10 was derived on the basis that the
specific activity of the ion under investigation in both

_ bound and free phases is identical during isotopic
.exchange despite the fact that the total specific ac-

tivity is continuously diminishing. This condition is
approached whenever the rate-limiting process of the
isotopic exchange exists at k..

If the sample does not contain phase a (ie. a
standard solution alone), the measurable rate con-
stant will provide information concerning k. at the
concentration of M,. The value of f, the fraction
of the ion in a free state, can then be obtained by
taking the ratio of the two rate constants, one with
and the other without ion-interacting substance. For
practical application to determine the free fraction,

R(sample)
R (standard)

and the bound fraction
f,=1—f,

where R(standard) and R(sample) are the meas-
ured rate constants of isotopic exchange for a stand-
ard (not containing binding substance) and a sample
(containing a binding substance).

f, =

DISCUSSION

The kinetic equations derived above hold true only
if there is no gradient of specific activity within or
outside the sample. The condition can be attained
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by rigorously shaking the sample and “infinite” sink.
The appearance of multi-exponential curves for a
non-mixed system has previously been discussed
(1,8,9).

In obtaining the value of f,, the membrane char-
acteristic k, was assumed to be unaffected by the
kind of sample and the presence of ion-interacting
substance within the membrane container. If, how-
ever, the value of k. is affected by the sample, the
ratio of the two rate constants does not provide the
information concerning f,. A proper choice of the
membrane should be made to eliminate the possible
error due to this effect.

In situations in which the concentration of the
ion in phase ¢, M., can only be approximated to
that of b, M,,, the electro-chemical potential of the
ion in two phases, is not equal. This does not com-
plicate the measurement of f, if proper estimates of
M, by chemical analysis of the total concentration,
M, 4+ M,, in the sample is made. If M. is chosen in
such a manner that no net flux of the ion from phase
c to b takes place, then the measured rate constant
is generally not significantly different from the “true”
rate constant as measured when the electro-chemical
potential of the ion in b and c is identical. This
confirms the fact that the diffusion constant and self-
diffusion constant of an ion are known to b approxi-
mately the same across an uncharged miembrane in
solutions of moderate concentration. For exact de-
termination of the bound form of an“ion whose
diffusion and self-diffusion constants are gréatly dif-
ferent, one should establish equilibrium conditions
before any kinetic study of isotopic exchange. Equi-
librium applies also to ions other than those to be
measured.

The proposed method has particular advantage
in the study of adsorption isotherm or the binding
of an ion in the presence of many other ions. The
method does not require the separation of ion-inter-
acting substance from its equilibrium solution.

SUMMARY

A method to determine the fraction of an ion to
ion-binding substance in aqueous solution is pre-
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sented. The principle of the method is based on
altering the isotopic-exchange constant across a rate-
limiting membrane due to interaction of the diffusible
ion with ion-binding substance. The relationship
between the degree of alteration in the isotopic-
exchange constant and the fraction of the bound form
was derived.

The proposed method does not require the sepa-
ration of a particular ion under investigation into
bound and free forms for quantitative estimation.
The presence of other ions does not interfere.

Some limitations concerning the alteration in the
membrane permeability due to interaction between
ion-binding substance and membrane and the right
choice of dialyzate concentration are also discussed.
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