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ABSTRACT A comparison is made between the quantitative predictions of 
equilibrium ionic distribution in living cells according to the membrane theory 
(Donnan equilibrium) and according to the association-induction hypothesis. 
This comparison shows that both theories predict competitive effects of one 
permeant ion on the equilibrium concentration of another permeant ion; but 
within the limit of experimental accuracy only the association-induction model 
predicts quantitatively significant specific competition of one specified ion with 
the accumulation of another specified ion. The equilibrium distributions of 
K +, Rb +, and Cs + ions in frog sartorius muscle were studied and quantitatively 
significant specific competition was demonstrated; these results favor the asso- 
ciation-induction hypothesis (adsorption on cell proteins and protein complexes 
and partial exclusion from cell water). Based on this model we estimated that 
at 25°C, the apparent association constants for K +, Rb +, and Cs + ion are 665, 
756, and 488 (mole/liter) -l. We found that the total concentration of adsorption 
sites (no less than 240 mmole/kg of fresh cells) agrees with the analytically de- 
termined concentrations of t -  and "y-carboxyl groups of muscle cell proteins 
(260 to 288 mmole/kg). 

I N T R O D U C T I O N  

Ions and other solutes do not, as a rule, distribute themselves within cells at 
the concentrations anticipated on the basis of simple thermodynamic equi- 
libria (1, 2). Past study of this phenomenon has often been hampered by  
difficulties in preserving isolated cells in reasonably good condition for a 
prolonged period of time. Recently, by  adapting tissue culture methods, we 
have overcome this problem and have been able to investigate quantitatively 
the steady ionic level reached in the muscle cell following changes of the ex- 
ternal ionic environment. 

A priori, a constantly maintained level of an ion or other solute in the cell 
may  represent either an equilibrium phenomenon or a steady-state phe- 
nomenon. The maintenance of an equilibrium needs no expenditure of free 
energy. However,  in the maintenance of a steady state, which must involve 
active transport or "pumps"  of some sort, a continued free energy expenditure 
is mandatory.  Comparison of the total energy available to the muscle cell 
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with the energy need of a consistent (in contrast to an ad hoc) active transport  
model  for mainta ining the solute distribution led to the conclusion that  such a 
model  is against the second law of thermodynamics  (3, 4). Since there is no 
third alternative, the constant level of an ion or solute within the cell must  
represent an equil ibrium phenomenon.  In the present communicat ion,  the 
experimental  data  obtained are compared with the quanti tat ive predictions 
of two equil ibrium models:  (a) the classical Donnan  membrane  theory (5, 6; 
see also Boyle and Conway in reference 1) and (b) the association-induction 
hypothesis (3). 

T H E O R Y  

The Membrane Theory 

If we interpose a membrane  between two aqueous phases and introduce a 
monovalent  ionic substance that  cannot  pass through the membrane  into 
one phase, the distribution of the permeant  monovalent  ions must  follow a set 
pattern. Thus,  if the impermean t  ion is an anion, represented as R-  (its con- 
centrat ion is [R-I), and if there are two permeant  cations (p+ and p+) and 
one permeant  anion (p~-), 

[P~]ill [P~]in [Pk']ez . . . .  r ( 1 )  
[ P ~ ] e x  [ P ~ ] e x  [Pk ' ] in  

where r is the Donnan  ratio; [p~ in, the equil ibrium concentrat ion of the ith 
monovalent  cation in the phase referred to as the inside phase; and [p[]ex, 
the equil ibrium concentrat ion of the kth anion in the external phase. The  j th  
monovalent  cation, p+,  represents a cation distinguishable from the ith ion by 
chemical or physical (e.g., radioactivity) means. Since macroscopic electro- 
neutrali ty must  be maintained,  

and 

+ + 
hO,]eI ~#]o1 [Pj]o. + = , (2) 

~0 +],o + [p+]~. = L0~]i° + [e-]. 

From Equations 1, 2, and 3 

(3) 

[p~]~. = [p,+]= ([R-] + x/ [R-] '  + 4[p~-7=) 
2[pF]e~ 

When  4 [p~ '  << [R-] ~, 

(4) 

1 [p+-[,= 1 
[p+h. - [p~],= [R-] + [-~1" (5)  
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Thus,  within the restriction mentioned,  one should obtain a linear relation 
1 1 

between ~ and ~ for each constant value of [p~ o~. The  family of lines, 

each corresponding to a different value of [p+]~x, tends to converge toward 
the same locus on the ordinate. 

In  Fig. 1, [p~.~ is plotted against [p~ ~. in the presence of varying concen- 
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FIouR~ I. Theoretical relation 
between [P+]ex and [P~]in in the 
presence of varying concentra- 
tions of [ps+.]ex (at O, 20, and 50 
mmole/liter concentration) ac- 
cording to the Donnan membrane  
equilibrium. Concentration of im- 
permeant  anion, R'-, 120 m m o l e /  
liter. 

trations (0, 20, and 50 mmole/ l i ter )  of ~p~o, according to Equat ion 4. In  
Fig. 2, we have plotted the reciprocals of [p~ i ,  against the reciprocals of 
[P~e~ also according to Equat ion  4.1 [R-] is 120 mmole / l i t e r  in this model. 
F rom the lowermost curve ([p~ = 0), one can recover a reasonably accurate 
value of [R-]. 

We may  write Equat ion  5 in terms of activities rather  than  concentrations. 

1 The impression, that the linear relationship and the common intercept apply over the entire range 
of ~ i - ]  e= values without restriction, arises from the much greater influence exercised by the points 
in the lower concentration range on the over-all shape of the reciprocal plot. The relationship does 
not hold at points close to the origin as the curved portions of the lines show. 
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Thus, if the activity of the j th  external cation is written as [a~ o2 and that of 
the ith intracellular cation as [a~i~ then 

[a/+]in in. + ~--- 'Y, [ P l ] i n ,  ( 6 )  

[a +]~ ext.+'1 
--- 75 !.P~J~, (7) 

and so on, where -r~ n and "r~ are the corresponding activity coefficients. 
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FmUaE 2. Theoretical relation be- 
tween the reciprocals of [pi+]ox and 
[P~]in in the presence of varying 
[P~ex (0, 20, and 50 minGle/liter) 
according to the Donnan membrane 
equilibrium. Data are the same as in 
Fig. 1. 

Equation 5 then becomes 

in ex + ,y~n 
1 = ' r ' ~ J  . [p~].~ + ( 8 )  

+ [p,+.],~ -y .~-  [p,]o~ JR-] 
where "r~ and -r~ y are the activity coefficients of R and the external ith 
cation respectively. 

Thus in the Donnan system, there is competition between p+ and p+ ; in 
this system there is also a certain degree of specificity determined by the 
differences in the activity coefficients. However, at the concentration found 
in cells (e.g., 0.1 mole/liter),  the activity coefficients of alkali metal ions are 
in general not very far apar t  (i.e., for chloride salts, Cs +, 0.754; Rb+, 0.764; 
K+, 0.770;Na+, 0.778; see reference 7). The  max imum difference between any 
pair of alkali metal ions is less than 2% (and is thus below the limit of ex- 
perimental error). 
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Thus, within the resolving power of the present experimental accuracy, any 
monovalent  cation, p+,  at, say 20 to 50 tamale/l i ter ,  should have the same 
effect on the equilibrium intracellular concentration of p+,  so long as the ith 
ion is a monovalent  cation. 

adsorbed ion / Fixed charge system External solution phase 

/ 

/ ( ~ )  ~ (~)-.~ 5 ~ - i  e stia free cat'o ~ ~~~-interstitialfreeonion ~ free external anion 

t 

fixed catioln 
fi~ed anion 

interstitial 
ion pair 

FIGURE 3. 

salt linkage 
(fixed anion-fixed cation pair) 

Diagram of a fixed charge system in contact with a free solution phase. 

Association-Induction Hypothesis 

In the association-induction hypothesis (3, 4, 8), the living cell is represented 
as a proteinaceous fixed charge system. The  cell proteins form a charge-bear- 
ing, three dimensional network, onto which are adsorbed ions and non- 
electrolytes, as well as other molecules, minor in amount  but  essential in func- 
tion. The protein matrix also polarizes and orients the successive layers of 
water molecules which fill the spaces between the protein chains. Such a fixed 
charge system is diagrammatically illustrated in Fig. 3. In  the external solu- 
tion, the ith cation exists only in the free form. Within the fixed charge system, 
however, it may  assume one of three forms: (a) interstitial free cation, (b) 
interstitial ion pair, (c) adsorbed ion. For simplicity of presentation, we shall 
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ignore the interstitial ion pairs, considering these as quantitatively trivial. 
Denoting the percentage of water in the cell as a (in liters per kilogram of fresh 
cells), 

(9) 

The successive terms refer to the total intraceUular ith cation, the interstitial 
free ith cation, and the adsorbed ith cation respectively. [p~ in and [p~,d are 
in moles per kilogram of fresh cells; [p~ i,, is in moles per liter of intracellular 
water. Leaving the presentation of a general equation to another forthcoming 
theoretical paper (for brief account, see reference 8), we shall forthwith present 
in its simplified form the special equation for the intracellular distribution of the 
ith monovalent cation. In the case to be considered here, the various ad- 
sorption sites have association constants (for the ith and the j th  cation) not 
too far apart, and the ith ion association constants for adsorption on these 
different sites are not too far apart  from each other. The justification for these 
criteria appears in the section on experimental results. Under  these conditions, 
Equation 9 assumes the following form: 

F ¢ - - l ¢ ° t a l I ~ T F  J.+l 

ceq~(~) LP~J~ -t- ( I0)  i~Tr~+l I~  ~-~TF j ,+ l  • 1 + i(k) LFi  Jex "~- -It~'J(k) LFJ Jex 

This is the special equation according to the association-induction hypothesis 
for selective ion accumulation without cooperative interaction (reference 3, 
chapter  5; references 8 to 10). =-~ins q~(k) is the mean equilibrium distribution 
coefficient of the ith cation between the intracellular water and the extra- 
cellular water; the migration of the ith (and jth) cation in and out of the cells 
is accompanied by the kth anion. K~(k) and Ks(h) are the mean  apparent  
association constants of the ith and j th  monovalent cations respectively on (all) 
the anionic sites. T is the general symbol for all the fixed anions in the system. 
The apparent  association constant differs from the true association constant 
by a factor corresponding to cations that  also compete for the same anionic 
sites but  are, for convenience or other reasons, not explicitly dealt  with (e.g., 
H + ion, fixed cations). If-]total is the total intracellular concentration of 
anionic sites in moles per kilogram of fresh cells. 

Criteria for the Experimental Testing of the Membrane Theory and the 
Association-Induction Hypothesis 

co~ilis 
An extensive discussion of the value of q~(k) and its molecular interpretation 
will be the subject of a succeeding paper (for a brief discussion, see references 
4, 11, and 12). It  is sufficient to mention that as a rule, .~*ins aq.k) is less than 0.2 
for frog sartorius muscle ceils. Anticipating the results of the experimental 
studies to be given below, showing [P~.d (for K +, Rb+, and Cs +) >> 
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(OL °°~ins + q.k) [p~]e~) (see Discussion), we can ignore the interstitial ions. Equation 
10 simplifies to 

r ~- l t° ta l l~°~-~TF ~+'I 
[pi+]i. = kJ , ,(k) iF, Jo- ( 11 ) 

i ~  oo~ TI- • +n 

OOoT li,- o0~ T 
Defining K.k) , ~s(k) as the mean apparent  dissociation constants for the 
ith and f lh  cation respectively we have 

. k )  - ( 1 2  ) 

and 

*0~T 1 
K i(k) - -  K.~r  (13) 

s (~) 

The reciprocal form of Equation 11 is : 

~ ' - ' ~  ( [P+]e.'~ 1 1 I _ -'-q (k) 
[p+]~ [f--]total 1 + ~ Kj(k) ] ~ + [f-ltOt~, (14) 

1 I 
Thus, if ~ is plotted against ~ with 

LVi ji~ 
a fixed concentration of the com- 

peting ion, [p~ ex, one should obtain a straight line. Furthermore,  the inter- 
cepts on the ordinate for a family of curves with different concentrations of 
competing ions should meet  at the same locus; this locus should be the re- 
ciprocal of the total concentration of fixed anionic sites in the system. Figs. 4 
and 5 show linear and reciprocal plots of [P~in against [P~ox in the presence 
of varying concentrations (0, 20, 50 mmole/l i ter)  of the j th  competing ion. 
These theoretical curves were computed on the basis of a population with an 
equal mixture of two types of sites (each 60 mmole /kg  in concentration). The 
association constant for the ith ion is twice as high for one type of site as for 
the other.~ Note that the reciprocal plot yields an accurate value of the total 
fixed anionic site concentration when there is no competing ion present even 

o0~ T 
when the sites are not all the same. The K,~) obtained in such a case is a 
weighted average. 

- rI~ ~-*r [P~ox) are both considerably In the case when (K~(~ [p~o~) and ~ ~(k) 
larger than unity, Equation I0 simplifies to: 

[ / - ] , o , . ,  - - + KTik  [P,+L 
[ P , ] i ~  = 

. , )  ~,+']o. + i~,) [ f ]o." 
(15) 

T h e  values  of  the  pa rame te r s  used  here  correspond rough ly  to those f rom our  exper imenta l  s tudies 
t o  be descr ibed below. 
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When the ith ion is labeled with a radioisotope and the j th  is nonlabeled ion 
of the same chemical species (e.g., nonlabeled K + ion compet ing against K ~2- 
labeled K + ion), I~ ~'-'r = ~ i(k) K~ik~. Equat ion 14, in reciprocal form, simplifies 
to 

1 _ [p+].x _{._ l _ _ _ j _ _  ( 1 6 )  
E l ] , .  + ~o,a, [ f - y o ~ ,  • [p, ]~.. [ f - ]  

120 
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FIGURE 4. Theoretical relation be- 
tween ~+]~ and ~ =  in the presence 
of varying concentrations of [p/+]~ 
(0, 20, and 50 minGle/liter), accord- 
ing to the association-induction hy- 
pothesis. ~o-~in, aq(k) here has the value 
of 0.2. The concentration of each of 
the two types of fixed anion sites was 
60 X 10 "-3 mole/kg. The association 
constant for the jth ion is 103 for both 
types of sites; those for the ith ion are 
103 and 2 X 10 ~ respectively. 

This equation is analogous in form to Equat ion  5, with the total concentrat ion 
of fixed anionic sites, If-]total, replacing the concentrat ion of impermean t  
anion, JR-I, in the Donnan  system. 

Thus,  under  the special conditions when K~(k) = i(k) and ~ ( ~ )  
(l~ .o-,r 
~i(k) [p~ex) >> 1, the model  according to the association-induction hy- 

pothesis approaches the same limiting relation as the Donnan  system, when 
[R-] >> ([P~ex + [P~e~). However, when K~i-~ is not equal to I~i~(-~, the 
behavior of the two models becomes totally different. According to the Donnan  
equilibrium, the effect of a compet ing monovalent  cation (the j th)  on the 
equil ibrium concentrat ion of another  monovalent  cation (ith) is (within the 
experimental  accuracy of the present work) indifferent to the nature  of both 
the ith and j th  ion. According to the association-induction hypothesis, a 
difference in the nature  of the ith or j th  ion may  produce significantly different 
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degrees  of  compet i t ion .  T h u s  the  crucia l  test  consists of  a comparison of the 
effects of the same flh cation on the accumulation of two different radioactively labeled ith 
cations. 

M A T E R I A L S  A N D  M E T H O D S  

Sartorius muscles of medium sized (ca. 40 g) leopard frogs (Rana pipiens, Schreber) 
were used for all the experiments presented in this paper. Since a large number  of 

0.5 
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° / v 

v._. 
._= 

J 

/ 
2O 

0 0.2 0.4 0.6 0.8 

([P']']ex!-' (,',',~ole/"te") -~ 

FIOURE 5. Theoretical relation between the reciprocal of [P+]ex and [P+]i. in the pres- 
ence of varying concentrations of [P+]ez (0, 20, and 50 mmole/liter) according to the 
association-induction hypothesis. Points are calculated on the basis of the data given 
in Fig. 4; lines are calculated from these points by the method of least squares. The 
intercept of the lowest curve is 0.00833 (mmole/liter) -x, which gives the correct con- 
centration of the total fixed anions as 120 mmole/liter. 

frogs had to be sacrificed each time, we could not follow the strict criteria for choosing 
healthy frogs described earlier (reference 3, Appendix G). All animals that  were 
outwardly healthy were used. In  general, three sartorius muscles from three different 
frogs were weighed individually on a torsion balance (initial weight), tied with small 
bits of colored thread, and introduced into test tubes containing 10 ml of the experi- 
mental  solutions to be described. The  test tubes, stoppered and sealed with Parafilm, 
were mounted on a rotor tilted at a 45 ° angle which turned at the rate of five rota- 
tions per minute. The  temperature of the room varied between 23 ° and 26°C. 

In  studying Na + ion distribution, 100 ml of experimental solution was used for 
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each group of muscles, and the Erlenmeyer flasks containing the solution were shaken 
in an Aminco constant temperature bath (250 4- 0.05°C) at the rate of ninety os- 
cillations per minute, each full excursion measuring 1 in. 

At the end of the incubation period, the muscles were blotted on damp filter paper, 
weighed again (final weight), and introduced into 1.2 cm (diameter) X 14 cm Luster- 
old tubes (Lusteroid Container Co., Maplewood, N.J.); 1 ml 1 N HC1 was added. 
After 12 hr during which the distribution of the isotope in the HCI solution reached 
equilibrium, the radioactivity in the HC1 solution, together with that in the tissue 
was assayed in the same Lusteroid tube using a "y-scintillation-well counter and 
scaler (Packard). To find the specific activity of the isotope, a 1 ml sample of the 
bathing solution, either as such or after suitable dilution, was also assayed. In general, 
each sample counted more than 4,000 cPg. 

We determined nonlabeled Na + ion concentration by flame photometry (Beckman 
DU spectrophotometer) on a 0.1 N HC1 extract of the tissue and using 0.1 u KH2PO4 
as "radiation buffer" (reference 3, p. 201). 

The experimental solutions were modified Ringer's bicarbonate solutions which 
we had saturated with a 5 % CO2-95 % 02 mixture (see reference 3, Appendix H). 
There were two general types of experimental solution: 

1. The first was used for experiments lasting no longer than 25 hr; these solutions 
contained: MgSO4 (1.2 minGle/liter), CaCI~ (0.72 mmole/liter), NaHCOa (17.3 
minGle/liter), NaH2PO4 (2.0 mmole/liter), Na2HPO4 (1.2 mmole/liter), and glucose 
(24.0 mmole/liter) in addition to the components shown in Table I. The pH was 
approximately 7.3-7.4. 

As a rule we used the acetates of K, Rb, and Cs rather than the chlorides because 
the data from the acetate experiments, while not differing from the chloride experi- 
ments in any fundamental way, are more quantitatively consistent. 

2. The second type of solution was used in studies of ionic accumulation over 
periods longer than 25 hr. In addition to the components shown in Table I, part ii, 
these solutions contained MgSO4 (1.0 mmole/liter), CaC12 (0.72 mmole/liter),  
NaHCO3 (6.65 mmole/liter), NaH2PO4 (2.96 minGle/liter), Na2HPO4 (0.15 mmole/  
liter), glucose (12.8 mmole/liter), and 7.36% of GIB No. 133 tissue culture medium 
(Grand Island Biological, Grand Island, New York), a complex medium containing 
10 % fetal calf serum, plus salt ions, vitamins, and free amino acids. Inclusion of this 
medium, specifically prepared for this laboratory to contain no K + ion except for 
that in the calf serum, prolongs the survival time of frog muscle cells if bacterial and 
fungal contaminations are avoided. 

To each 10 ml of the above experimental solution, we added: 0.1 ml (10 mg/ml)  
of penicillin G (sodium) (Upjohn, Lot PF171), 0.1 mi (10 mg/mi)  of streptomycin 
sulfate (Pfizer, Lot 04357), 0.05 ml of insulin (80 units/mi) (Iletin, Eli Lilly), and 
0.05 to 0.1 ml of radioactive isotope solution (see below). K ~, Rb s6, Cs TM were ob- 
tained from Oak Ridge National Laboratories, Oak Ridge, Tenn., in the form of 
chlorides dissolved in 1 N HC1. Carrier-free Na ~2 in the form of NaC1 in 0.5 N HC1 
was obtained from Nuclear Science and Engineering Corp., Pittsburgh, Pa. The 
isotopic solutions were neutralized with NaOH, and the Na + introduced was taken 
into account when the experiment was of such a nature that the added Na + ion be- 
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came  significant.  T h e  neut ra l ized  solut ion of K 4~ usual ly  con ta ined  abou t  4 to 6 
m c / m i  of the  isotope;  R b  s6, abou t  9 to 12 m e / m l ;  Cs TM, abou t  2 m e / m l ;  and  N a ~  
abou t  0.1 m c / m l .  Neu t ra l i zed  K a solutions were a d d e d  d i rec t ly  to the exper imenta l  
tubes wi thout  fur ther  di lut ion.  R b  s6 and  Cs TM were d i lu ted  abou t  one to ten before 

T A B L E  I 

COMPOSITION OF MODIFIED RINGER'S SOLUTIONS 
(For other components  present, see text.)  

part i part ii 
+ + 

@Oe= (P)e= 
NaC1 K*Ac KAc NaCI Cs~Ac KAc 

Solution No. (0.118 M) (0.118 M) (0.118 M) Solution No. (0.118 ~) (0.118 M) (0.118 M) 

AI 99.0 1.0 0 AI 77.5 2.5 0 
A~ 97.5 2.5 0 A2 75.0 5.0 0 
As 95.0 5.0 0 As 70.0 I0.0 0 
A4 90.0 10.0 0 A~ 55.0 25.0 0 
A5 75.0 25.0 0 
A6 50.0 50.0 0 BI 57.5 2.5 20 

B~ 55.0 5 .0  20 
Ba 50.0 10.0 20 

B1 79.0 1.0 20 B4 35.0 25.0 20 
B~ 77.5 2.5 20 B6 10.0 50.0 20 
Ba 75.0 5.0 20 
B4 70.0 10.0 20 CI 27.5 2.5 50 
B5 55.0 25.0 20 C~ 25.0 5 .0  50 
Bs 30.0 50.0 20 Cs 20.0 10.0 50 
B7 20.0 60.0 20 C4 5.0 25.0 50 
B8 0.0 80.0 20 
B.  0.0 100.0 20 

C1 49.0 1.0 50 
C2 47.5 2.5 50 
Ca 45.0 5.0 50 
C4 40.0 10.0 50 
C~ 25.0 25.0 50 
C6 0.0 50.0 50 
C7 0.0 60.0 50 
Cs 0.0 80.0 50 
C9 0.0 100.0 50 

* Ka-tagged KAc solution. 
CslU-tagged CsAc solution. 

addi t ion .  Because of the  short  half-life, a h igh  specific ac t iv i ty  of the K e is essential. 
A h igh  act iv i ty  of R b  s6 is also necessary because  the count ing  efficiency for this isotope 
is low (6.4 %). (We also found tha t  the  vo lume of the  wate r  in the  R b  se sample  has a 
significant effect on its count ing  efficiency.) 

Al l  nonrad ioac t ive  chemicals  were of cp g rade  ( largely  M e r c k  Reagen t  or  Baker  
Analyzed) .  R u b i d i u m  and  cesium salts were ob ta ined  f rom Penn R a r e  Metals ,  Inc. ,  
Revere ,  Pa. (pur i ty  99% in some cases and  99 .9% in others).  
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R E S U L T S  

Time to Reach New Equilibrium Ionic Levels 

When  frog sartorius muscles are incubated in a modified Ringer solution con- 
taining 50 mmole/ l i ter  of K42-1abeled K + ion, the concentration of intra- 
cellular labeled K + ion rises to reach a new equilibrium after 10 to 20 hr 
(24°C) 3 (solid circles in Fig. 6). This finding is in general accord with earlier 
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FzGm~ 6. T ime  course of labeled K + ion uptake  by  frog sartorius muscles (24°C). 
Sartorius muscles were placed in R i n g e r - G I B - s e r u m  solution conta in ing  50 mmole / l i t e r  
(solid circles) and 100 mmole/liter (open circles) of K~labeled K acetate (four muscles 
per solution). Muscles were removed (two at a time) at intervals, weighed, and their 
radioactivity assayed directly before replacing them in the solution to further equilibrate. 
Considerable variation in the weights of the tissues was observed in this and other 
similar time courses. 

observations of Fenn and Cobb (13), Conway (14), and Harris (15). Since 
neither Fenn and Cobb nor Conway employed radioactive tracer, this close 
correspondence of the data  indicates that, at the intensity employed, the 
radioactivity produces no significant alterations of the muscle ceils within the 
length of time investigated. We  reached the same conclusion from permeabili ty 
studies (16). 

The  open circles in Fig. 6 represent experimental results for muscles bathed 
in 100 mmole/ l i ter  of labeled K + ion; the data  indicate that the time course 
is somewhat faster than at the lower concentration of 50 mmole/li ter.  How-  
ever, a difference between the equilibrium concentrations of labeled K + ion in 
the two cases is not discernible. 

s I t  is unfortunate tha t  a great deal of the pioneering work on K + ion distribution reported by Fenn 
and his coworkers (13) and by Steinbach (17) was based on a soaking time of 5 hr (at room tem- 
perature). On  the basis of the present data, this is not long enough to insure the at tainment  of the 
new equilibrium ionic levels. 
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For Rb+ at 100 mmole/ l i ter  external concentration, it took 25 hr to reach 
the new equilibrium (Fig. 7). A somewhat greater scattering of the data  is 
evident when plotted on the basis of initial weight. For this reason, all sub- 
sequent data  are presented on the basis of final weights. 

For Cs + ion at 25 mmole/ l i ter  external concentration, the new equilibrium 
is reached in about  22 hr (Fig. 8). The study of Cs + ion at high concentrations 
is prohibited by the tendency of Cs + ion at high concentrations to form crystals 
with magnesium and phosphate in a medium of neutral or higher pH. Ringer's 
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FIOuR~. 7. Time course of labeled Rb + ion uptake by frog sartorius muscles (25°C). 
Technique as used in Fig. 6 except six muscles placed in Ringer--GIB-serum solution 
containing I00 mmole/liter of Rbaa-labeled Rb acetate. The initial external K + ion 
concentration was 0.1 to 0.2 mmole/liter. The data are plotted on the basis of both 
final (squares) and initial (circles) weights of the tissues. 

solution, designed to preserve the muscle for a lengthy period of time, must 
contain Mg ++ and phosphate ions at near neutral pH. 

Fig. 9 shows the time course of equilibrium for labeled Na + ion at 25 °C. 
Equil ibrium was reached in some 30 hr at this temperature. 

As a rule, for all ions studied, once a new equilibrium is reached, this level 
remains steady for many  hours. 

The Nature of Competition in Ionic Accumulation 

Fig. 10 illustrates the dependence of the equilibrium intracellular Cs + ion 
concentration on the external K + ion concentration. Thus, at 25 mmole/ l i ter  
external Cs + ion concentration and 2.5 mmole/ l i ter  of K + ion, the equilibrium 
concentration of Cs + ion in the cell is about  80 mmole /kg  (see Fig. 8). In the 
presence of 50 mmole/ l i ter  of K + ion, the Cs + ion concentration in muscle 
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FIGURE 8. Time course of labeled Cs + ion uptake by frog sartorius muscles (24°C). 
Technique as in Fig. 6 except four sartorius muscles placed in a Ringer-GIB-serum 
solution (pH 7.0) containing 25 mmole/liter of CslU-labeled Cs acetate. The initial 
external K + ion concentration was 0.1 to 0.2 minGle/liter. Internal Cs + ion concentra- 
tion calculated on the basis of the final tissue weight. 

cells reaches a level only a little above 40 mmole/kg.  If, after the Cs + ion 
level reaches equilibrium in the presence of 2.5 mmole/l i ter  K+ ion, the muscle 
is transferred to a solution containing 50 minGle/liter K + ion, the intracellular 
Cs + ion concentration falls to the same level as in the muscle which had been 
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Time course of labeled Na + ion uptake by frog sartorius muscles in a Ringer 
solution with a low K + ion and high Na + ion concentration (25°C). Technique as in 
Fig. 6 except six sartorius muscles were placed in a Ringer-GIB-serum solution con- 
taining 0.5 minGle/liter KC1 and 170.5 minGles/liter of Na in the form of acetate and 
phosphates. 
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in the  presence  of 50 m m o l e / l i t e r  of  K + ion th roughou t .  Th is  obse rva t ion  

demons t r a t e s  t ha t  a n  increase of  ex te rna l  K + ion concentration reduces  the  
ra te  of  en t ry  of Cs + ion into the cell and  the  equ i l i b r i um level of Cs + ion in the  
cell. 
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FmtraE 10. Effect of K + ion on level of labeled Cs + ion accumulation. Frog sartorius 
muscles incubated in Ringer's solution containing 25 mmole/liter labeled Cs + ion and 
2.5 mmole/liter K + ion (24°C); their pairs incubated in Ringer's solution containing 
the same amount of labeled Cs ÷ ion and 50 mmole/liter of K + as acetate (squares). The 
weights and radioactivity of the muscles were determined after 17 hr and the muscles 
in the solution containing 2.5 minGle/liter K + ion transferred to another Ringer's solu- 
tion containing 50 mmole/liter K + (circles). The weight and radioactivity of these 
muscles, as well as those which had been in the Ringer solution with 50 mmole/liter K + 
ion were then assayed at intervals. 

K + Ion Accumulation and Competition 

Fig. 11 shows rec iproca l  plots of the  equ i l i b r ium concen t ra t ions  of  K4~-labeled 

K + ion, in the  presence  of v a r y i n g  a m o u n t s  of  non labe led  K + ion as c o m p e t i n g  

ion (0, 20, and  50 m m o l e / l i t e r ) .  These  d a t a  d e m o n s t r a t e  c o m p e t i t i o n  in K + 
ion a c c u m u l a t i o n  in the musc le  cells. T h e  in tercepts  in (mole / l i t e r )  -1 a re :  
7.321 × 10 -8 wi th  no  c o m p e t i n g  ion; 7.14 × 10 -g wi th  20 m m o l e / l i t e r  of  

c o m p e t i n g  non labe led  K + ion; 6.49 × 10 -8 wi th  50 minGle / l i t e r  of c o m p e t i n g  
non l abe l ed  ion. 

Na + Ion Accumulation and Competition 

Fig. 12 shows rec ip roca l  plots of  the  equ i l i b r i um labe led  N a  + ion concen -  
t r a t i on  in the  presence  of  0.5 minGle / l i t e r  a n d  10 minGle / l i t e r  c o m p e t i n g  K + 
ion. 
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Rb + Ion Accumulation and Competition 

Fig. 13 presents analogous  studies on the equi l ibr ium distr ibut ion of  labeled 

R b  + ion. T h e  intercepts in (mole/ l i ter)-1 are:  8.11 X 10 -3 with no compe t ing  

ion present;  9.8 × 10 -s with 20 mmole / l i t e r  of  compe t ing  nonlabe led  R b  + 

ion;  and  10.2 X 10 -~ with 50 mmole / l i t e r  of compe t ing  nonlabe led  Rb+  ion. 

0.12 /('° 
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FIGURE 11. Intracellular labeled K + ion concentration plotted reciprocally against 
the external labeled K + ion concentration, with which it is in equilibrium, in the pres- 
ence of 0, 20, and 50 minGle/liter of nonlabeled K acetate. Labeled K + was also in the 
form of acetate salt. Each point represents the labeled K + ion concentration in a single 
frog sartorius muscle; lines obtained by the method of least squares. On the lowest curve 
within the area from ([K+]e=) -1 = 0 to 0.05 (minGle/liter) -1 and from ([K+]in) -1 = 0 
to 0.01 (mmole/kg) -1, a total of 23 points was determined; they fall so close to one 
another that only a few could be represented. All the others would be superimposed on 
these. Data from two series of experiments (13 June 1963; 17 September 1963). 

Cs + Ion Accumulation and Competition 

Fig. 14 shows reciprocal  plots of the effect of va ry ing  the external  K + ion 

concen t ra t ion  on the equi l ibr ium concent ra t ion  of  Cs + ion (solid lines). The  

intercepts in (mole/ l i ter)  -I  are:  10.6 X 10 -8 with no compe t ing  ion present;  

12.5 × 10 -3 with 20 mmole / l i t e r  of compe t ing  K+  ion; 24.0 × 10 -3 with 50 
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mmole/ l i ter  of competing K + ion present. The  two dotted lines were taken 
from Fig. 11 to show by  contrast the much smaller effect the same concen- 
trations of nonlabeled K + ion exercised on the equilibrium concentration of 
labeled K + ion. 

D I S C U S S I O N  A N D  C O N C L U S I O N  

The major results presented in this communication consist of four sets of 
equilibrium ionic distribution data. Two  of these show the effect of nonlabeled 
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Fiou~ 12. Equilibrium intraceilular Na + ion concentration plotted reciprocally 
against the extraceUular Na + ion concentration, in the presence of 0.5 and 10 mmole/ 
liter of K + ion. Time of equilibration was 25 hr (at 25°C). Na + ion concentration as- 
sayed by flame photometry (for details of procedure, see reference 3, p. 201). Each 
point represents the value from three muscles; lines drawn by visual inspection. 

alkali metal  ion on the equilibrium distribution of labeled alkali metal ion of 
the same chemical species (i.e., K + ion on K4~-labeled K + ion (Fig. 1 I), and 
R b  + ion on Rbs6-1abeled Rb+ ion (Fig. 13)). The  other two series show the 
effect of one nonlabeled alkali metal ion (i.e., K + ion) on the equilibrium 
distribution of two chemically different alkali metal  ions (i.e., Na~-labeled 
Na + ion (Fig. 12), and Cs13qabeled Cs + ion (Fig. 14)). 

Within the lower concentration range, the data  of the first two sets of ex- 
periments (Figs. 11 and 13) are in essential agreement with both the Donnan  
membrane  model and with the model arising from the association-induction 
hypothesis; we have mentioned this formal analogy earlier in discussing 
Equations 5 and 16. A comparison of both Figs. 11 and 13 with Fig. 2 also 
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shows that there is a fair degree of quantitative accord between the experi- 
mental  data  and the two theoretical models. 

In the other two sets of experiments we studied the competing effect of a 
chemically different species. The result shown in Fig. 14, for example, shows 
that the same concentration of K + ion produces about three times as effective 
competition against Cs + ion as against K + ion. K+ ion is even more effective 
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FIGURE 13. Intracellular labeled Rb + ion concentration plotted reciprocally against 
the external Rb + ion concentration with which it is in equilibrium (26°C). Competing 
nonlabeled Rb + ion concentrations were 0, 20, and 50 minGle/liter respectively. Labeled 
l~b + ion was in the form of acetate. Each point represents the labeled I~b + ion concen- 
tration in a single frog sartorius muscle; lines obtained by the method of least squares. 
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FIGURE 14. Equilibrium labeled Cs + ion concentration in muscle cells plotted recipro- 
cally against the external Cs + ion concentration with which it is in equilibrium. Com- 
peting K + ion concentrations are 0, 20, and 50 mmole/liter respectively. Both Cs + and 
K + were in the form of acetates (24°C). Each point represents a single determination 
on one frog sartorius muscle; lines obtained by the method of least squares. The effect 
of K + ion on the accumulation of labeled K + ion (dotted lines) taken from Fig. 12 for 
comparison. 
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in competing against Na + ion accumulation (Fig. 12). As stated previously, 
within the limits of our experimental error, the Donnan theory predicts no 
difference between the competitive effects of different ions. From this we conclude 
that the results of the present investigation do not support the concept that the ions studied 
accumulate in cells according to the Donnan membrane equilibrium; they are, however, 
consistent with the model according to the association-induction hypothesis. 

Let us now analyze the experimental data quantitatively according to the 
latter model. The experimentally measured intercepts from K + ion accumu- 
lation studies correspond respectively to 137, 140, and 154 mmole of anionic 
adsorption sites per kg final weight. Ignoring competing ions other than K + 
ion (e.g., Na+), the mean apparent  free energies of association are -3 .74 ,  
-3 .74 ,  and -3 .81 kcal/mole respectively. On  the other hand, combining 
the equations corresponding to the lower curve of Fig. 12 and the lowest 
curve of Fig. 11, one can solve the equations simultaneously to obtain the 
apparent  association constants for both Na + and K + ions (in this case taking 
into account Na + ion competition). The value for Na + ion is then 0.996 and 
for K + ion is 633 (mole/liter) -I. On  the basis of these values, one can calcu- 
late, from the upper two curves of Fig. 11, additional values of the apparent  
association constant for K + ion, namely, 648 and 720 (mole/liter) -I. The 
average of all these values is 665 (mole/liter)-i.  The  corresponding apparent  
standard-free energy of association is 0 for Na + ion; -3 .82 ,  -3 .84,  and 
- 3 . 8 9  kcal/mole for K + ion? Fig. 15 presents the data  given in Fig. 11 in a 

linear plot. The  curves are theoretical curves, calculated from Equation 10 
on the basis of the following: (a) a single type of adsorption site, for which 
the association constant of K + ion is the average obtained from the reciprocal 
plot, i.e. 665 (mole/liter) -I, and where the apparent  association constant for 
Na + ion is 0.996; (b) [K+]i~ was ignored. 

The  total concentration of the adsorption site, If-]total, 140 mmole/kg,  is 
obtained by curve fitting. Since the linear plot as a rule better displays the 
data  of the high concentration range, whereas the reciprocal plot emphasizes 
the lower concentration range, one may  anticipate that the If-]total obtained 
from this linear plot is more reliable. In  the present case, however, the value 
140 mmole /kg  is close to 137 mmole/kg,  obtained from the reciprocal plot 
at zero-inhibiting ion concentration. In  discussing the data  of Fig. 5, we 
mentioned that  the curve with inhibiting-ion concentration at zero yields the 
best estimate of the total number  of sites among the various reciprocal curves. 

4 The  inclusion of the  Na  + ion data is a compromise.  In  order to demonstrate significant K + ion 
competition for sites adsorbing Na + ion, we had to reduce the K + ion concentration to 0.5 m m o l e /  
liter (from a normal  serum value of  2.5 mmoles/ l i ter)  (Fig. 12). In  this concentration range there  
is cooperative interaction between K + and  N a  + ion and, therefore, the  general equation (to be pre-  
sented elsewhere), rather than  special Equat ion  10, applies. Reserving this impor tant  subject for a 
later paper  (18), we have applied Equat ion  10 as a first approximation.  We estimate that  the  error 
thus introduced is much  smaller than that which would result f rom ignoring Na  + ion altogether.  
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Similarly, the data  of Fig. 13 yield 123, 102, and 98.5 mmole  of adsorpt ion 
sites for Rb  + ion per  kg of final weight of the cells. I f  one accepts a N,(A0) 
value of 0.996, the three curves give mean  apparen t  association constants for 
Rb+ ion of 840, 735, and 704 (mole/liter) -a respectively (average = 755), 
with corresponding mean  apparent  standard-free energies of adsorption equal 
to -3 .93 ,  -3 .91 ,  and --3.88 kca l /mole  (average = - 3 . 9 2  kcal /mole) .  In  
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Fig. 16, the experimental  data  f rom Fig. 13 are plotted linearly. The  curves 
were again calculated theoretically, using the average value of "~'RS(Ac) = 755 
(mole/li ter) -1, and a total of 115 mmole  of adsorption sites, per kg of final 
weight. 

In  the same way, the data  of Fig. 14 yielded the n u m b e r  of total adsorption 
sites for Cs + ion as: 94.3 m m o l e / k g  ([K]ex = 0), 80.0 m m o l e / k g  ([K]e~ = 20 
mmole/ l i ter) ,  and 41.7 m m o l e / k g  ([K]cx = 50 mmole/ l i ter) .  There  is, thus, a 
sharply decreasing value of the fixed anion concentrat ion with higher com- 
peting K + ion concentrations. T h e  single value of the mean  apparent  associa- 
t ion constant for Cs + ion obtained is 488 (mole/liter)-1; the corresponding 
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mean apparent free energy of association is --3.66 kcal/mole. The association 
constants for K + ion obtained from this set of data  are 1060 and 703 (mole/ 
liter)-*, and their corresponding mean apparent  free energies of association are 
-4 .11 and - 3.87 keal/mole respectively. 

Thus, in general, each ion has a specific association constant, ~(k) , and 
exercises a specific and different competitive effect on the adsorption of 
another ion. These competitive effects are quantitatively far beyond the limit 
of specificity offered by the Donnan model on the basis of differences of ac- 
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FIOURE 16. Equilibrium labeled 
l~b + ion concentration in muscle 
cells at various extracellular Rb + 
ion concentrations (26°C). Points 
are the same as those in Fig. 13. 
We calculated curves theoretically 
on the basis of Equation 10 and the 
following: (a) qick)=-~ins = 0; (b)one 
type of adsorption site at a con- 
centration of 115 mmole/kg of 
final fresh weight;  and (c) Rb(Ac) 
= 755 M -~. 

fivity coefficients (less than 2%) and qualitatively follow a rank order of 
effectiveness (Kb + > K + > Cs + > Na +) entirely different from that  antici- 
pated on the basis of activity coefficients (Na + > K + > Rb + > Cs+), but are 
the same rank order as that  which Cohen found for ion accumulation in 
living as well as dead Chlorella cells (Kb + > K + > Cs + > Na +) (reference 19; 
see also reference 20). (For further discussion on the significance of these rank 
orders in alkali metal ion adsorption, see Ling (3) and Eisenman (21).) 

The experimental data  support the association-induction hypothesis in still 
another way. Fig. 7 shows that  in terms of the initial fresh weight, a total as 
high as 240 mmole/kg of fixed anionic sites is present in the frog sartorius 
muscle; other data (in Figs. 12 and 13) gave somewhat lower values. According 
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to the association-induction hypothesis, the majority of these sites belong to 
the f3- and ,r-carboxyl groups of the cell proteins. One must now determine 
whether  this theoretical expectation is supported by the body of ra ther  ac- 
curate analytical data on the composition of muscle proteins. 

Leaving the details to the Appendix, calculation from the best available 
data  yields a total of 260 to 288 mmole of free anionic sites per kg of fresh 
muscle cells on the proteins known to be present in muscle cells. These figures 
do not include the small amounts of nucleic acids and phospholipids as well 
as the larger amounts of creatinephosphate (21.8 mmole/kg)  and A T P  (5 
mmole/kg)  in the muscle cells (see reference 3, Table 9.2). Complexed or 
adsorbed on cationic sites, these compounds add a significant amount  of 
secondarily fixed anions as potential adsorption sites to the 260 to 288 mmole /  
kg of proteinaceous fixed anions. Elsewhere, we have presented evidence that 
salt linkages are important  in maintaining the structure of the living cell 
(reference 3, sect. 9.4). Since, by and large, the structure of the cell is pre- 
served (though swollen), even in the highest salt concentration studied, there 
must be a sufficient number  of fixed anions engaged in these salt linkages. 
Thus, it appears that the number  of fixed anionic sites corresponds well with 
those calculated from the present series of experiments. Since no other com- 
ponent in the living muscle cell contains anionic sites at this concentration, 
this agreement is consistent with the concept that it is the free 13-carboxyl group of as- 
partic acid residues and the free ~,-carboxyl group of glutamine acid residues on the 
cellular proteins which selectively adsorb most of the alkali metal ions. 

A p p e n d i x  

The Concentration of Fixed Anionic Sites in Muscle Cells 

Available data indicate that the protein concentration of muscle tissue falls between 
18.5 and 25 %. Since there is evidence that frog muscle contains somewhat more water 
than mammalian tissue, we shall choose 18 % as a lower limit of protein concen- 
tration and 20 % as the higher limit. The average amino acid residue weight of muscle 
protein is equal to 111 (see reference 3, p. 48). Dividing this into the total protein 
concentration, one obtains 1.63 and 1.80 mole/kg of amino acid residues in pro- 
teins, respectively. 

The latest data of Lowey and Cohen (22) show that rabbit myosin contains 17.4 % 
of free anionic residues. (This value agrees reasonably well with Mihalyi's titration 
data which correspond to 18 % (23).) If one assumes that the upper limit of myosin 
content in muscle proteins is 57 % (24), that of actin is 15 % (25), and that of tropo- 
myosin is 2.6% (26), the remainder would constitute 25.4% of the total muscle 
proteins. This remainder contains: aldolase, triosephosphate dehydrogenase, glycogen 
phosphorylase, ATP-creatine transphosphorylase, and myokinase. Actin contains 
13.8% free anionic side chains (27); tropomyosin (frog), 28.3 % (28); aldolase, 9.3 % 
(29); triosephophate dehydrogenase, 6.5 % (30); phosphorylase (rabbit), 13.5 % (30); 
myokinase, 13.5 % (31); and ATP-creatine transphosphorylase, 22.8 % (32). 
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The average free anionic group of the last five enzymes amounts to 13.1%. If one 
assumes that the 25.4 % of muscle proteins not accounted for by myosin, actin, or 
tropomyosin has this concentration of the free anionic groups, then the average per- 
centage of anionic residues in muscle proteins would be: 0.57 X 0.174 q- 0.15 X 
0.138 -t- 0.026 X 0.238 -b 0.254 X 0.131 = 16%. By multiplying this value into the 
lower limit of amino acid residue concentration in the cell (1.63 mole/kg), one 
obtains 260 mmole/kg of fresh weight of fixed anionic sites. Using the higher protein 
concentration (1.81 mole/kg), one obtains 288 mmole/kg. 
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