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equally well be interpreted as due to weak bonding 
of the incoming group which thus has a relatively 
small effect on the free energy of the transition 
state. The latter interpretation is more in accord 
with eq. 4 and the experiments of Doering and 
Zeiss.3 

These results on i-butyl alcohol make it probable 
that the oxygen exchanges on 2-butanol are simple 
displacements on the protonated alcohol by water. 
The result that each exchange proceeds with inver
sion14 is thus a most natural result. The author's 
conclusion that water was not covalently bonded 
to the transition state was based on the Hammett-
Zucker hypothesis which is now suspect.6 

It is of interest that substitution reactions of 
even triphenylmethyl derivatives become displace
ment reactions in non-ionizing media.16 In these 
circumstances, the reactions are like those of the 
/!-butyl derivatives discussed above in that the rate 
shows little variation with the nature of the in
coming group.16 I t is hard to see how these reac
tions can proceed in any other way than with in-

(14) C. A. Bunton, A. Konasiewicz and D. R. Llewellyn, / . Chem. 
.5'oc, 604 (1955). 

(15) C. G. Swain, T H I S JOURNAL, 70, 1121 (1948); C. G. Swain and 
C. B. Scott, ibid., 75, 141 (1953). 

(16) D. Cram and F. Hawthorne, ibid., 76, 3451 (1954). 

Introduction 
The interaction of potassium and sodium ions 

with the proteins of muscle is undoubtedly of con
siderable importance in the contractile processes in 
muscle. The extent of these interactions has been 
studied by several investigators by measuring the 
amount of the ion adsorbed by threads of myosin.3 ~6 

Their data present certain difficulties in interpreta
tion because the threads represent a phase differ
ent from that of the solution in which they were 
equilibrated. This study was carried out on the 

(1) Taken in part from a doctoral thesis submitted by M. S. Lewis to 
the faculty of Georgetown University in partial fulfillment of require
ments for the degree of Doctor of Philosophy, June, 1955. 

(2) Presented before the American Physiological Society at the 40th 
Annual Meeting of the Federation of American Societies for Experi
mental Biology, April 17, 1956, Atlantic City, N. J. 

<3> L. J. Mullins, Federation Proc, 1, 61 (1942). 
(4) C. Montigel, Physiol. Pharm. Ada, 1, C47 (1943). 
(5) I. Banga, cited by A. Szent-Gyorgyi in Acta Physiol. Scand., 9, 

Suppl. XXV (1945). 
(6) W. Sz. Hermann, cited by A. Szent-Gyorgyi in "The Chemistry 

of Muscular Contraction," Academic Press, Inc., New York, N. Y., 
1947, p. 115. 

version of configuration and we are currently study
ing this problem. 

Although we have interpreted the reactions of 
/-butyl derivatives as an extreme type of displace
ment reaction (SN2), some of the characteristics 
closely resemble those of an ideal S N I reaction. 
Thus the rates depend primarily on the structure 
of the t-alkyl group and may parallel the cation 
stability as has been shown for solvolysis of diaryl-
methyl derivatives.17 Also the large charge sepa
ration in the transition state will cause the varia
tion of rate with media to be similar to that found 
for an ideal SNI reaction. This intermediate type 
of nucleophilic displacement reaction as exempli
fied by the substitution reactions on /-butyl alcohol 
have a unique character of their own and it may be 
convenient to term them SN(int.) reactions. 

Hydrolysis of Acrylonitrile to Acrylamide.— 
The data in Table V show that to within 10-30% 
d log k = —dHo. The transition state contains 
acrylonitrile and a proton. The presence or 
absence of water is undecided. 

Acknowledgment.—We wish to acknowledge 
discussions with Dr. R. W. Taft, Jr. 

(17) N. Deno and A. Schriesheim, ibid., 77, 3051 (1955). 
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viscous solutions and suspensions of the muscle 
proteins rather than on the precipitated thread. 
Other evidence for sodium and potassium ion bind
ing to myosin can be found in Mihalyi's7 hydrogen 
ion titration data at different salt concentrations. 

When a suitable electrode exists for a certain ion, 
it is possible to determine the extent of the inter
action of that ion with a protein by determining 
the activity of the ion in the presence of the protein. 
Hydrogen ion interactions with proteins have been 
studied using the hydrogen and glass electrodes. 
Scatchard, Scheinberg and Armstrong8 studied the 
binding of chloride to serum albumin using silver-
silver chloride electrodes. Carr has used perm-
selective membranes as membrane electrodes to 
study the binding of cations and anions to a wide 
variety of proteins.9 

(7) E. Mihalyi, Enzymologia, 14, 224 (1950). 
(8) G. Scatchard, I. H. Scheinberg and S. H. Armstrong, T H I S 

JOURNAL, 72, 535, 540 (1950). 
(9) C. W. Carr, Arch. Biochem. Biophys., 43, 147 (1953); 46, 417, 

424 (1953); "Electrochemistry in Biology and Medicine," edited by 
T. Shedlofsky, 1955, p. 206. 
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The binding of sodium and potassium ions to myosin A, myosin B, actin and bovine and human serum albumin was 
studied using electrodes made of collodion membranes which were permselective to cations. Data showing pH dependence, 
concentration dependence and temperature dependence were obtained. It was found that myosin A and myosin B bound 
sodium and potassium, but that the other proteins did not. The imidazol and amino groups appear to control the binding 
of sodium and potassium to myosin A and B. The values of the equilibrium constants for the interaction of sodium and 
potassium with the myosins were determined, and values for AF° and AH°, were calculated. 
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Because permselective membranes selectively 
permit the transfer of only a single ion species from 
one solution to another solution of the same elec
trolyte, they act as a reversible electrode for that 
ion species.10'11 This makes it possible to de
termine the activities of ions for which no specific 
reversible electrodes exist or where the use of such 
conventional electrodes offers considerable diffi
culty. This method was used in the studies de
scribed here to determine the activities of potassium 
and sodium in the presence of muscle proteins, and 
thus to determine the extent of their interaction. 

Experimental 
Myosin A was prepared by a modification of the procedure 

of Kessler and Spicer.12 Five hundred grams of chilled, 
ground rabbit muscle was extracted for 10 minutes with 
1500 cc. of ice-cold solution of 0.3 M KCl and 0.15 M pH. 
6.5 phosphate buffer. After 10 minutes, 6 liters of ice-cold 
water was added and the suspension was strained through 
gauze. The residue was used for the preparation of actin. 
The filtrate then was diluted slowly with 10 liters of cold 
water and the precipitated myosin allowed to settle. The 
supernatant was removed by aspiration and the precipitate 
was centrifuged. The separated precipitate was dissolved 
in 0.6 M KCl. This solution was diluted to 0.12 M by the 
addition of 4 volumes of cold water and clarified by centrifu-
gation. Myosin was precipitated from the supernatant by 
dilution of the KCl to 0.03 M by the addition of 3 volumes of 
cold water. The myosin was collected by centrifugation 
and then re-dissolved in 0.6 M KCl. The myosin was 
stored at 0° . 

At the time it was used the myosin solution was diluted 
to 0.12 M KCl and clarified by centrifugation. I t was 
noted that the amount of insoluble material increased with 
the age of the preparation until after about seven days, no 
myosin would remain in solution. Whether this was essen
tially denatured myosin or some aggregate of myosin is not 
known. After centrifugation, the supernatant was diluted 
with 20 volumes of cold water, the pil adjusted to 5.4, and 
the myosin allowed to settle. The supernatant was removed 
by aspiration and the myosin concentrated by centrifuga
tion. This procedure gave a protein concentration of 0.8 
to 1.0% with a potassium content of about 0.006 Af. Myo
sin A prepared in this manner was found to be homogeneous 
electrophoretically and in the ultracentrifuge. Measure
ments were made on the myosin within a period of 5 hours 
after the completion of the preparation. 

Myosin B (natural actomyosin) was prepared18 by extract
ing the ground muscle for 5 hours with an ice-cold solution 
of 0.75 M KCl, 0.01 M Na2CO3 and 0.04 M NaHCO3 . 
After extraction, the mixture was strained through gauze 
and then clarified by centrifugation. The binding activity 
of this protein was found to remain constant for at least 
three weeks when stored at 0° . The myosin was precipi
tated by diluting the solution with 30-40 volumes of cold 
water, and adjusting the pK to 6.8. After the myosin 
settled, the supernatant was removed and the precipitate 
concentrated by centrifugation. I t was then redispersed 
in 30-40 volumes of cold water, the £H adjusted to 5.3, and 
the myosin allowed to settle again. The supernatant was 
removed and the precipitate was again concentrated by cen
trifugation. This gave a myosin concentration of 1.5 to 
2 .5% and with a potassium ion content of 0.001 M or less. 
This preparation was homogeneous neither electrophoreti
cally nor in the ultracentrifuge. 

Actin was prepared by the method of Tsao and Bailey.14 

The G-actin thus prepared was then clarified prior to use 
by centrifugation for 30 minutes at 75,000 X gravity. The 
amount of active polymerizable actin in the solutions thus 
produced was determined by measuring the protein content 

(10) K. Sollner, T H I S JOURNAL, 68, 2260 (1943). 
(11) H. P. Gregor and K. Sollner, J. Phys. Chcm., 58, 409 (1954). 
(12) V. Kessler and S. S. Spicer, Biochim. et Biophys. Acta, 8, 474 

(1952). 
(13) A. Szent-Gyorgyi, "Chemistry of Muscular Contraction," 

2nd edition, Academic Press, Inc., New York, N. Y., 1951, p. 151. 
(14) T.-C. Tsao and K. Bailey, Biochim. et Biophys. Acta, 11, 102 

(1953), 

of the sample, polymerizing the actin, centrifuging down 
the gel, and determining the protein content of the super
natant which should be free of polymerized actin. Actin 
solutions prepared by this procedure and tested as described 
above had a protein concentration of about 2 % , of which 
about one-half was active polymerizable actin. 

The bovine serum albumin was the Armour crystalline 
product. The human serum albumin was fraction V ob
tained from the American Red Cross. These were dialyzed 
before use. 

Membranes.—The strong acid type (negatively charged) 
collodion-base membranes used as the membrane electrodes 
were prepared by the method described by Neihof." The solu
tion used to prepare the membranes contained 0.15% sulfo
nated polystrene (mol. wt. ~70,000) and 3 % collodion in a 
50-50 alcohol-ether solution. The membranes were prepared 
by pouring this solution over 25 X 100 mm. test-tubes rotated 
in a horizontal position. Three layers were cast with an 
interval of five minutes between each layer. After the mem
branes were dried on the forms overnight, they were soaked 
in water for 30 minutes and water was forced between the 
membrane and the glass to facilitate removal of the mem
brane from the form. Glass rings were fitted to the mem
branes at their open end. After being dried for one hour in 
an oven at 60-70°, the membranes were stored in 0.1 N KCl 
or NaCl for at least three days before use. 

These membranes were clear, colorless and free of wrinkles. 
They were approximately 50 /t thick and their resistance was 
approximately 200 ohms/sq. cm. in 0.1 AfKCl. Thesemem-
branes gave an average potential of 15.55 mv. (corrected for 
difference in liquid junction potential) with 0.2 M KCl on 
one side of the membrane and 0.4 M KCl on the other. 
This compares well with the theoretical maximum of 16.00 
mv. at 27°, and indicates a high degree of selectivity. 

Saturated calomel cells were used as indifferent reference 
electrodes in the measurement of the potentials. Agar-
saturated KCl bridges were used to connect these cells to 
the solutions on each side of the membrane. Both cells 
were maintained at the same temperature in a bath to avoid 
thermal asymmetry potentials. The potentials were meas
ured with a Leeds and Northrup type K potentiometer. 

In the determination of the concentration of the potassium 
or sodium ion in a solution,10-11 the solution of unknown con
centration was placed inside the membrane tube and the 
membrane was immersed to about two-thirds of its length 
in 100 ml. of water in a 150-ml. beaker and clamped in posi
tion. Various volumes of 1.00 M KCl or NaCl were added 
to the external solution, the external solution stirred 
thoroughly, and the potential measured. Slight asymme
tries in the liquid junction potential were found even when 
the solution was the same on both sides of the membrane. 
This difference was measured over a range of concentrations, 
and used to correct the measured potentials. If the poten
tials obtained are plotted against the logarithm of the con
centration, a straight line will result. At the zero potential 
obtained from their graph, the activities of the critical ion 
inside and outside the membrane are the same, and it has 
been assumed here that their concentrations are the same. 
In this manner it was possible to determine the concentration 
of an unbound ion in the presence of a protein, and since the 
total quantity of that ion present could be readily deter
mined, the amount bound could be calculated. 

Twenty cc. ±0 .02 cc. samples of the protein solutions 
were used. These were weighed out because the viscosity 
of the protein solutions made accurate pipetting difficult. 
The temperature of the solution was adjusted just before 
use, the desired amount of 1.00 N KCl or NaCl added, and 
the pH adjusted with dilute KOH or NaOH of known con
centration. The pH was adjusted to within ±0 .05 pB. unit. 
The salts used to adjust the K + or N a + content were recrys-
tallized three times to remove traces of impurities which 
produced erratic results. The protein concentrations were 
determined by dry weights of samples of known volumes. 
The residual potassium or sodium content of the protein 
solutions was determined with the flame photometer. 

Experimental Errors.—For myosin B at p~& 7.7, and at a 
free concentration of 0.01 M K + , the standard error in PK is 
1.5%, and a t 0.1 M K + is ± 7 . 5 % . For myosin A, which 
was used at a lower protein concentration, the error at 0.01 
Af K + i s ± 2 . 5 % , and at 0.1 Af K + i s ± 1 8 % . These errors 
are somewhat higher a t pK 6.4 and lower at pH 9.0. These 

(15) R. A. Neihof, / . Phys. Chem., 88, 916 (1954). 
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are the errors intrinsic in a single measurement. The errors 
in the apparent constants n' and k's. were calculated from 
the scatter of the experimentally determined values of PK, 
after assuming that the data at pH 6.4 and pH 9.0 were es
sentially representative of the first and second sets of sites, 
respectively (see below). The errors in the apparent con
stants were determined by applying the least squares pro
cedure using the equation 

VK n'k'KCK n' 

The values of 1/PK were so weighted that the variance of 1/?K 
was proportional to l/cK. This was necessary to give equal 
weight to each value of vK. If this is not done, the low 
values of vK have a much greater weight than high values of 
VK, and unrealistic variances of n' and k' result. I t is 
shown in eq. 6 below that the apparent constant multiplied 
by (1 + £HJCH) gives the constant £K, when n and n' are as
sumed to be equal. Thus, the values of k'K, and k'K, multi
plied ;by (1 + &H,£H) for the first set of sites (pB. 6.4) and 
by (1 + kH,cs) for the second set of sites'(£H.9.0) yield the 
values of feK, and ks, with their associated "errors. This 
operation required an additional estimate of the errors in 
£m and km and their inclusion in the calculation. The 
range in error of AH1 and &H, was determined to be ± 0 . 2 pK 
unit from the curves shown in Fig. 1. (A change in 0.5 pK 

data for which are summarized in the experimental 
points of Fig. 2. 
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Fig. 1.—Concentration dependence data for the binding of 
potassium ions to myosin a t 5° : • , pll 6.4; © , pB. 7.7; 
O, pH 9.0. Solid curves calculated from the constants 
shown in Table II using eq. 6. Dotted curves calculated 
from eq. 6 with the same constants except tha t the value of 
ks2 has been changed to 10°. 

unit, the dotted curves, shifted the curve of the pH 7.7 
binding by 0.3 of a pK unit too far out of a fit.) The errors 
shown in Tables II and I I I were thus calculated with the 
assumption tha t &'K was independent of k-&. 

Myosin A—Results 
Binding of potassium and sodium ions to myosin 

A was measured at 5°. It was important to avoid 
even brief * exposures of myosin A to elevated 
temperatures. An exposure of a few hours at 27° 
resulted in a complete loss in binding ability of 
myosin A for potassium ions. Warming myosin A 
solutions to room temperature also brings about 
changes in sedimentation value.16 The experi
mental points in Fig. 1 summarize our data on the 
concentration dependence of K + binding to myosin 
A at the pB. values of 6.4, 7.7 and 9.0. Additional 
experiments were done at a free KCl concentration 
of 0.100 M at the pK values of 4.7, 5.2, 5.8, 6.4 
and 7.0 to complete a pH dependence survey, the 

(16) K. Laki and W. R. Carroll, Nature, ITS, 389 (19S5). 

10.0 

P H . 

Fig. 2.—pK dependence data for the binding of potassium 
ions to myosin A at 5°. Concentration of free potassium 
ion was 0.100 M. Each symbol, I, represents the range of 
values from 3 to 4 measurements. The symbols, I, repre
sent values found by interpolation of the concentration 
dependence data. The curve is calculated from eq. 6 and 
the constants in Table I I . 

Sodium ion binds to myosin A more strongly 
than does the potassium ion. A study of the con
centration dependence of N a + binding to myosin A 
at 5° was made at pR 7.7. The data are repre
sented in the experimental points of Fig. 3. 
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Fig. 3.—Concentration dependence data for the binding of 
sodium ions to myosin A at 5°, pH 7.7. The curve is that 
calculated from eq. 6 with the constants in Table I I . 

Effect of Actin on Binding of Potassium Ions to 
Myosin A.—To study the effect of actin upon the 
potassium binding of myosin A, various quantities 
of G-actin were added to samples of myosin A, the 
desired quantity of KCl was added, the £H ad
justed to the desired value with KOH, and the 
free K + ion measured as previously described. The 
result of such an experiment is given in Fig. 4. 
If molecular weights of approximately 70,000 and 
420,000 are taken for the actin and myosin A, 
respectively, then the potassium binding to the 
resulting actomyosin is at the same level as potas-
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sium binding to myosin B (see below) when the 
molar ratio of actin to myosin A is 0.5:1 or greater. 
The binding of potassium to actin alone was 
studied at pH's 7.7 and 9.0 over the concentration 
range of 0.004 to 0.100 M K + . Under these con
ditions, no binding of potassium to actin could be 
detected. 

Interpretation of Myosin A Data 
Apparent association constants, U'K, and ap

parent maximum number of sites available n', 
may be evaluated from the concentration de
pendence data of Fig. 1 and the use of the mass law 
expression17 

1 + k'KCK 
(D 

where PK is the average number of potassium ions 
found per mole of myosin, CK is the concentration 
of the free potassium ions in solution, n' is the 
apparent maximum number of binding sites, and 
k'-g. is the apparent intrinsic association constant. 
The usual methods of evaluating these constants 
are to plot 1/p as a function of 1/c,17 or to plot 
v/c as a function of P.18 The values of k'-g. and n' 
are determined from the extrapolated intercepts 
and slopes. Table I lists the values of k'x. and n' 
found in this manner from the concentration de
pendence curves at the three pH. values. In 
Table I are listed, also, the values of k'g. calcu
lated8 from the ^K1 and &K, values of eq. 6 below. 
Both the variation of n' and k' with pH and the 
£H dependence data in Fig. 2 indicate the possi
bility of competition with hydrogen ion for the 
site to which the potassium ion is bound. 

T A B L E I 

A P P A R E N T B I N D I N G C O N S T A N T S F O R M Y O S I N A AT 5° 

Bound -
ion ^H n' k's. 1 + &HICH 1 + k-ascu 

K+ 6.4 18 ± 0 . 8 124 ± 24 89 
K+ 7.7 43 ± 1.1 98 ± 11 
K+ 9.0 50 ± 1 . 2 200 ± 33 .. 150 
Na+ 7.7 42 ± 0.6 225 ± 22 

The following treatment involves the assumption 
of direct competition between hydrogen and potas
sium ion for the same site.19'20 

Equations describing the competition at a single 
site are 

Site + H+ = (Site H+) 
Site + K+ = (Site K+) (2) 

For a group of n sites per mole of protein, neglect
ing electrostatic corrections, the expression for the 
number of hydrogen ions bound per mole of pro
tein, PH, becomes 

knCnjn — VK) 
(3) 

1 -1- kncn 
where &H is the intrinsic association constant of the 
specific site (&H = 10**) for hydrogen ion, CH 
represents the concentration of the free hydrogen 
ion in solution, and PK represents the number of 

(17) I. M. Klotz, F. M. Walker and R. B. Pivan, T H I S JOURNAL, 68, 
1486 (1946). 

(18) G. Scatchard, Ann. N. Y. Acad. Sci., 51, 660 (1949). 
(19) C. Tanford, T H I S JOURNAL, 74, 211 (1952). 
(20) F . R. N. Gurd and Dewitt S. Goodman, ibid.. 74, 670 (1952). 
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Fig. 4.—The effect of actin on the binding of potassium 
ions to myosin A at 5°, free K+ concentration = 0.075 ± 
0.002. (The curve is not a calculated one.) 

potassium ions bound per mole of protein. The 
analogous expression for potassium ions is 

&KCK(» — ? H ) IA\ 

"K = ' 1 + kKcK
 ( 4 ) 

where km is the intrinsic association constant for 
the potassium ion, and CK is the concentration of the 
free potassium ion. The solution of eq. 3 and 4 
for PK gives the expression 

_ feCKM /-•, 

" K ~ 1 + &KCK + faCH 

If more than one set of sites is involved, equation 5 
may be written 

vK (total) = Y, Wi = Z) fe'CK'n' (6) 
i 1 + £lCjCK + fejCH 

Thus, for this competitive concept, &K, = &'Ki(l + 
&H;CH) when n and n' are assumed to be equal. 

Examination of the pH dependence data (Fig. 2) 
reveals that two sets of sites are probably active in 
potassium ion binding to myosin. When, there
fore, two sets of sites, the first with n = 15 and the 
second with n = 35, are applied to eq. 6 the solid 
curves shown in Figs. 1 and 2 are calculated. These 
curves represent a satisfactory fit to the experi
mental data. Table II gives the values for nu «2. 
&K„ &K,, kvix and kn, required for these calculated 
curves to fit the data on the assumption that there 
is competition as described by the eq. 2 and 6. 

I t is not too difficult to assign reasonable sets of 
ionizing groups to the pK and n values in Table II. 
Amino acid analysis21 indicates that there are 15 
histidine residues per 105 g. of myosin A. Mihalyi's 
titration data7 indicate a pK of approximately 7 
for imidazole groups at 25° (7.3 at 5°). Mihalyi's 
data also indicate approximately 25 amino groups 
with a pK of about 7.6 at 25° (8.2 at 5°) as well as 
a larger number at a pK between 10 and 11. The 
minor discrepancies between these values and the 
values of W2 = 35 and ks, = 3.3 X 108 (pK 8.5) 
found here may be at least partly attributable to 
the differences in the protein preparations used 
here and in Mihalyi's experiments. Differences of 
even small amounts of actin in the preparations 

(21) D. R. Komini, A. Bough, P. Symonda and K. Laki, Arch. 
Biochem. Biofihys., SO, 148 (1954). 
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TABLE II 

POTASSIUM, SODIUM AND HYDROGEN ION BINDING CONSTANTS FOR MYOSIN A AT 5° 
Max. no. of 

ions bound (K + -f H + ) Association constants 
per 105 g. myosin Hydrogen ion Potassium ion Sodium ion 

First set m 
Second set n-i 

= 15 ± 0.7 fe, = 2 X 10' (PK1 = 7.3) UK1 = 800 ± 250 AK1 

= 35 ± 0.9 ka, = 3.3 X 108 (pK,_ = 8.52) kv, = 200 ± 36 kx, 

TABLE III 

THERMODYNAMIC CONSTANTS FOR THE BINDING OF POTASSIUM IONS TO MYOSIN A AND MYOSIN 

First set of sites 
(imidazole groups) 

Second set of sites 
(amino groups) 

. kn . AF0K, 

I fjjf •—« -Myosin A .Myosin JzJ r csl./mote -
Myosin A Myosin B 5° 5° 27° 5° 27° 
15 ± 0 . 7 10 ± 0 . 5 800 ± 250 800 ± 210 800 ± 210 -3690 ± -3980 ± 

180 160 
35 ± 0 . 9 15 ± 1 . 5 200 ± 36 200 ± 52 50 ± 10 - 2 9 3 0 ± - 2 3 3 0 ± 

1.50 120 

= 1600 ± 500 
= 400 ± 72 

B 
Aff-u. 

cal./mole 
av„ 16° 

0 ± 3100 

- 1 0 , 3 0 0 ± 
2500 

could be responsible for these discrepancies, particu
larly tha t in the value of n. Studies on myosin B, 
see below, support this line of reasoning. 

Two other competitive mechanisms have been 
considered, particularly in an a t t empt to explain 
the anomalously high association constants for the 
binding of N a + and K + to myosin.22 These 
mechanisms involve hydrogen bonding and may be 
described by the reactions 

- C O O - . . . .HJX- + K+ = -COOK + HJ N- (7) 
—COO". . . .H+N- + K - = -COO-. .K + . .H2N- + H + 

(8) 
Equation 7 represents competition between the 
potassium and ammonium (or imidazolium) ions 
for the carboxylate ion. Equat ion 8 represents 
competition between H + and K + for the hydrogen 
bonded and chelated positions, respectively. 

Application of the binding expression derived 
from the idea in equation 7 can result in a satisfac
tory fit of the experimental data. However, the 
binding constants required for the fit were such as to 
result in abandoning the reaction of equation 7 as 
an explanation for N a + and K + binding. 

The chelation mechanism of equation 8 results 
in a binding expression which not only fits the da ta 
bu t does so with values of the binding constants 
approaching those found for the direct competitive 
reaction of eq. 6. This chelation mechanism, 
while not changing the binding constants appreci
ably, makes the values of these constants more ac
ceptable in light of our knowledge of the chelation 
of small compounds with L i + , N a + and K + . 2 3 

Myosin B—Results and Interpretation 

The instability of preparations of myosin A at 
temperatures above 5° makes difficult a s tudy of 
the temperature dependence of the potassium ion 
binding. Myosin B may be considered to be a 
complex of myosin A and actin and was, therefore, 
chosen as the protein to s tudy for temperature de
pendence of the binding. Myosin A is the protein 
of choice for binding studies because this protein 
appears monodisperse on examination in both 
centrifugal and electrical force fields. However, 
myosin B, while stable at room temperature, is 
polydisperse under the conditions of these potas-

(22) A detailed treatment by H. A. S. of these competitive mechanisms 
will appear elsewhere. 

(23) A. E. Martell and M. Calvin, "Chemistry of the Metal Chelate 
Compounds," Prentice-Hall, Inc., New York, N. Y., 1953, Appendix I. 

sium ion binding studies. The heterogeneity of 
myosin B prepared in these studies was found to in
crease a t pTL 9.0. Blum24 has reported a s tudy of 
the dissociation of myosin B occurring a t pK 9 and 
a t relatively high salt concentrations. 

Measurements were made a t the pK values of 
6.4, 7.7 and 9.0, and a t the temperatures of 5 and 
27°. The experimental points of Figs. 5 and 6 
represent these data. Figure 7 summarizes all the 
experimental da ta collected a t pH. 9.0. The da ta 
with the free potassium ion concentration above 
0.06 M at pB. 9.0 were not used in the interpreta
tion of the myosin B binding since we believe tha t 
the irregularities noted were caused by the dis
sociation and heterogeneity phenomena. The solid 
curves drawn in Figs. 5, 6 and 7 for the data a t 5° 
are calculated curves derived from eq. 6 with the 
same association constants as those found for 
myosin A bu t with m = 10 and W2 = 15 for myosin 
B. (This lower number of binding sites may be 
a t t r ibuted to the actin content.) The da ta fit 
well the calculated curves a t pH 6.4 and 7.7, while 
there is a discrepancy of one order of magnitude 
for the value of k-g.2 a t pK 9.0. 

The following procedure was used in evaluating 
the association constants for myosin B at 27°. 
First, the shifts in pK values for the hydrogen ions 
from 5 to 27° were calculated using the van ' t Hoff 
expression 

AK0J0n = -4.579 T , — V (PK1 - PK1) (9) 

The values of Ai7°ion used were 6,000 cal. for the 
imidazole groups and 11,000 cal. for the amino 
groups. This gave association constants a t 27° of 
v̂H1 = 1 X 107 (pK 7.0) and &H2 = 8.7 X 107 

(pK 7.94). Then, values of n and &K at 27° were 
found to fit the experimental data. These were 
found to be W1 = 10, kKl = 800, and W2 = 15, &K, 
= 50. 

The calculated curves and experimental data 
show satisfactory agreement except, again, for 
some of the da ta at pYL 9. With the reservation 
tha t the discrepancies at pH 9.0 must be adequately 
explained, it appears reasonable to assume tha t 
similar sites in both myosin A and B bind potassium 
ions. The difference appears to lie in the number 
of sites available for binding. With the assump
tion tha t eq. 1 and 6 describe the binding reaction 
of potassium ions to myosin and tha t the extrapola-

(24) J. T. Blum, Arch. Bioihem. Biophys., 43, 176 (1953). 
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Fig. 5.—Concentration dependence data for the binding 
of potassium ions to myosin B at 5° : • , ^ H 6.4; 9 , | > H 7 . 7 ; 
O, pK 9.0. Curves calculated from eq. 6 and the constants 
in Table I I I (kH values from Table I I ) . 
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Fig. 6.—Concentration dependence data for the binding 
of potassium ions to myosin B at 27°, • , pK 6.4; S , pH 7.7; 
O, pH 9.0. Curves calculated from eq. 6 and the constants 
in Table I I I (the £H values were calculated as explained in 
the text from the van' t Hoff expression). 

tion from myosin A to myosin B is legitimate, the 
values of AF° and AH°, for the binding of K + to 
the imidazole and amino groups of myosin A and B 
were calculated using the relations 

Ai?°K = - RT In kK (10) 

Ai=T8K = RT* (^^^p (11) 

Table III summarizes the values for the binding 
sites of myosin. 

Serum albumin, both human and bovine were 
studied at 27° in the pYL range from 5 to 9 and in a 
concentration range from 0.01 to 0.09 M KCl. 
No binding (p = 0 ± 1) of potassium ions was 
found to occur under these conditions. 

Fig. 7.—The binding of potassium ions to myosin B at pH 
9.0: • , 27°; O, 5°. Curve 1 calculated for 27°, curve 2 
calculated for 5° from eq. 6 with the same constants as 
in Figs. 5 and 6. 

Actin was studied at 27° and at pH 7.7 and 9.0. 
No binding of potassium ions was found in the 
concentration range from 0.005 to 0.09 M KCl. 

Discussion 
The validity of the assumption that the activity 

coefficients of the free potassium and sodium ions 
are not affected seriously by the myosin is sup
ported by the following observations: (1) the bind
ing of sodium ions is stronger than that of the 
potassium ions, and (2) warming the myosin A 
solutions to room temperature destroys the binding 
properties of the protein. The second supporting 
argument requires the qualification that large 
changes in what constitutes the domain of the 
molecule (per unit weight) in solution do not occur 
in the warming process. Additional study of the 
temperature effect will be required to describe 
completely the change in myosin, particularly in 
light of the proposed chelation mechanism. 

The temperature dependence data are subject 
to the limitations already described. The AH°K 
for the first set of sites (imidazole groups) is similar 
to that found for association reactions between ions 
where it is assumed that oriented water of hydra
tion is lost to give an increase in entropy. It is 
difficult to speculate on the reasons for the positive 
AfJT0K value for the second set of sites (amino 
groups) in light of the uncertainties in the p"R 9.0 
data for myosin B. The difficulties in obtaining 
good temperature dependence data for binding to a 
protein such as myosin are intrinsic in the nature of 
this protein. 
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