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UTROMTCTIGH 

In the presence of sgrosin, a muscle protein, adenosine tri­

phosphate (ATP) is hydrolysed to adenosine diphosphate (ADP) and 

inorganic orthophosphate (~f)* 

ATP * l i 2 — > . ABP + P ± (!) 

This reaction discovered by Engelhardt and Ljubiiaova (3) was 

shown by Szent-Ĝ torgyi (20) to be associated with the phenomenon of 

aaaseular contraetion. 

On the basis of ultracentrifugal and viseoiaetric data, Mommaerts 

(22), Weber (31)» Johnson and Landolt (13,14), assumed that myosin 

dissociates into smaller particles upon addition of ATP. On the other hand 

Blum and Morales (3) have sho^n by light - scattering experiments that ATP 

causes a structural change in the nyogia without depolyaerization. This 

last fact is consistent with the muscular contraction theory of Morales and 

Botts (24*25) who assume that a baliaiĜ  between electrostatic and entrople 

forces determines the length of the myosin particles, 

Under certain conditions (to be discussed later) a kinetic study 

of this engyaatic reaction provides information on the theriaodynaiaice of 

the formation of the jnyosin-ATP complexes and as a result on the nature of 

the forces involved. The purpose of this investigation is to obtain more 

information on the myosin-ATP system as a particular case of an enzymatic 

reaction. 

Various aspects of the kinetics of this reaction have been 

studied in the past. Ifojaraaerts (23) has found that the rate of the reaction 

is activated by calcium Ions and inhibited by magnesium ions. He also 

observed that by increasing the pH from 7 to 9 the rate was enhanced in 

the presence of calcium ions. 
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More recently Mooaaerts (lO,11^27)has made a further study 

on pH, calcium, aagnesium and ADP effects at 27°G. 

Ouellet, Laidler and Morales (26) have shown that the reaction 

follows a law of the fo» 

d £ATP] k2 K C^osin) [ATP] . 

dt 1 + E [ATP] 

At pH 7«0, in the presence of 0.001M Ca and 0.6M KC1, K and 

k, were determined at different temperatures. There was some evidence to 

suggest that K is an equilibrium constant for the formation of the enzyiae-

substrate complex. This provided the basis for the calculation of thermo-

dynaiais functions (jsi, ̂ S°, j$°) for the formation of the r^osin - ATP 

complex- Solvent and structural effects were investigated by Laidler and 

Ethier (IS) by carrying out the reaction in solvents of different dielectric 

constants, (water and ethanol). Laidler and Beardeil (l?) studied the 

reaction over a rang© of hydrostatic pressures and at different ionic 

strengths. 

The above work indicates a conformational change in the protein 

during the reaction, and direct evidence for such a change was obtained li^ 

the light-scattering experiments of Blum and Morales (3). 

Further kinetic studies were conducted by Wataaab© (29,30) who 

investigated the effect of Ca++ and Kg++ ions on muscle ATPase activity. 



-3 -

THEORETICAL PABT 

Bate Laws 

A general reaction »chasism for an enzyme catalyzed reaction 

involving two substrates or a substrate and a modifier can be represented 

by the following equations. 

E + 

E + 

EH + 

ES + 

M 

S 

S 

M 

k 2 ^ 

\ 

K3 

EM 

ES 

EHS 

EMS 

(3) 

k^ > £ + Products (4) 

(5) 

k« > fi + Products (6) 

In this scheme S is the enzyme molecule, 3 and M are molecules 

that form with E the binary complexes ES and EM and the ternary eoaplex 

EH5* In this discussion only the complexes ES and EMS will be considered 

as dissociating into products. The rate constants k@ and ky are first-

order rate constants for th® breakdown of ES and EMS into enssyine and the 

products of the reaction. All other rate constants are for simple 

adsorption and desorption processes. 

Th© following general steady state solution for this system was 

obtained recently by Laidler (15). 

To facilitate solution of the steady-state equations the following 

definitions are made: 
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k l 
Kx * —. 

EA » —-

*-3 

k«2 

(7) 

(9) 

+ ko 

rnasics requires that 

% \ " J. 3 

fo » «» (8) 
k~2 

\ 

4 r~ 
(10) 

(U) 

(12) 

iiiasnaisaless variable V^>a U™, U^™, are introduced and are defined 

fcy th® following equations. 

£E8] 
* — - !£ CS] * % (33) 
EB3 

— * % £M3 • <fc (14) 

— - *J K4 [SJ DO * u ^ (15) 

DiiaensioiiLess variables of th i s type wore f i rs t introduced by 

Boits and Morales (4 ) in their treatment of nodifior effects, and were 

also used tL6) la a theory of pH offsets on ©nsysje systems. 

Four relationships are r@quiro& in order to solve for th© four 

wmm&mblom £K]» CES3* P*U» and [EMS]. One of taeso i s given by the 

fact that th© tota l oonoentration of ©nays© [B]0# i s the sua of the 

nsmmAmtim of th© four forw in iwhioh i t can existj thus 
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[B]0 - [E] + [ES] + [EM] + [EMS] (16) 

- m (1 + Kg" [S] + Kx [I] + EJ K4 CS] CM] + Ujjg + U M + Ugjgg) (17) 

The three regaining equations are steady-state equationsj of 

these, although four can be witten down, only three are independent* 

The steady-state equation for ES is 

d ESS] 
. k2 m CS] + Kh IMS} - (kw2 + k4 EM] + k&) EESJ - 0 (18) 

dt 

Using Eqs* (13) and (15), this becomes 

k-4 UEMS - <k-2 + k4 M * ko ) % S + k2 ^ + k-4 5 K4 M Cs3 

- (fc-2 + k4 WI + k0) ̂  [S3 - 0 

With the use of Eqs. (8) and (10) this reduces to 

k^4 %MS * (k-2 + k4 M + ko) °ES * ° (W) 

Similarly, the steady-state equations for E and EM give rise to 

(k„2 + k0) Bgg + kj_ UgM + kj. UEHS + kr 1J K4 [M] £S] = 0 (20) 

IT 
*-3 %is - (k-i + % ^3) y M * % Ki (J! - 1) CM] ES] - 0 (21) 

K2 

These three equations may be tsritten in the form of the matrix 

^ s i s 3 s s Constant 

- (k.2 + k4 [M] + k,,) 0 k-4 0 

(k.2 + kQ) Kt kT kr SJ K4 [M] £S] 

0 -(k^ + kj [S]) k.3 kj Kx( 1) [M] ES] 
K2 
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The solutions for %g, Ogg* Ugj.jg are given by the ratios of 

^ES, ̂ EM, ̂  EMS to ̂  where the ̂ 's are the appropriate determinants. With 

the aid of these solutions the steady-state rate expressions can now be 

readily obtained for a number of cases. 

The simplest system is the one involving the formation of only 

one complex between the enzyoe and the substrate (ES). 

In this case, only the constants k2, k„2, and k0 need be 

considered, all others being equal to zero. The general matrix now 

reduces to 

% s Constant 

- (k_2 + k0) 0 

&-2 + *©) 0 

The solution which i s % s « Ogjj « Ug^ = 0 

Equation (17) therefore reduees to 

EE]0 = [E3 (1 + ?£ CS3) (22) 

and equation (13) to 

EES] - [E] ^ ES] (23) 

The rate i s therefore 

v - k0 [ES] 

fcp la EE30 [S3 

1 + K2 [S] 

Briggs and Haldane ( 6) obtained this equation from a simple 

steady-state treatment. In the case where kg is ranch smaller than k.2, 

Kg" reduces to K2 and equation (24) then becomes identical with the 

equilibrium equation derived by Mchaelis and Kenten (20). 

(24) 
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If the three complexes, ES, EM, and EMS are formed, steady-

stabe equations become much more complex, since th® solution© for UES, 

%M> anci ̂ EMB ^° n o t ^n &enera,l vanish. 

Froa equations (13), (15) and (17) it say be seen that the 

rates of breakdown of ES and EMS to give products are respectively 

kQ [ES] 

k0 EE30 ( K2 [S] • Ugg ) 

1 + K2ES] + E1[M] + K2 E4£M][S3 + ^ 

Where EU represents IL,S + U™. + U 0. 

v" » kr [EMS] 

V E-U ( K K EM3CS] + u ) 
EMS 

1 + SUES] + K EM] + K K EMJES] + IU. 
^ 1 2 4 

However the problem is greatly simplified if equilibrium 

rather than steady-state conditions ipply to the complexes ES, EM, 

and EMS. 

If this is the case the constants kQ and k_ can be neglected 

in comparison with the remaining constants. The term k KT K, [M][S] 

in the right-hand column of the matrix vanishes, as also does 

k3 % ( JL. J. ) [M]ES] since K2 = Kg. There is thus a column of 
K2 

zeros in each of the detertrlnants ES, EL, EMS, and the "perturbation" 

terns ttgg, OJJJJ, and UEKg therefore vanish. 
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The ra te i s now given simply by 

Tp is v " + v ' 

kr K2 W \ ™ S ] ko V ^ o CS] 

1 + 1K2CS3 + KX[M] + K2 K4EM][S] 1 + K2[S] + %[M] + K2 K4[K][S] 

Rearranging, 

M ^ o kofE30 
V = 

1 + 1 + _ J L _ f i t I "I 1 + 1 + K, £M] f i t 1 "I 

E3CS] IJM [ I^sjJ l£v k igFl I 

The first term in this expression is identical to one obtained 

by Alberty (1 ) for mechanisms of enzymatic reactions involving two 

reactants and two prodticts, assuming equilibrium conditions. 

Evaluation of Constants 

If the conditions under which the reaction is carried out are 

varied systematically, it is possible to evaluate all the constants in 

this expression. 

It can easily be seen by inspection of the expression that if 

the concentrations of M and S are kept constant, the rate will be pro­

portional to the enzyme concentration. This has been observed in a 

number of cases. 

Evaluation of K« 

If the conditions are such that the product K, EM] is much 

larger than one3 the second part of the expression (27) becomes nerligible 

with respect to the first part, since II appears in the denominator. For 

the same reason, the terms 1 and 1 in the first part of 
k^M] K2 K4EM]ES] 

the expression can be neglected. 
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The expression (27) for the rate of the reaction then reduces 

to 

k [E] 
r o 

1 + 1 
K3[S] 

(28) 

From this expression Ko can be obtained by the Line-weaver 

and Burk (19) method. Taking the reciprocal of equation (28) and 

rearranging, we obtain 

1 . X + 1 
~ k^o + ky K3[E]0 ES] 

If 1/v is plotted against l/ES] a straight line should result 

if the law is obeyed with a slope equal to 1. and an intercept 
1% % [ S ] 0 

equal to 1 . 
FTET" ru Jo 

Froa"tes@ reaute Ko is easily calculated. 

It can be shown that K^ES] is equal to 1 or that K- * 1/[S] 

when the rate v is equal to 1/2 the maximum rate v . This provides a 

simple and rapid method of evaluating K« graphically. If the intercept 

on the 1/v axis is multiplied by 2, then the corresponding 1[S] value 

gives the constant &n directly. 

G.S. Eadie (7 ) proposed a further method of evaluating 

constants such a s L , If the expression is expanded to 

v + I3[S] •- krK3E33[E]0 

and divided through by ES], we obtain 

J - k
r K3CE]0 - V 

(29) 
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When v/[S] is plotted against v, the slope of the resulting 

straight line gives -^directly. 

Evaluation of K^ 

If the concentration of S is made large equation (27) reduces to 

v a _ ••••..... + — » » — _ — - (.30) 
VE3. 
1.+ 1 " ' 

kJE]n © o 

1 + \ [ M ] 

If v , the maximum rate of the reaction in absence of M, is 

substracted from both sides of this equation, we obtain 

V - v 
v - *0 

V •. V\ T v © 

= 

= 

k ES] 
r o 

1 + 1 
K4EM] 

(k - k ) EB] 
r o o 

1 + 1 
K4EM] 

Taking the reciprocal equation (31) 

k [S3 
- k TEl 

1 + K. EMI u w 

(k - k ) K.[E] EM] 
r 0 4 0 

1 + K,EM] 
4U J 

becoires 

^ - v 0 ( k r - k Q ) E E ] 0 (kr - kQ) K4EE]o [M] 

This equation is of the same form as equation (29) and K 

(3D 

(32) 

4 

can therefore be obtained graphically by plott ing 1 against 1/EM]. 
( • - Y 0 ) 



- 11 -

Evaluation of K2 

Two methods are available for the determination of K , th© 

equilibrium constant for the formation of the ES complex. If the 

reaction is carried out in absence of M, only the complex ES will be 

formed. K« and K,, the equilibrium constants for the formation of the 

EMS complexes and k its dissociation constant become mro and equation 

(27) reduces t© 

V = 

k 
0 

i + 

£E] 
0 

, • , » 

J. 
K2ES] 

from which K~ can be obtained. 

A second method of evaluating K2 consists in carrying out 

the reaction in such conditions that th© product I.[M] will be equal 
4 

or very close to one. 

Equation (2?) now becomes 

k_CB3 r 0 

2 + 1 , 1 

(k * k ) [E] 
r 0 0 

2 - K2 + ^ 

K2 K3ES] 

the reciprocal 

1 BB „,„„ „.2 | ,.„„,.„,, + 

T (k + k ) [E] 
r © 0 

k fJE] 
0 1 

2 + 1 + 
K2[S3 

K 2 + K 3 

K + KJS3 2 3 

& 

1 
E3ES] 

1 

(k • k ) [E] 
r 0 0 

(33) 

(24) 

(3 5) 
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When 1/v is plotted against 1/ES], a straight line should 

\ + s 
K2 % (kr + ko> ^ o 

result with a slop© equal to 2 3 

and an intercept equal to 

V K) CB3 0 
If K„ has been previously determined K 2 can be calculated by 

the values of the slope and intercept. 

Evaluation of K, 

Th© constant ¥,-, -*-s obtained from the thermodynamic relation 

*1 S ' K2 V 
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EXFERIMERTAL PAST -

Reagents; 

The di-potassium salt of adenosine triphosphate (P&bst Labora­

tories, Milwaukee, Wis.) was used throughout these experiments. 

Tris (Hydroxymethyl) arainosaethane (TH&M) (Fisher purified grade) 

m^i. potassium chloride (Fisher certified reagents) were re crystallized 

from solutions in glass-distilled water. 

Trichloroacetic acid, calcium chloride, potassium carbonate 

(anhydrous) and potassium bicarbonate, were certified reagents (Fisher). 

The acetic acid was of the Merck reagent grade. 

Myosin -

Babbit muscle myosin of the Weber-Edsall type (5) was used 

throughout these experiments. Glass-distilled water was used in the 

preparation of solutions, and for the washing of glassware, since metallic 

ions are easily adborded on myosin and change its properties. The extraction 

mixture was 0.6M in potassium chloride, Gf04M in potassium bicarbonate, O.OIM 

in potassium carbonate. All operations were carried out in a cold room at 

o 

approximately 4 C. 

A rabbit was stunned and bled. Th© back muscles were removed, 

cut into small pieces, and weighed. For each gram of muscle, 3 BQ. of 

extraction mixture were added. The whole was then poured into a "Waring 

Blendor*' and agitated for one minute. The resulting mixture was stirred 

slowly for five hours and centrlfuged. The extract was poured rapidly 

into ten times its volume of cold glass-distilled water which had been 

previously acidified by adding 2© ml, of 0.1 N acetic acid for every 100 ml. 

of extract. The pH was always kept over 6.5* The mixture xfas then left 

at approximately 4°C, at a pH of 6.55 measuredwith a pH meter, for 2 hours 

or more (overnight). 



*•» l^M ** 

ftp mspeRtstaset liquid m® d#«anU4 iwhan # igood eftiougli 

wpBpmtloa had b # « ©Wb&tafcd* the rest w&*$ e$ni:rifug®d m& the visicows 

pttsrfc JNfcdiaaolwi In 0.&K K01. ft© f^&oLiing solution was gtis?r®& tfoff 20 

^test#» « d wntri3tug©d#. I t w® than d®e&nt«^ &^m&«&» sad poured into 

ID imtessma uC ©old gl&sa-dljdil'Iled » t« r* The g& w&« adjusted at 6#55 «lth 

0#IH aaertie « M . Tfe& sixtwr© was itom s.ilowd to rest- for Z howg and 

th^abww $s?f©#d«Ff was i?®p#a&ed* 

Ite* f i m i solution of s^osla extract in KCS1 %tm» emtrifaged at 

high ©$>®ed f w 1 hour. (1#0QQ rpa for 1 hour). 

I%«is #«©©s&»ti©»s warn d e r m i s * ! %* fit ??&«^K3@hldah.l altro&esft 

l«t@rssi8atl«^ method (12). The pvefctin s&mjal© -was digested lay swans of »ul-

fUrie ftffiid #nd hydrogen peroxide and. dettraiwsd eolorisetrioally «ft#r 
••6 »®aX#3rt»f^«u ff» wrnin had a speaJfi© xwiivity of 5*2 x 10 sole/swa/g' 

afc 25®0. ffel® m b » i s em*&sfcm& with valuer fwviou»3y r©port®d (17*36). 

i l l $»#«&£«&& w w «arrl®d eut in feufjfared Sfolutioais contain @#6 

sold <*f KffiL and §#1 suit of TSIAH per Ht«r adjusted at dlfflweat p8*a with 

««tl© 19M. 

Th#»© !>«£?era ma& m adJttsUn! at & ©ar&es of tmisei^tuy^ sinoe 

th® $8 of fllAS mri«s considerably with tesapej'at'ape. Three otJjer solutions, 

&m of ATi# mm of i2p>§i% and on© of oaleiua ©hlortd© war* t4>;i»*rtfd in 0.6 

a»3*r ECEU 5 JS& «£ a '̂O l̂ft ©olnlios and S ail #f Q&lttiujis, ehlso&d* s»luti©» were 

added to a flask ooat&lnii^i 1" ml of bu fered solution. 5 ml, of <iTi solution 

ware pl&©«& to smother flask* UlUi ttjis »y«st©% ATf and @aC12 doaeeatratioms 

eottld easily fe« mr£©d fey diluting th<$ oririn^-l solutdoi® with 0.6 mLsr KG1. 
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The solutions were kept in a constant temperature bath for 15 

minutes, then mixed. At measured intervals of ti^e, 5 si samples were 

pipetted into 3 aL of 2 0 % trichloroacetic acid. The precipitated Bgrosin 

was removed by filtration through a dry filter paper. 5 ral of the filtrate 

were set aside for a phosphate determination by the Fiske-SubbaRo'W raethod (33) 

Phosphate Analysis -

In these experiments, 1 ml of ammonium snolybdate reagent (25 

grams of hydrated anraoniurat mtybdate in one liter of 3^ sulfuric acid) 

and 0.4 nl of arsanonaphthol sulfonic acid (AHSA) solution (2.5 graras of 

purified AMSA in 975 si of 15 °/ sodium, bisulfite and 25 ml of 20 /Q sodium 

sulfite) were added to a 5 ml sample of the phosphate solution. The sample 

was left standing at room temperature for ten minutes, and the absorbance 

was read at 75© &, J* on a Beekm&wa. DO spectrophotaaaeter. Yalues obtained 

were compared with a dibasic potassium phosphate calibration curve. 
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RESULTS 

DeteraAnation of Constants 

The enaymatlc Ĥ yosln - ATP system was studied in some detail 

in the presence and in the absence of ?m activator, Ca . Equilibrium. 

conditions were assumed to exist and the "apparent" equilibrium constants 

for the fomation of the different complexes during the reaction were 

calculated. The basis for this assumption mil be presented later in 

the discussion. 

The equilibrium constant K2 for the formation of the enzyoe-

substrate complex from the enayme and substrate was determined by carrying 

++ 
out the reaction at different substrate concentrations in absence of Ga . 

The rate of the reaction v was calculated from the slope of the curve 

obtained by plotting the phosphate concentrations as a function of time 

during the course of the reaction. 

Figure (1) is a typical curve showing the variation of the 

rate of the reaction with the concentration of substrate. Fron plots 

of 1/v against 1/[ATP] (fig. 2) iL was determined at four temperatures. 

Log 3L, was plotted against the reciprocal of the absolute temperature 

(fig. 3) and the slope of the line drawn through the points gave a 

value of +12 kcal/raole for the enthalpy change (^l). The corresponding 

_̂ F° and $3° were -6.7 keal/mole and 62.5 ®-u» respectively. 



-

— 

1 1 » » 

H 
-«3 

1 

2 4 6 8 
[ATP] x!05 moles IT.' 

Fig. 1. Influence of [ATP] on the rate (in arbitrary unit*) of the 

jqyosin catalyzed dephosphorylation of ATP at 25°C at a pH of 7»5« 



H 
0» 

[ATP] 
Plg0 2. Determination of K£ by plotting 1/v in arbitrary units against the 
reciprocal of the ATP concentration in moles per liter at a pH of 7.5 In 
absence of Ca++. 



K2xlO 

103 

T 

vO 

-X, Fig. 3. Dependenoe of log Kg (1. mole ) on l/T at pH 7.5 
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The equilibrium constant K» for the formation of the ensgnae-

activator-substrate complex from th© enaiyme-aetivator complex and the 

substrate was detern&ned by carrying out the reaction at different substrate 

concentrations in the presence o£ 0.01 molar Ca++, rates being determined 

as in th© previous case. Figure (4) shows the results obtained when 1/v 

was plotted against l/CATPj at 3°0 and at 25°0. From Figure (5) a value 

of 9«2 kcal/mole was calculated for the enthalpy change. 0° and ̂ ° values 

were -6.6. kcal/mole and 53 e*u. respectively. 

However, these thermodyiaawic values include contributions from 

acid dissociation constants. This was established from an investigation 

of pH effect on K3. Values for K„ at different pH's are suiamrized in 

Table I. 

iLL I 

Influence of pH on % at 25°G 

liters/mole x 10 ̂  

7 92 

7.5 66 

S.5 29 



[AT p: 
Pig. [(.. Determination of K3 by plotting l/v in arbitrary units against 

the reciprocal of the ATP concentration in moles per liter in the 

presence of O.OIM Ca++ at pH 7° 5. 



10 

8 

K 3 x l 0 4 4 

2 -

pH 7.5 

[ca+3 : 0.01 M 

3.4 3.5 

jo: 
T 

3.6 

Pig. 5. Dependence of log K3 (in liters per mole) on l/T at pH 7.5. 
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The eouilibriuta constant K. for the formation of th© enssyme-
4 

activator-substrate complex from th® enzyme-substrate complex and the 

activator was determined by studying at a high concentration of substrate 

(K.JS3 and &J.$] >:> ̂  tn@ e^e^t of the concentration of Ca on the rate 

of the reaction. As seen previously the reaction proceeds in the absence 

as well as in the presence of calcium ions. This fact is well illustrated 

in figure (6) where the curve obtained hy plotting the rate of the reaction 

against the Ca concentration does not pass through the origin. For the 
++ 

determination of the constant, th© rates at zero concentration of Ca were 

subtracted from th® rates obtained with Ca++ and these values were plotted 

against the reciprocal of the Ca++ concentrations, (fig. ?)• From these 

plots £. was determined at three temperatures. The enthalpy change cal­

culated from figure (8) was -3.5 kcal/raole. The corresponding ffi0 and £3° 

were -4*3 keal/sjol© and 2.7 ©»u. respectively. 

In a further study of the calcium ion effect, it was found 

that a decrease in the enzyme concentration produced an appreciable increase 

of the constant K (fig. 9). At 25°C and pH 7.5 a linear relationship was 

found to exist between K^ and the enayme concentration and a value of 14l© 

liters per mole was obtained for the extrapolated value of K^ at zero 

concentration of enayme. 

This dependence of the constant K. on the total concentration of 

enssyrae permits a rough calculation of the wight of nyosin that combines 
++ 

with one mole of Ca . From ralues in figure (9) it appears that this 

weight is of the order of lfp grams. 



0.6 

Rate 

0.4 

0.0 
0.002 0.004 0.006 0.008 0.01 

[Ca*"*[ m o l e s / liter 

Fig. 6. Influence of [Ca++] on the rate (in arbitrary units) of the 

myosin catalyzed dephosphorylation of ATP at 25°C and pH 7.5, 



V-Vc 

Fig. 7« Determination of K4 in l i ters per mole by plotting 1 against the 
v - vo 

- j . . . 1 .* *v« n«++ . « « « « t « , 4 . 4 „ « <n mnlos rmi> H+.«T» at. tH 7.5„ 



3.1 

Log K4 

3.0 

2.9 

O N 

3.4 3.5 3.6 

10^ 
T°K 

Pig. 80 Dependence of log K^ in liters per mole on l/T at pH 7.5. 



K4XI0 

Ho 
Fig. 9« Influence of the total concentration of enzyme in grams/liter 

on the constant K,, expressed in liters/mole, at 25 C and pH 7»5« 
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Seemingly, the pH has little influence oh the constant 

K.. At pH 7.5 and S.5, values obtained at comparable concentrations of 

mmym differed by only about 10°/Q« For example, values at 23°C were 

700 and 800 respectively. 

falues for the equilibrium constant K, for the formation 

of the enzyme-activator complex from the enzyme and the activator were 

obtained from the relation FL K « K^ K. on the assumption that these 

are all equilibrium constants. 

In Table II are listed values for the above determined 

equilibrium constants with their corresponding ̂ AH0, ̂ F° and ̂ S° values. 

ffiMTKT QtAcfrfryation 

From Arrhenius plots of log v against the reciprocal of the 

absolute tenperature in the presence of 0.01M Ga++ at pH 7»5 a ralue of 

4.1 kcal/mole was obtained for the energy of activation (fig. It) at a 

high concentration of ATP (l x 10""%). The corresponding entropy of 

activation calculated from Eyring's relation (9). 

RT exp Qpfa) exp -(Jl/RT) 

where H is Avogadro's number* ar»d using a molecular weight of 5 x 10° 

for the enzyme, was -40 entropy units. 



V 

vO 

Figo 10 . Arrhenius plot of log V in arbitrary units against l/T 

at pH 7.5 in presence of 0,01M Ca++. 
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When Ca was not added to the reaction mixture, values 

obtained were found to be very susceptible to variations of pH. Addition 

of ATP to make a O.OOIM solution was found to lower the pH of the prepared 

THAM buffer from 7«5 to about 6.? at 3 G. When the pH of the solution 

was readjusted to 7«5 at each temperature, essentially the same value 

(4*3 kcal/mole) was obtained for the energy of activation, with a 

corresponding entropy of activation of -42.5 e.u. A similar observation 

for energies of activation wa# made by Ion (32) for the system tiypsin-

calcium-lactoglobulin. 

Effect of pH on the Reaction Bate 

The pH of the solution has a narked effect upon enzyme catalyzed 

reactions. In the case of the rayosin-catalyzed hydrolysis ©f ATP it was 

found that at 15°G at a high concentration of ATP the rate of the reaction 

increased slowly from 6.5 to 7-5> then more rapidly to reach a maximum at 

approximately pH 9*75 after which it dropped considerably. The drop in the 

rate after pH 9*75 is possibly due to an irreversible alkaline inactivation 

of the en̂ raae (2). Figure (11) shows the type of curve obtained when the 

rate of the reaction was plotted against the concentration of 0H~ ions 

between pHfs 8.4 and 9«46 at 15°C. 



o 
T5 

i 

PH]xlOs 

Fig. 11. Influence of [OH] in moles per liter on the rate (in arbitrary units) of 

the myosin catalyzed dephosphorylation of ATP at 15°C 
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TABLE II 

Suamiy of data obtained on the hydrolysis of ATP by wosin 
at pH 7.5 

h 

h 

K3 

K 
4 

0 

k r 

Temp. 

25° 
30 

25 
16 

9 
3 

25 
16 

9 
3 

25 
16 
3 

25 

25 

K 
lltersy&ole 

9.3 x 10^ 
10.5 x 1ST 

82 x 10^ 
36 x UP 
24 x 103 
17 x 103 

66 x 103 
38 x 103 
28 x 103 
19 x 10* 

2 
7.5 x io2 
9.0 x lOg 
12 x 10 

-1 sec 

3-5 

15 

AH0 

kcal/fflole 

- 0.9 

12 

9.2 

- 3.5 

4.3 

4*-L 

kcal/iBole 

- 4*4 

-6 .7 

— 6»6 

- 4 - 3 * 

17 

16 

e.u. 

11.8 

62.5 

53 

2.7* 

- 42.5 

- w 

x From extrapolated value of K, (fig. 9) 
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DISCISSION 

In order to obtain the aaxiKum information from the experi­

mental data, it is necessary to consider the nature of the determined 

constants. It has always been a problem in enzyme kinetics to determine 

whether the constants are steady-state or equilibrium constants. Laidler 0-5 ) 

has treated in some detail th© problem for a generalized system, 

tethin experimental error, it has been found in the present 

investigation that the agrosin-ATP system follows a rate law of the forfit 

kr EB30 

1 + K^TSI + 1^1 * K2K4CM][S3 

(see eq. 27) 

where M represents the Ca . 

fo obtain an expression of this form from the proposed 

mechanism on page 3? the u's in the general solution (eq. 26) for the 

mechanism must disappear, otherwise the expression will involve terms in 

2 2 

[S] and [Mj . This would imply that the constants determined by plotting 

1/v against l/[S]and 3/[M] would be dependent upon [SO and prospectively. 

In figures (2,4,7), plots used for the determination of the 

constants give rather good straight lines, indicating no dependence on th® 

concentrations of .3 or M. fief erring to the matrix on page 5, the only way 

the u's in the general solution can be mad© to vanish is to have a coluian 

of zeros for the constant terns. The term k BL K.[M][S] will reduce to 

aero only if kr is very small or zero. The term 

kjl &l( — - 1 ) £1} £33 will reduce to ssero only if K2 « Kg, which 
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ixa$Ll®& thai & i® TWJT s w l l M @*^w*d to \% and c a b s iw^Losbad* 

I t can than b® eoneluted fchoi i f a» WQPWMIOB 0/ t!i" fore of «i* (27) 

i s folloMvd «?F®rl»ntallr# th© rate oon&Uustu S^ and ky oust A v>„ry 

mmXL 0c*apa#»d to the other *«fc<& mmtmil^ a,td tuat t h o ^ ^ r o e juilibrima 

cmliiione sadat, 

Th® aolsteideae® oat© dlgH$us§e<i by L&Mlssr (15) eannot, •aw 

f«al* b@> applied '*er<& sine© i t 'wô M i^voiv-,. f ori. ti-> of ^ro&uets from 

tb® enasytae-eftlftitK; ooapless. 

An inspection of table I I ah-vws that lb© 0 j»nstt nfc i ̂  i s 

apprwdtaately equal to the wostant IL. 0nd#r ihssss c seditions th® 

d^nosaimato-r of equation (27) «eaa b® factoriswi to «©®u.« tl-ie Toim 

( 1 * Kj £MJ ) { 1 * KJJ CSJ }* ffeit foam i s typical of @ys touts 

displ^dBg fi&spld n-3si-o«^i®iiti'TO interaction* AsawKte^ $0 blocte.,p ©f 

reaction pfeths* r&qwal«* (34) tea® iltewn that «!»» suef r. 1«; taviour 1® s1- * i 

the Jfitehaells ©onstant® mm mfxlHWiwB. a vi»i*fn,8, 

Xa441*r (I?) has extended u\a tsvit-vi'st to :;.elude the possibility' 

of bX©efe»g@» In the nyos?ln*«Ca. W,Sf sye'..^' .loci.<..0O bet«o«n t?K i^t>oin~i)L*'* 

ootspl^x Oid the j^osi»*Car"!-A7.r o«pl«c car. > oo^idem! w -1 ̂ jr^^blo 

sineo at hiij'> concentration of Q@^*$ t%o nssyoain exist almost, eselusivuly 

under t\<9 fom of spoaio-fe*** KLoebig® bwtwo&a t!»c r^yoaliv*..- ooopl« 

and -he u^ln»Ca+**ATi' ecnptUat nocCLd require equ i l i b r i a xdtli i^sreot 

to tlaw© two eoaploMMJ* Cinee ul« ^yosin-Ca++ <scuf!*>.<€ la noceeaa-rtly a t 

equilibrium, then <m*ss In £<M wmf of hloekag^, he **holo .v„aU.'- would 

s t i l l b# a t ©qaiXtbjdiEi. 
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lh» Qfoom 4bmm&m &* In ftgs*e®wni with eoaelu^ioa® twMbHl 

% Qnsllwi, I4&&«*»» and MM»0«* (26) in an inve*ttg&tion ©f £&** « 4 Kg*+ 

affeefcK ©a th* mam npoalift-AVP gpytsna* Tb®©e ions aye in ffett {*non« 

e o i v t i U w " »dMl«p# of ATftu*» 

In, th» s^i^H«&lfll'a»F»Af F apit«% there ar& two dist inct 

p&ha ttw leMtitt i w a f «&Uw to «mvwi tht wfcttvtA* into ivtdatfcn* 

the ©nssgps® 1 *an r e a # with ttw m$mtm%® s t^ferm a binajgr «sayi»«* 

mtbjrtrate oaa^Oax E3 which 4£MW><&&%4»» late th© ansgrra* and, fcti© ppodassta 

of tfew r*a*tioiu Tve *«eofii3 path Iramlvw f o w t l o n &£ th© tsirowgr 

©eâ ELex <mssp^-a^iv»tor*arubstr'it@ wfeleh dtsfitoolatoa into tj» emps® 

&JMI produ«i»# Thi* lajst fctwaaiy (sosgitt e«B fee f orfi«! to two «qidvale*i& 

«ay«» fh« «m$?«s B ©an form with th® activator M th» roraj&WK IK 

whiefc «mn «s©8fi3dns with th* »uto*i*at* S to £@m th* KM3 e©apl«K. On th© 

®th©r hand the (m ŷrw mm t&m with tine ©ubistimt© th® SS ©«»pi« whieh 

oan add M to f«m th® 3 B ©#»$sl«;. 

Th© two path* ®m Drerei-ept b* 3wj>»«fft#4 tgr th* f-eHadjag 

tq^&tlonft* 

« « S ^ N BS -

E * M v ^ EH v 

s * s ^ s m ̂  

-»a 

B 
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Figure (12) shows the variations of the thermodynamic functions 

j^S0, _$Ra and ̂ F° for each step in the different path® of the reaction. 

The formation of the ES and EMS complexes appear to be endothers&e processes 

and to involve large increases in entropy. These increases in entropy can 

be attributed partly to structural changes (24), contraction of the myosin 

molecule, and partly to th© liberation of water molecules through charg® 

neutralisation (IB) resulting when the ©nzyxae and ATP molecules COB® 

together. If the increase in entropy were entirely due to the last 

factor, then compared to the process of fusion an increase of 62.5 

entropy units for the foiraation of the ES complex would correspond to 

the nunfre©aingn of about 12 molecules of water. When the charge and 

siae of the molecules concerned are taken into consideration, the 

liberation of 12 Molecules of water seems at least reasonable. It 

does not however eliminate th© possibility of structural changes which 

in fact have been observed for this system (3 ). 

The process of activation of th© complexes is accompanied 

by a decrease in entropy, waning that expansion occurs in the myosin 

molecule if structural effects are considered and that water molecules, 

8 for the activation of the IS complex, are gained if solvent effects 

are considered* 

However, since the constant K« depends on the pH, the correspond­

ing values for jgiS and 0 represent overall effects which could be 

broken down further into H and substrate contributions. 
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Fig. 12. Graphical representation of the variations of the thermodynamic 

functions ̂ S° (e.u.), £fi° and AF° i*1 kcal/mole, for each step of the 

reaction. 
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When M Is present in the reaction, the two complexes S3 

and SMS will fee formed. Since the rate of breakdown of the EMS complex 

is approximately five times greater than that of the ES complex, any 

factor favouring the formation of the EMS complex nd.ll increase the 

rate of th© overall reaction. It is readily seen in figure (12) that 

the entropy change is greater for the formation of the BHS complex 

than for that of the ES Complex. The same is true for the activation 

of these complexes. Also the enthalpy changes for th® formation and 

activation of the ES complex are greater than that for the WS complex. 

Taken together these factors! will favour th© fonmtion of the EMS'* 

complex and increase the rate of the reaction. This is well summarized 

in figure (12) where the ̂ ° values for the formation and activation 

of th© different complexes are plotted against th® reaction coordinates. 

The ©S3 and EMS complexes are eeen to lie on much lower energy levels 

than the corresponding ES and ES3" complexes> and will therefore be 

forraed preferentially. 

Since within experimental error the energies of activation 

for the reaction in the presence and in the "apparent" absence of Ca++ 

are the same, (refer p. 3©) the rate of the reaction will depend on the 

entropy of activation. From entropy values given in table II, th® rate 

of breakdown of the EMS complex will be greater than that of the ES 

complex. It is interesting to note that the difference between the 

entropy of activation of the ayosin-calclum-ATf complex and the myosin-

AfP is approximately equal to the entropy change ($5 ) for th© binding 

of the Ca*+ to the ES complex. 

http://nd.ll
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It has b©«R shown in a study of pll effect (p. 20) that th© 

eoiwttmt E3 1» a ®0w$8»s&i« eqttHlfe .̂̂ m eonst&at etnc& i t itt&lu4®a a term 

£E*3* th» t$N&K»e«ai ion can fa© tr«e$«& a® & simple modifier along the 

mm lines «« the Ca**. If the reaction, is carried out at a higjh 

ewae^r&tion of G& , the s^osln will ©xist alaost eiBeluaiwly in the 

foni af th# s|r@8i&~C!& oonplftae, ©ad H in the rat© ©as-pwdiion (27) «an 

Ins j?epl&#®i tey H» this treatment gawstts the oalMladtm ®£ th«s &®®0ei&ti« 

tttsnrba&t* for the ^miM'-ml&tvmi*hy4.r&c®n complex froas the ij|yo*ln-C3a** 

^raplox ®«d th® H% and th© myo@in-.ealciusa-AtP--hydrog©n eoaj&ex from th© 

ŝ oaii3-cale4um«AfP and th® H*. f ^ value© in taol© (l) the©© association 

ffionstants haro been found to be 3.5 x Id", and 1*7 x 10^ liters/mole 

resp««tiv®3i|r« 
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C0KCLUS10N 

The enzymatic myosin-calcium-ATP system has been shown to 

follow a rate law of the form 

kyC^fOsinj 

1 + 1 * 1. 
^[ATP] K4[Ca++] 

o 

" 1 • 1 
K2CATP] 

k0(;%osinJ0 

1 + 1 + K4CCa++] 
K [ATP] 

1 + 

K3[ATP] 

The determined constants for the formation of the different 

complexes are believed to be equilibrium constants. On this basis, the 

thermodynamic functions (j^°t $5 , ̂ F°) involved in the formation of the 

different complexes have been calculated. It appears that the formation 

of the myosin-calcium-ATP complex from the myosin-ATP complex and the 

calcium ion is an exothermic reaction and that it involved a small increase 

in entropy. The increase in the rate of the reaction in the presence of 

Ca++ appears to be due to an increase in the entropy of activation as the 

energies of activation in the presence and in the "apparent" absence of 

Ca Jiave Been found to be the same. 

The equilibrium constant K, for the formation of the myosin-

calcium-ATP from the myosin-calcium complex and the ATP varied with pH 

and this permitted the calculation of acid association constants for the 

two complexes, myosin-calcium-hydrogen and myosin-calcium-ATP-hydrogen. 
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