UNIVERSITY OF CTTAWA

DEFARTMENT OF CHEMISTRY

KINETICS OF MUSCLE ADENOSINE TRIPHOSPHATASE

by
GERARD E. PELLETIER, B.A., B.Se.
THESIS SUBMITTED TO THE GRADUATE SCHOOL
AS PARTTAL NEYIIREMENT FOR THE DEGRER
of

MASTER OF SCIENGE. o

SEPTEMBER 1955.

¢ LBRARES o
()



UMI Number: EC56159

INFORMATION TO USERS

The quality of this reproduction is dependent upon the quality of the copy
submitted. Broken or indistinct print, colored or poor quality illustrations
and photographs, print bleed-through, substandard margins, and improper
alignment can adversely affect reproduction.

In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if unauthorized
copyright material had to be removed, a note will indicate the deletion.

®

UMI

UMI Microform EC56159
Copyright 2011 by ProQuest LLC
All rights reserved. This microform edition is protected against
unauthorized copying under Title 17, United States Code.

ProQuest LLC
789 East Eisenhower Parkway
P.O. Box 1346
Ann Arbor, Ml 48106-1346



TABIE OF CONTENTS

MRODUCTION BEOBTLAL TRV Os BN PONBERBN GOSN S inrasdBORE

T}EORETICAL PART PE R LRGN CI RSN I GNSEPRONORNsPIRSOSOGRTRS
Rﬁte LaWS [(EET RN ENEENNREENN EENYFRENX RN ENENENNELERX ]

Evalnatiﬂn Of Constants eesesssscncsisssecncs

EXPEMMAL pART [ ANERERENENEENEEENNEREENNENEEENEENNENNERXNESE RN X ]
Reagents €00 e e PPt Nea0 et Eer R P BNt eIRe0IBIaNE

p!ocedu»re N EENESRENNNNNNRFNENEENENNNNENERNENXNNEYEY R} ]

RIESUIJTS P E S U FI EOEP G IR GO YO IPO I IPITIEIT LN LU AR AR BE

Determination of Constants eveecsnscesvesnese

Enﬁ;ﬂy of Activatlion eecesecessvesnssosssrcove

Effect of pH on the Reactlon Rate seceveerces

DISCUSSION [ NN R NN SN NN RN B WYY NN NN E NS NN R R NN NN ]

GOIGGLUSION [ A NN N RN I N NN EY R N Y N N NN NN NN

BIBLIDGRAPHY PBCLIPNI 0060 10 LT RURIGEIEEIITRERNEQOIBISERLILEDTSE

Page

13
13

16
16
28

30

33

38

39



INTRODUCTION
In the presence of myosin, a muscle protein, adenosine tri-
phosphate (ATP) is hydrolyzed to adenosine diphosphate (ADP) and

inorganic orthophosphate (Py).

atp —2vosin sy app 4 py (1)

This reaction discovered by Engelhardt and Ljubimova (8) was
shown by Szent-Gyorgyl (28) to be associated with the phenomenon of
muscular contraction.

On the basis of witracentrifugel and viscometric data, Mommaerts
(22), Weber (31), Johnsen and Landolt (13,14), assumed that myosin
dissociates into smaller particles upon addition of ATP. On the other hand
Blum and Morales (3) have shown by light - scatbering experiments that ATP
causes a gtructural change in the myosin without depolymerization. This
last faect is consistent with the muscular econtraction theory of Morales and
Botts (24,25) who assume that a bplancd between eleetrostatic and entrople
foreces determines the length of the myosin partieles.

Under certain conditions (to be discussed later) e kinetie study
of this engymatic rezction provides inforration on the thermodynamics of
the formatien of the mycsin-ATP complexes and as & result on the nature of
the forces involved. The purpose of this investigation is to obtain more
information on the myosin-ATP gystem as & particular case of an enzymatie
reaction.

Various aspeects of the kinetics of this reaction have been
studied in the past. Mommaerts (23) has found that the rate of the resetion
is activated by caleium lons and inhibited by magnesium ions., He also

observed that by lnereasing the pH from 7 to 9 the rate was senhanced in

the presence of calcium ions,



More recently Mommserts (10,11,2127)has made a further study
on pH, ealcium, megnesium and ADP effects at 27°C.

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

follows a law of the fom

d [ATP] . ky K [Myosin] [ATP] @)
dt 1 + K [ATP]

At pH 7.0, in the presence of U.O00LM Ca'” and 0.6M KCL, K and
kz were determined at different temperatures. There was some evidence to
guggest that K is an equilibrium constant for the formation of the enzyme-
substrate complex. This provided the basis for the caleculation of thermo-
dynawle funetions (A, AS®, AF®) for the formation of the myosin - ATP
complex. Solvent and structural effects were investigated by Laidler and
Ethier (18) by carrying out the reaction in solvents of different dielectic
eonstants, (water and ethanol). Laidler and Beardell (17) studied the
reaction over a range of hydrostatic pressures and at different ionie
strengths.

The above work indicates a conformational change in the protein
during the reactien, and direct evidence for such a change was obtalned by
the light-seattering experiments of Blum and Morales (3).

Further kinstic studies were conducted by Watanabe (29,30) whe

investigated the effect of Ca** and Mg'" ions on muscle ATPase activity.



THEORETICAL PART
Rate Laws

A general reaction mechanism for an enzyme catalyzed reaction
involving two subsirates or a substrate and a medifier can be represented
by the fallowing equations.

ky
E+ ¥ &= g (3)
ko

B+ 8 = kg —> E + Products (&)

ks
EM + § &= EMS (5)

ES + M &= EMS Xy, > E + Products (6)

In this scheme E is the enzyme molecule, S and M are molecules
that form with E the binary complexes ES and EM and the ternary complex
EM3. In this diseussion only the complexes ES and EMS will be considered
as dissoeiating into produects. The rate constants ko and k, are first-
order rate constants for the breakdown of ES and EMS into ensyme and the
products of the reaction. All other rate constants are for simple
adgorption and deserpiion processes.

The 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:



a-ho'

k

— ) Ky = 2 (&)
Ky k p
K X

By = 2 (9) K, = (10)
K b w,
kp

% - (1)
ko + ky

Theprmodynamies requires that

R =R (12)
Pimgnaionless variable Iim,
by the follewing squations.

UEM’ UEMS’ are iluntroduced and are defined

[e8] —

*['ET = Ky [8] + Ugg (13)
§!

EET = Ky [M] + Uy (14)

[EH3]

= = K K, [81 [M] + Vg (15)
o

Dimensionless variables of this type were first introdused by
Botts and Morales (4 ) in their treatment of modifier effects, and were
alse used (16) im & theory of pH effects on ensyme systems.

Four relationshipes are reguired in order to¢ solve for the four
sonsentrationa [E], [E3], [EK], and [EN0]. (me of these is given by the
fact that the tetal eoncentration of enzyme [E]Q, is the sun of the
goncentration of the four forme in which it cen existy thus



[Ele = [B] + ([Es]
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+ [EM] + [EMS]

= [B] 1+ B [8] + &y (M) + K, K, [S] [M]+ Ugg + Ugy + Ugyg)

The three remaining equations are steady-state equations; of

these, although four can be written down, only three are independent.

The steady-state equation for E3 is

d [E5]

Using Bqs. (13) and (15), this becomes
ky, Upyg - (ko + Xy [M]+ k) Ugg + ky [8]+ k, B K [M] (S]
-kl M+ k)EZ 5] = O

With the use of Eqs, (8) and (10) this reduces to
k) Ugmg ~ (ko + Xk [M]+ k) Uy = 0

= ¥y [B] [S]+ ko [EMS] ~ (k g+ ky, [M] + ky) [ES] =0

Similarly, the steady-state equations for E and EM give rise to
(kg + k) Upg + kg Ugy+ k Upgs+ ky Ky K [M][S]1=0

K2

Ko

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

Ugs

- (ko + K, [M] + k)
(k_z + ko)

0

o

0

k—l

~(k_y + By [51)

Unns

wn——

k-l

ky

k.3

Constant

k, K

0
K, [M] [s]
-

2
ky Ky (=~ 1) [M] [5]

Ko

(16)
(x7)

(18)

(19)

(20)

(21)



The solutions for Ugg, Upys Upyg are given by the ratios of
ABS, AEM, A EMS to A where the A's are the appropriate determinants. With
the aid of these solutlong 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 eomplex between the engyme and the substrate (8S),

In this case, only the constants kp, k_p, and k, need be

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

reduces Lo
U_'_F_,g_ Constant
- (k_z + ka) 0
(kop + k) 0

The solution which is Upg = Ugy = Upyq = 0

Equation (17) therefore reduces to

[B], = [E] @+ & (s]) (22)
and equation (13) to
[Es] = [B] K5 [s] (23)

The rate is therefore

v = kg {ES]
Kg [E], [S]
ya2 2 o (24)
1+ Ky [3]

Briggs and Haldane { 6 ) obtained this equation from a simple
steady~-state treatment. In the case where k, is mueh smaller than k_,,
Kz reduces to Kp and equation (24) then becomes identical with the

equilibriuwm equation derived by Michaelis and Menten (20).
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If the three complexes, 1S, EM, and EM5 are formed, steady-
state equatiens become much more complex, since the solutions for UES’
Upps and UEMS do not in general vanish.

From equations (13), (15) and {17) it may be seen tiat the

rates of breakdown of TS and IEMS to give products are respoctively

o= ko [Es]

1o+ Kpls) + myMl o+ Ejx [ulls] + 20

Where LU represents UES + UEM + UEMS'

vo= ki frMs]
k(] (X, K [Mi[s] + u_ )
o 2 4 BMS (26)
1 + K,[8] + Kl [M] « K, Kh [MJ{s] + gu.

=

However the problem is greatly simplified if equilibrium
rather than steady-state conditions ~pply to the complexes ES, BN,
and EMS.

If this is the case the constants k, and kr can be neglected
in comparieon with the rem2ining constants. The term kr Tg Kk (Mi[s]
in the right-hand eoclum of the matrix vanishes, as also does

o There is thus a column of

£ —
ky By ( E'%"' 1 ) [MI[S] since K, = K
zeros in egch of the determimants ES, El, EM3, and the "perturbation®

terms Upg, Uy and Upye therefore vanish.



The rate is now given simply by

v=v'+ ¥
r Ko X, (B [M][s] k K,[E] [S]
T T Y KLS] + KqIM] + K, K, [M1[5] T Ko[8] + Ky[H] + Ky K, [H][S]
Rearranging,
kLB, olEl,
v o= l + (2
+ 1 + 1 L+ 1 + K, [M] 1 1
5057 B [ Kzfsl] Ez_%ﬁ ) [ + R‘?’&i]

The first term in this expression is idenbtical to one obtained
by Alberty (1) for mechanisms of enzymatic reactions involving two
reactants and two products, assuming equilibrium conditions.

Evaluation of Constants

If the conditions under which the reaection is carried out are
varied systematically, it is possible to evaluate all the constants in
this expression.

It can easily be seen by inspeetion of the expression that if
the eoncentrations of M and 3 are kept constant, the rate will be pro-
portional to the ensyme concentration. This has been observed in a
number of cases.

Dvaluation of KB

If the conditions are such that the product KAEH] is ruch
larger than one, the second part of the expression (27) becomes nerligible
with respeet to the first part, sgince !l aprears in the demominator. For

the same reason, the terms 1 and 1 in the first part of
A R O 3
the expression can be neglected.
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The expressien (27) for the rate of the reaction then reduces

to
k [E]
r o
v = (28)
1+ 1
K
5051
Frem this expression KB can be obtained by the Lineweaver
and Burk (19) method. Taking the reeiprocal of equation (28) and
rearranging, we obtain
i = L. + 1 (29)
T KlEly kg BylE], [S]

If 1/v is plotted against 1/[S] a straight line should result

if the law is obeyed with a slope equal te 1 and an intercept
lp KglE]

aqual to 1 .
From tiese reailis K3 1s easily caloulated.

It can be shown that KB{S} is equal to 1 or that KB = 1/[8]
when the rate v is equal to 1/2 the maximum rate Ve This provides a
simple and rapid wmethod of evaluating KB graphically. If the intercept
on the 1/v axis is multiplied by 2, then the corresponding 1[8] value
gives the constant K3 directly.

G.S. Padie (7 ) proposed a further method of evaluating
constants such as 1&3. If the expression is expsnded to

v + K3[5] v= Ky Ks[81(E],

and divided through by [S], we obtain

[33;]: kx- KB{EJO - K3v
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When v/[S] is plotted against v, the slope of the resulting
straight 1line gives -Kydirectly.
Evaluation of K,

If the coneentratioh of S is made large eguation (27) reduces to

k(L] k [E], ,
TCUITTIT Y TTEW %)
e :
If Voo the maximam rate of the reaction in absence of M, is
substracted from both sides of this equation, we obtain
k [E
J?[ 30 kogma
VT - vo = + an—————————gt——— - k [E]
L+ 3 T+ K (4] 0™ "o
K, [¥] b
(k_ -k ) [E] (x_ - k) K[E] [M]
R R i (31)
1+ 1 1+ K!"[M]
K, 00
Taking the reciprocal equstion (31) becores
- = . + 1 (32)

V-V (k, -k) [B], (k, - k) X [E] [H]
This equation is of the same form as equation (29) and Kh

can therefore be obtained graphically by plotiing i against 1/[M].
‘T—Vo



Eveluation of K,

Two methods are avallable for the determination of LW the
equilibriwm congtant for the formation of the ES complex. 1f Lhe
reaction is ecarried out in shsence of M, only the complex ES will be
formed. K3 and K&’ the ecullibrium constants for the formation of the
EMS complexes and kr its dissociation constant become zero and equation

{(27) reduces to

v = r._.._—__+ T 2 (33)

from which K2 can be obtained.

A second method of evaluating ¥, consists in carrying out
the reaction ih such conditiona that the product Khﬁﬂﬂ will be equal
or very close to one.

Equation (27) now becomes

kr EEJO kg LE}@
v = 5 1 7 + > 7 T
+ e
K57 © K,18] K,I51  K,L8]
(kr + ko) [E]G
= o)
2 % Kz + KB
K, Ky[S]
Taking the reciproeal
K. +
i - - R L G5

v (kr + ko) {E}Q E_+ E_[3] (kr + ko) {E]o



When 1/v is plotted against 1/[3], a straight line should

E. + K
result with a slope equal to 2 3
Ky Ky Gy + kg [E],
and an intercept sgual to 2

.+ k,) [El,

Ig K3 has been previously determined K, can be caleulated by
the values of the slope and intercept.
Evaluation of Kl

The constant Ky is obtained from the thermodynamic relation
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EXPERIMENTAL FART -
Reagents:

The di-potassium salt of adencsine triphosphate (Pabst Labora~
tories, lilwaukee, Wis.) was used throughout these experiments.

Tris (Hydroxymethyl) sminomethane (THAM) (Fisher purified grade)
and potassium chloride (Fisher certified reagents) were recrystallized
from solubtions in glass-distilled water.

Trichlopoacetic acid, calcium chloride, potassium carbonate
(anhydrous) and petassium bicarbonate, were certified reagents (Fisher).
The agetic acid was of the Merck reagent grade.

Myogin -

Rabbit musele 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 glasswore, since metallice
ions are easily adborded on myosin and change its properties. The extraction
mixture was 0.6M in potassium chloride, 0,04 in potessium bicarbonate, 0.01M
in potassium earbonate. All operations were earried out in a cold room =t
approzimately .'.;,OC.

A rabbit was stunmed and bled. The back muscles were removed,
cut into gmall pieces, and weighed. For each grawn of muscle, 3 ml 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 centrifuged. The extract was poured rapidly
into ten times its wolume of cold glass-distilled water which had been
previously acidified by adding 20 ml, of 0.1 H acetie ceid for every 100 mi.
of extract. The pH was always kept over 6.5. The mixture was then left
at approxirately 4°C, at a fH of 6.55 measurelwith a pil neter, for 2 hours

or more (overnight).



- h -

The supernabont liguid wes degented vhen 4 good enough
permyetion had boen obbained. the reet was centrifuged and the viscous
pars pedissolved In O0.46K KCL, The resuliing solution was stirred foy 20
whrabes and cenbrifuged. Ib wes then decanved, neasuped, snd powred into
10 velines of ecold plass-distilled water. The B was adjusted ot 655 with
Ow1N asetic agid. The mimture was then allowed to rest for 2 hours and
theabove peocedure was yepeabed,

The rinal selution of myosin extyract in KCL was centrifuged at
bdgh speed for 1 houwr. (18000 rym for 1 hourl.

¥rosin concentrations were detorwined by o nlore-Kjehldabl nitrosen
determination method (12). The rwebein samples wms digested by means of sul-
forie aeid and bydropgen peroxide and determined eolorimetriecally after
mesalovigation. The myosin hed a epeeilic aetlivity of 52 % m‘““é‘ nole/seeys
at 2590, This value is coneistent with values previously reported (17,26).

ALL veoetions wepe earried out An Wuffered solubinps conteing 6.6
mmie of KOl and Ol mode of TIAY per llter adjustod st different 3l's with
aoetie acid.

These bulfers were so adjusicd at & series of benperntures since
the i of THAH waries conslderally with tempepsbwrs. Three obler solutions,
one of AT:, one of myvsin, and one of caleiws ehiloride were vrepsred In .6
molar ECLe 8wl of mpesin soliviion and © uwl of coleiun ehlerdde solution were
added to a flagk combtainiiy: 15 nd, of bu fered solubion. 5 @il of o1 solution
wepe Plaoed in snother flasks With this asystem, ATV nnd 8aCl2 congentralions
eould enally e verded by Allubting the oririnal selublons with O.6 zolae 7031,
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The solutions were kept in a constant temperature bath for 15
minutes, then mixed A measured intervals of time, 5 ml samples were
pipetted into 3 ml of 20% trichloroacetic acid. The precipitated myosin
was removed by filtration through a dry filter paper. 5 ml of the filtrale
were set aside for a phosphate determination by the Fiske-SubbaRow method (33)
Phosphate Analysis -

In these experiments, 1 ml of amwmonium molybdate reagent (25
grams of hydreted ammonium molybdate in one liter of 3N sulfuric acid)
and O.4 ml of aminonaphthol sulfonic acid (ANSA) solution (2.5 grams of
purified ANSA in 975 ml of ZLSO/0 sodimm bisulfite and 25 ml of 200,{) sodium
sulfite) were added to a 5 ml sample of the phosphate solution. The sample
was left standing at room tempersture for ten minutes, and the absorbance
was read at 7350 mp on a Beckmanm DU spectrophotometer. Values obtained

were compared with a dibasic potassium phosphate calibration curve.
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RESULTS

Determination of Constants

The ensymatic myosin - \TF system was studled in some detail
in the presence and in the absence of »n activator, Ca'’. Eouilibrium
conditions were assumed to exist ond the "apparent" equilibrium constants
for the formation of the different complexes during the reaction Qere
calculated. The basis for this assumption will be presented later in
the discussion.

The equilibrium constant K2 for the formation of the engytie-
substrate complex from the enzyme and substrate was deteruined by carrying
out the reaction ot different substrate concentrations in absence of Ca .
The rate of the reaction v was calculated from the slope of the curve
obtained by plotting the phosthate concentrations as a function of time
during the course of the reaction.

Figure (1) is a typieal curve showing the variation of the
rate of the reaction with the concentration of substrate. From plots
of 1/v against 1/[ATP] (fig. 2) K2 was determined at four temperatures.
Leg K, was plotted against the reciprocal of the absolute temperature
(fig. 3) and the slope of the line drawn through the points gave a
velue of +12 keal/mole for the enthalpy change (AH). The corresponding

AFO and 530 were -6.7 kcal/mole and 62.5 e.u. resnectively.



25

=,

-L'[-

_ 1 1 1
4 6 8
BTP] x10% moles L-!

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

myosin catalyzed dephosphorylation of ATP at 259C at a pH of 7.5.
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Fig, 2. Determination of K2 by plotting 1/v in arbitrar
units agai
reciprocal of the ATP concentration in moles per liter az a pH ofg$.§s§nthe

=

absence of Ca™ 7,
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103

T

Fig. 3. Dependence of log Kg (1. mole'l) on 1/T at pH 7.5

-61:..
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The equilibrium constant KB for the formation of the enzyme-
activator-substrate complex from the enzyme-aetivabor complex and the
substrate was determined by carrying out the reaction at different substrate
concentrations in the presence of 0.0l molar Ca’, rates being determined
as in the previous case. Figure (4) shows the results obtained when 1/v
was plotted against 1/[ATP] at 3°C and at 25°C. From Figure (5) a wvalue
of 9.2 keal/mole was calculated for the enthalpy change. AF® and AS° values
were -6.6. koal/mole and 53 e.u. respeetively.

Howsver, these thermodynamic values inelude conbtributions from
acid dissociation constants. This was established from an investigation
of pH effect on K5. Values for KB at different pH's are summarized in

Table 1.

TABLE I

Influenece of pH on K, at 259C

3
22! K
liters;mole x 1072
7 92
745 66

8.5 29
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(30
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107°
[ATF]
Fig. li. Determination of K3 by plotting 1/v in arbitrary units against
the reciprocal of the ATP concentration in moles per liter in the

presence of 0,01M Ca*t at pH 7.5.
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Fig. 5.

Dependence of log K3 (in liters per mole) on 1/T at pE 7.5.
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The equilibrium constant Kh for the formation of the enzyme-
activator-substrate complex from the engyme-substraie complex and the
activator was determined by studying at a high concentration of substrate
(Ké[s] and K, [8] >> 1) the effect of the ecencentration of Ca'  on the rate
of the reagtion. As seen previcusly the reaction proceeds in the absence
as well as in the presence of caleiwm lons. This fact is well illustrated
in figure (6) where the curve obtained by ploiting the rate of the reaction
against the Ca'" concentration does not pass through the origin. For the
determination of the eonstant, the rates at zero concentration of Ca' "’ were
subtracted from the rates obtained with Ca** and these values were plotted
against the reciprocal of the Ca'' concentyations. (fig. 7). From these
plots Kh was determined at three temperatures. The enthalpy change cal-
culated frem figure (8) was -3.5 keal/mole. The corresponding AEO and ps®
were -h.3 keal/mole and 2.7 e.u. respectively,

In a further study of the caleium ion effeet, it was found
that a decrsase in the enzyme concentration produced an appreciable inerease
of the constamt K, (fig. 9). it 25°C and pH 7.5 a linear relationship wes
found te exist between Kk and the enzyme concentration and a value of 1480
liters per mole was obtained for the extrapolated value of Kh at =mero
concentration of enzyme.

This dependence of the constant Kh on the total eoncentration of
engyme permits a rough caleulation of the weight of myosin that combines
with one mole of Ca . From values in figure (9) it appears that this

weight is of the order of 10° grams.



{}_
0.6}
Rate -
0.4
0.2 |
0.0 [ | i ( [ L [ | L |
(o) 0.002 0.004 0.006 0.008 0. 0l

[C o"‘] mole 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,
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Fig. 7. Determination of K; in liters per mole\ by plotting 1
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Dependence of log K); in liters per mole on 1/T at pH 7.5.

3.4

Fig. 8,
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0.25 0.5 0.75 1.0

Elo

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
KLZ A pH 7.5 and 8.5, wvalues obtaimed at comparable concentrations of
enzyme differed by only aboub 100/0. For example, values at 23°C were

700 and 800 respectively.

Values for the equilibrium constant Kl for the formation
of the enzyme-activator complex from the enzyme and the activator were
obtained from the relation Kl KB = Kz Kl:- on the assumption that these

are all equilibrium constanisz.

In Table 1Y are listed walues for the above deterwined

equilibrium constants with their corresponding AH®, AF® and ASC values.

3 of Activation

From Arrhenius plots of log v against the reciprocal of the
absolute temperature in the presence of 0.01M Ca** at pH 7.5 a value of
4.1 keal/mole was obtained for the energy of activation (fig. 16) at a
high concentration of ATP (1 x 10"3}{ % The corresponding entropy of

activation ealeulated from Eyring's relation (9 ).

%‘}1’_{_ exp (AS/R) exp -(AH/RT)

where N is Avogadro's number, ard using a moleculapr weight of 5 x 105

for the enzyme, was -40 enbropy unita.



| 1 | | | 1 1

-68-

3.4 395 3.6
|03
3

Fig. 10 . Arrhenius plot of log V in arbitrary units against 1/T
at pH 7.5 in presence of 0,01M Ca*tt,
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When Ca'*t 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 0.001M solution was found to lower the pH of the prepared
THAM buffer from 7.5 to about 6.7 at 3°C. When the pH of the solution
was readjusted to 7.5 at each temperature, essentially the same value
(443 keal/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 was made by Yon (32) for the system trypsin-

calcium~lactoglobulin.

BEffect of pH on the Reaction Rate

The pH of the solubtion has a marked effect upon enzyme catalyzed
reactions. In the case of the myosin-catalyzed hydrolysis of ATP it was
found that at 15%°C 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 enzyme (2). Figure (11) shows the type of curve obtained when the
rate of the reaction was plotted against the concentration of OH ions

between pH's 8.4 and 9.46 at 15°C.
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the myosin catalyzed dephosphorylation of ATP at 15°C.
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TABLE II
SBumary of daba obtained on the hydrolysis of ATP by myosin
at PH 7'5
o 0 0
o¢ liters/ole] keal/mole |koal/mole VR
25° 9.3 x 105 - 0.9 - bk 11.8
3¢ 10.5 x 10
25 82 x 103 12 6.7 62.
16 36 x 107 2
9 25 % 109
3 17 x 10°
25 66 x 100 9.2 - 6.6 53
16 38 x 107
9 28 x 1
3 19 x 10
2 *
25 7.5x10,| - 3.5 - 4.3 2.7
3 12 x 10
-1
sec
25 3.5 L}.'B 17 hal 14’2'5
25 15 Lel 16 - L0

From extrapolated value of K, (fig. 9)




DISCUSSION

In oxder to obtain the mexcimum Information from the experi-
mental data, it is necessary to eonsider the nature of the determined
constants. It has always been a problem in enzyme kinetics %o determine
whether the constants are steady-state or equdlibrium constants. ILaidler (15)
has treated in gome detall the problem for a generalized system,

Within experimeuntal error, it has been found in the present

investigation that the myosin-ATY system follows a rate law of the form

ky [E]
v o= (see eq. 27)
1 1l 1

L3 e apmtar—

+
K3[33 g;km] KQK&[M][S

1 +

where M represents the ca'”,

To obtain an expression of this ferm frow the proposed
mechanism on page 3, the u's in the genersal solution (eq. 26) for the
mechanigm must disappesr, otherwise the expression will involve terms in
{832 and {M}z. This would imply that the constants determined by plotting
1/v against 1/B)and Y[Hlwould be dependent upon [§] and [M]respectively.

In figures (2,4,7 ), plots used for the determinstion of the
constants give rather good straight lines, indicating no dependence on the
concentrations of 5 or M. Referring to the matrix on page 5, the only way
the u's in the general splubtion can be made to vanish is to have a column
of zeros for the constant terns. The ternm k, 'ffz Kh[lij[S] will reduce to

gero only if k, is very small or gerc. The term
K
k3 By( em - 1 ) [M] [8] Will reduce to mero only if X, = Ky, which
K
2



T

implies that k_ ia very sumll ss gompayed to k , and ¢ o be neglocted.

It can then be concluded thab 1f an expression o/ il Jorn of en. (27)

in followsd exrerimentally, the rate constants %y, and k) awst . ey
gmall compared to the other rabe constants, aud Shat thore we o ullibedun
cmdibions exlst.

The colnoldence cape discussed by Laidler (15) eanrci, we
fesl, be applled hwre sinee It would lovolv. Jope tio of roduste Irem
the engyre-calelw: eonmrlex.

in inspection of table II shrws that Lhe coashiont 1y is
approsdnotely soual to the eonsbant ﬁ,&. Unger these ¢ wlltions the
denominetor of equation (27) ean be fuclordsed tn assu < the furn
{ 1+ Ry (M) ) { L+, (8] ) This form s typleal of mysteus
Appleying siopls non-pompeidilive Intersotion. Cesumin: ne blockure of
reaption paths, Mopales (54) bes shown thot when sue' o Lelwviow is 8w
the #lehaslls constants are sullibrium ¢ usiacis.

Laidler (15) has exbended o .o trual-ont bo Jnelude the possibility
of blockage. In the r@rwinni‘m%wi@ gyet.oo L loclege Letwesn oo ronlueie
conplex 1 the ryosinCa’ <,7¢ complex ear o co.cidered oo - e shahle
sines at hinh concentration of §°7, Ll wousin exist aliost exclusivoly
under tie form of mycsin-8a'*. Mockage bulwown Lo ryesine.”  gomplex
ard he uyosineCa’ ATy complex would povuire eguilibrdum with mosrech
to theme two comploxes. Cines Liw nyosineGe™ ooy des Lo necepsarily ab
equilibriun, Lhen even In bhe event of hloskage, he whols o, obe.r wuld

atill be ol explilbpium,
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The above dlsewssion is in agreement with conelusions reached
by OCusllet, Laidler, and Morales (26) in an investigstion of Ca®* and Mg™"
of ochs on the sane myvein-ilF system. These lone are in faek "none
compatitive” modifiers of ATVape.

In the syosin-saleive-ATF aysten, there are two distinet
pabhs the reastlion ean follew bo tonvert the substyabe inbe preduthe.
The enmyme & can resct with the substrebe S tofiem s binery enmyne-
substrate complex EJ which dimsociates into the evmyme and the produets
of the reastion. Tie seeond pobh Anvolves formation of the Lepnary
complex engyre-agtivetore-gubstride which dissocistes inte the enmyme
and rroductas  This last ternnpy complex can be formad in two egulvelent
wayss The engyme £ can form wilh the sotdwvator ¥ the eomplex EM
whish can combdne with the substpebs 5 to form the M5 eomplex. On the
other hand the enmyme can forem with the substwate the U3 complex whieh
san add ¥ Lo Torm the (M8 oomplex.

The twe paths can therelore be represented by the following
esgustionss

"#ﬁiﬁ v——éﬁ v P

v 1 === KM = Gl
N %8 N s > E « P
T S

=
E 2
s
T

B
&
f£33
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Pigure (12) shows the variations of the thermodynamic funetions
25°, mH® and AP® for each step in the different paths of the reaction.
The formation of the ES and EMS complexes appear to be endothermic processes
and to involve large increases in eutropy. These increases in entropy can
be atiributed partly to structural changes (24), contraction of the myosin
molecule, and partly to the liberation of water molecules through charge
neubralisstion (18) resulting when the enzyme and ATP molecules come
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 wnits for the formation of the ES complex would correspond to
the "unfreezing" of about 12 molecules of water. When the charge and
sige of the molecules concerned are taken into consideration, the
liberation of 12 molecules of water seems at least reasonable. It
does not however sliminate the pessibility of struetural changes which
in fact have been observed for this system (3 ).

The procesg of activatlon of the complexes 1s accompanied
by a decrease in entropy, meaning that expansion occurs in the myosin
molecule if structural effects are considered and that water moleeules,
8 for the activation of the ES complex, are gained if solvent effects
are considered.

However, since the constant K3 depends on the pH, the correspond-
ing values for/ﬁﬁe and Aﬁo represent overall effects which could be

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

functions AS® (e.u.), AH® and AF® in keal/mole, for each step of the

reaction.
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When M is present in the reaction, the two complexes E3
and EMS will be formed. Since the rate of breakdown of the EMS eomplex
is appromimately five times greabter thon that of the ES complex, any
faetor favouring the formation of the EMS complex will increagse the
rate of the overall reaction. It is readily seen in figure (12) that
the entrepy change is greater for the formation of the EYS complex
than for that of the ES domplex. The same is true for the activation
of these complexes, Also the enthalpy changes for the formation and
activation of the ES complex are greater than that for the EMS complex.
Taken together these factors will favour the formation of the EMSF
complex and increase the rate of the reaction. This 1s well swmarised
in figure (12) where the AF® values for the formation and activation
of the different complexes are plotted against the reactien coordinates.
The EMS and EMST complexes are seen to lie on much lowsr energy levels
than the corresponding ES and ES* complexes, and will therefore be
formed preferentially.

Since within experimental error the energles of agtivation
for the reaction in the presence and in the "apparent” absence of Ca'™
are the same, (refer p. 30) the rate of the reaction will depend on the
entyopy of activation. Frem entropy valuss given in table II, the rate
of breakdown of the EMS complex will be greater than that of the ES
complex. It is Interesting to note that the difference hatween the
entropy of activation of the myosin-caleium~AT! complex and the myosin-
ATP is approximately equal to the entropy change (ASG) for the binding

of the Ca’" to the ES complex.
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It has been shown in a study of ml effect (p. 20) that the
constant Eq 1s a compoeibe equilibydum constant elnce it ingludes a term
{6*1. Tue hydeopen lon can be treated as & simple modifier along the
same lines se the ("%, If the resetion is carried out at 2 high
coneentration of Ca“, the myosin will exist almost sxelusively in the
forn of the myosin-Ce’ ~ samplex, and ¥ in the rate expression (27) aan
we replaged by H, This treatment permits the oaleulzaiion of the ssseciation
sonstants Tor the myosin-ealcium-hydrogen complex fyom the myoaineCa™
complex and the HY, and the myosineealelun-ATP-hydrogen somplex from the
ayosin-caleium-ATF and the 1+ From values in table (I) these assoclation
eonstants have been found to be 3.5 x 107, and 1.7 x 3.03 liters/mole

r@ﬂm%i%]? *
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CONCLUSTION

The enzymatic myosin~-caleium-ATP system has been shown to

follow a rate law of the fom

kr[bivosinl o k,[Myosin]
= +
1e 3+t 1 1. 1 e _ 1 exgea 31w _1
B,[ATP] K, [Ca"] K [ATP] K [ATP) K, [ATP]

The determined econstants for the formation of the different
eomplexes are believed to be equilibrium constants. On this basis, the
thermodynamic functions (AH®, AS®, AF®) 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
calecium ion is an exothermic reaction and that it involved a small inersase
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'™ Have Peen found to be the same.

The equilibrium constant 1{3 for the formation of the myosin~
caleium-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-caleium-hydrogen and myosin-calcium-ATP-hydrogen.
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