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PREFACE 

The enzyme nomenclature in this thesis is in accordance 

with the recommendations of the Report of the Commission of 

Enzymes of the International Union of Biochemistry in that 

the recommended trivial names have b een used t h roughout, with 

the number given at the first mention of enzymes discussed. 

Temperatures are expressed in °C. 

Figures and tables are p resented on separate p ages, a 

particular figure or table following in most instances the 

page on which first reference to it has been made. The 

identification numbers consist of t wo parts: Roman n umerals 

indicating the c hapter, and Arabic numerals the number of 

the figure or table within t h e chapter. 

The following abbreviations are used: 

ADP 

ATP 

PA 

PC 

NADP 

DEAE

EDTA 

DCTA 

adenosine diphosphate 

a d eno s ine triphosphate 

phosphoarginine 

p hos phocreatine 

reduced nicotinamide-adenine 
dinucleotide 

nicotinamide-adenine dinucleotide 
phosphate 

diethylaminoethy l

ethy l e nediaminetetraacetic acid 

Trans-1 ,2-diaminocycloh exane-N, N,N' , N~ 
tetraacetic acid 
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In addition, abbreviations have been used to describe 

the computer p rogrammes of Cleland (1963 b ) which have been 

used to analyse the kinetic data : below are li sted t h e 

e q uations to which the individual p rogrammes fit t h e data 

along with the abbreviated names which have been u s ed. 

No. Eq uation Name Title 

1. VA 
hyperbola V - HYPER K + A 

2 . y - ax + b line LINE 

3. + bx + 2 
p arabola PARA y - a ex 

4. VAB 
sequential V -

K. Kb+K B+KbA+AB SEQUEN ia a mechanism 

5. VAB 
Ping-Pong V - K aB+KbA+AB mechanism PING-PONG 

6. V 
VA 

competitive -
K(l + I } + A inh ibition COMP -K. 

l 

7 • V 
VA 

non-competitive -
K(l+~. ) + A(l+~ .. ) inhibitio n NONCOMP 

lS ll 

8. V 
VA 

uncompetitive -
K + A (1 + I 

) inh ibition UNCOMP 
K. 

l 

9 . VA 
subs trate V -

A2 inhib ition SUBI NH 
K + A + K. 

l 
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INTRODUCTION 

The work reported in this thesis is concerned with the 

elucidation of the function of b ivalent metal i ons in t he 

reaction catalysed by creatine kinase, and with the deter 

mination of the mechanism of the arginine kinase reaction. 

For both projects a kinetic approach has been used. There

fore, the first part of this Introduction will deal briefly 

with the development and uses of steady-state kinetics as 

applied to reactions with one substrate and to reactions with 

t wo substrates and two p roducts. Then, since both k inases 

belong to t he class of enzyme known as phosphotransferases, 

and have an essential req uirement for a bivalent metal ion, 

the present state of knowledge with respect to this type of 

reaction will be discussed, as also will the current ideas 

concerning metal-activated enzymes. Finally, some attention 

will be paid to the b iological role of guanidino phosphotrans 

ferases. 

General Introduction 

In 1926, Sumner demonstrated the cataly tic p roperties of 

the crystalline protein, urease. Since t hat discovery, ex

tensive studies have been directed towards the elucidation 

of the mechanism by which certain proteins are a b le to accele 

rate markedly the rate of s pecific reactions. Accumulated 

evidence indicates that both substrate s pecificity and cata

lytic activity result from t he uniq ue t h ree - dimensiona l struc 

ture of the p rotein that allows formation of an active site 
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(Boyer, 19 6 3) . It is this site that has t he potential not 

only to bind specific molecules, but also, if certain strict 

structural requirements are met, to catalyse reaction b etween 

them. Koshland (1962) has calculated that the proximity and 

orientation effects brought about by this b inding are not in 

themselves sufficient to account for the large rate increases 

achieved with enzymic catalysis; the enzyme must, therefore, 

play an integral part in the reaction sequence. 

For an understanding of an enzyme-catalysed reaction 

therefore, it is necessary to know more than just the overall 

chemical reaction and the groups on the enz yme and sub strate 

responsible for binding at the active site. It b ecomes 

important to study the structural properties of the enzyme in 

relation to the active site; the manner o~ b inding of sub

strates, p roducts and inhibitors; the req uirement for specific 

activators or cofactors; the transition states through which 

the enzyme-substrate complexes pass during the reaction, and 

the rate constants for these individual step s lBoyer, 1960). 

While no single technique can p rovide all this information, 

kinetic studies, correlating the rate of t h e reaction with 

varying concentrations of substrates and inhibitors, can yield 

information about the order in which substrates are bound to, 

and products released from t he enzyme, the minimum nun.ber of 

transient complexes and t h e rate limiting step in the react ion. 

The Development of Enzyme Kinetics 

The present use of such measurements to gain information 
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about a reaction mechanism has its origin in the recognition 

that chemical reactions occur by means of a series of transient 

complexes formed between the reactants, and that the formation 

and breakdown of these complexes are time-dependent processes. 

Since early chemical studies were concerned with t h e discovery 

of new compounds and new reactions, it was not until the 

middle of the nineteenth century that attention was turned 

to the mechanism of these reactions. It was then that Laurent 

(1854) and Keku1~ (1858) suggested t h e idea of t he transient 

or intermediate state. The authors proposed that molecules 

came together during reaction to produce an unstab le comp lex 

which broke down to form products. At t his time, too, it 

was recognised (e.g. Williamson, 1851-1854) that measurement 

of the time taken for a reaction to occur wa s important for 

an understanding of t h e phenomena of reaction. Thus realistic 

rate e quations for chemical reactions were formulated. Then 

when it was realised that the same t wo basic princip les applied 

also to biochemical reactions, enzyme kinetics were able to 

develop. 

As pointed out by Segal (1959) in a discussion of the 

historical development of enzyme kinetic theory, it was 

Brown (1902) who realised that the formation of an inter

mediate enzyme-substrate complex, requiring a finite time to 

break down, could account for the limiting velocity attained 

with invertase at high concentrations of sucrose. These 

ideas were developed further by Henri (1903} who, assuming 
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that this complex was in rapid equilibrium with free enzyme 

and substrate, and that t h e concentration ot' the substrate 

was much greater than that of t h e enzyme, derived an e q uation 

which can be exp ressed in the familiar form: 

k (E ) (S) 
V -

K + S s 

The importance of Henri's work lies not only in the derivation 

of this e q uation but also in the formulation of the me t hod for 

the derivation of any enzyme rate e q uation. 

Michaelis and Menten (1913} used the same assumptions 

as had Henri to derive a similar rate e quatio n now a s s ociated 

with t heir names. In the formulation, 

V -
V S 

m 

K + S 
m 

V was taken to be the maximum velo city that could be attaine d m 

with a fixed concentration of enzyme at infinite sub strate 

concentration; K (Michaelis constant) was b oth t h e d i s s o ciam 

tion constant o f t h e enzyme-substrate complex and t h e c oncen

tration o f substrate req uired to give half maximum velocity . 

These authors also showed how values for t h e a bove k inetic 

constants could be o b tained from initial velocity data. 

It was later d e monstrated by Briggs and Haldane (1 923 } 

that the restrictive assumption of rap i d e quilibrium between 
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free enzyme, substrate and enzyme- substrate complex was 

unnecessary: it could be replaced by a more general steady

state assumption now in general use. This assumption i mplies 

that the concentration of intermediate complexes is essentially 

constant after a brief initial period and remains so over 

the period during which initial velocity measurements are 

made. While this does not result in any chang e in the form 

of the initial velocity e quation, the meaning of the Michaelis 

constant is altered so that it i s no longer a dissociation 

constant. 

The Michaelis-Menten equation adequately exp resse s the 

relationship between substrate concentration and initial velo

city of a reaction involving only one substrate. But with 

hydrolytic reactions in which two products are formed, it 

does not take into account the order in which they are released 

from the enzyme. Further, it is not applicable to reactions 

which have two or more substrates, although this point has 

not always been considered. 

Kinetics of Two-substrate, Two-product Reactions 

Analysis of two-substrate reactions was concerned f irst 

with the derivation of e q uations expressing the initial velo 

city of the reaction. It had been considered (Woolf, 1931), 

by analogy with the binary comp lex of one - substrate reactions, 

that such reactions proceeded by way of a ternary complex. 

Furthermore, when it was realized that two substrates could 

react in either an ordered or random manner to form this comp lex, 
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corresponding rate equations were derived (Segal et al., 1952; 

Alberty, 1953). These showed that random reactions give rise 

to non-linear kinetics unless the breakdown of the ternary 

complex is the rate-limiting step of the reaction. In the 

latter case, the initial velocity equation for such a rapid 

equilibrium, random reaction becomes the same as that for all 

other mechanisms which require the addition of both substrates 

before any product is formed (sequential mechanisms), including 

the Theorell-Chance mechanism in which the steady-state con-

centration of the ternary complex is very low. In addition 

to these mechanisms, it appeared from studies of transaminase 

reactions that two-substrate reactions need not proceed via 

a ternary complex, but that the product of the first substrate 

to react may be released from the enzyme before the second 

substrate is added. For this type of reaction (named Ping

Pong by Cleland, 1963a) Alberty (1953) derived a different 

initial velocity equation. 

Therefore, if the kinetics are linear, initial velocity 

data obtained in the absence of products suffice to categorize 

a reaction mechanism as either sequential or Ping-Pong; they 

also yield values for maximum velocities and Michaelis con

stants of all reactants, as well as inhibition constants 

of the reactants of a sequential mechanism that form non-central 

transitory complexes with the enzyme. In fact, the distinc-

tion between sequential and Ping-Pong mechanisms can be made 

most simply by varying the concentrations of the two substrates 
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at a constant ratio, and plotting the data as a double recip -

rocal plot. If the mechanism is sequential, the resulting 

plot will be that of a parabola, while if the mechanism is 

Ping-Pong, the plot will be linear (Morrison and Cleland, 

1966). 

For a reaction with two substrates and two p roducts, 

the elucidation of the mechanism requires an investigation 

of all the steps occurring from the addition of the first 

substrate through to the release of the second product and 

the formation again of the enzyme form with which the substrates 

react. This knowledge cannot be obtained from analysis of the 

initial velocity e q uation. The value of p roduct inhibition 

studies in this regard has been pointed out by a number of 

authors including Alberty (1958), Fromm and Nelson (1962) and 

Cleland (1963a). As indicated by Cleland (1963a) the product 

inhibition pattern pertaining to a particular mechanism is 

most easily found by deriving the comp lete rate e q uation for 

that mechanism, and then altering the e q uation by setting 

the concentration of each reactant, in turn, to zero. To 

formulate a full rate e quation, it is necessary to p ropose 

a series of reactions leading from sub strates to products, 

write individual rate equations for each step consistent with - ,.., 

the law of mass action, and solve t h e series of e quations 

for the velocity of the reaction by assuming, where possible, 

that steady-state conditions exist. The derivation is 

simplified by the use of the methods of King and Altman (1956) 
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and Volkenstein and Goldstein (1966). The full rate e quation 

for two-substrate, two-product reactions expres s ed in indivi

dual rate constants is unwieldy, and not easi ly amenable to 

laboratory analysis. Therefore various systems have been 

devised for collecting rate constants into groups, a nd t hus 

expressing the e quation in terms of discrete, measurab le 

kinetic constants. Examples of these methods are found in 

Dalziel (1957), Hearon et al. (1959), Alberty (1958), Cleland 

(1963a) and Dixon and We bb (196 4 , p .70}. 

Methods for the Analysis Cf Kinetic Data 

To ascertain the possible mechanism of a particular 

reaction, experimental data are analysed for consistency 

with the rate equation of the proposed mech anism and for 

inconsistency with those of other mechanisms. Evaluation 

of the kinetic parameters of an e quation is achieved by 

means of the simple linear method po pularized by Lineweaver 

and Burk (1934), and extended to two-substrate reactions 

by Florini and Vestling (1957). Variations of the simple 

reciprocal velocity against recip rocal substrate concentration 

have been introduced. Recently an analysis of the comparable 

accuracy of the different method s of p lotting h as been given 

by Dowd and Riggs (1965) who, while demonstrating t he rela

tive inaccuracy of the Lineweaver-Burk p lot, note t hat i f 

proper statistical methods are utilized to fit the data, 

the method of presentation of plots becomes unimportant. Com

puter programmes have be-en written to make such a fit (Cleland, 

1963b) . 
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Haldane Relationsh i p s 

It was first shown by Haldane (1930} that t h e k inetic 

parameters thus evaluated are not independent, but are related 

to one another and to the equilibrium constant of the overall 

reaction. This relationship may be exp ressed in general 

form (Cleland, 1963a) as: 

K e q 

Vn K K 
2 (a) (b) 

Evaluation of the Haldane relationships p redicted by different 

rate equations using experimentally determined kinetic consta nts 

may help to decide which particular reaction mechanism is 

app licable (Alberty, 1953; Dalziel, 1957}. A larg e number 

of constants is involved, however, and a ny one of t h e m may 
• 

be slightly in error, so it is difficult to o btain a defini-

tive answer. As pointed out by Cleland (1963a), the greatest 

value of such calculations is in discovering isomerizations 

of transitory comp lexes from discrepancies between the cal 

culated and observed values of the e quilib rium consta nt. 

Isotop e Exchange Studies bf Reaction Mechanisms 

Isotop e exchange studies have been used since the p ioneer 

experiment of Duodoroff, Barker and Hassid (1947) to show 

that a .reaction occurs b y a Ping-Pong mechanism and to indi

cate the possible existence of a stab le enzyme-bound inter-

mediate. Boyer (1960) has warned that the demonstration of 

partial exchange reactions is not p roof for the p resence o f 
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a reaction intermediate that is covalently bound to the 

enzyme; but a reaction occurring by means of such an inter

mediate would necessarily consist of t wo s e p arate e quilib ria 

demonstrable by means of isotope exchange. Boyer (1959) 

has also introduced the technique of measuring the rate of 

isotope exchange of a reaction at or near e q uilibrium. The 

rate of exchange of isotop e between reactants is measured as 

the concentrations of a like pair of reactants are raised 

simultaneously, and since different mechanisms yield different 

patterns, a distinction can be made between them. 

As a result of the a pplication of these kinetic p roce

dures, the reaction mechanism of a number of two-substrate, 

two-product reactions has been established, and rep resentative 

examp les are listed in the accompanying Table. 

Metal Ions and Enzymic Catalysis 

Binding of the Metal to the Prot~in 

Many enzymes depend for activity on the p resence of a 

metal ion. Such enzymes have been divided into two broad 

categories, metalloenzymes and metal-enzyme comp lexes, accor 

ding to the strength of binding of the metal to the enzyme 

(Vallee, 1955). But Vallee has stressed the o perational 

character of the definition, which is based solely on the 

results of enzyme isolation and is not intended to imp l y 

functional differences. 

Metalloenzymes refer to those proteins containing func

tional metal atoms which are bound firmly enough to remain 



TABULATION OF SOME ENZYMES AND THEIR PROPOSED REACTION MECHANISMS AS WELL AS TI:IE KINETIC 

METHODS USED FOR THE DETERMINATION OF THESE MECHANISMS 

Enzyme 

Alcohol Dehydrogenase 
( EC . 1 . 1 . 1 . 1 ) . 

Lactate Dehydrogenase 
(EC. 1. 1. 1. 2 7) 

Hexokinase 
(EC. 2 • 7 . 1. 1) 

Creatine kinase 
(EC. 2 • 7 • 3 • 2) 

As partic transaminase 
( EC . 2 . 6 . 1 . 1 ) 

Nucleoside Diphospho
kinase (EC. 2.7.4.6) 

Reaction 
Mechanism 

Ordered 
Bi Bi 

* 
Iso Theorell 

Chance 

Rapid 
Equilibrium 

Random 

Rapid 
Equilibrium 

Random 

Ping-Pong 

Ping-Pong 

Method 

Product Inhib ition 

Isotope Exc hange Rates 

Product Inhibition 

Isotope Exch ange Rates 

Product Inhibition 

Isotope Exchange Rates 

Product Inhibition 

Isotope Exchange Rates 

Initial Velocity & Product 
Inhibition 

Initial Velocity & Alter
native substrates 

Reference 

Wratten & Cleland, 19 63. 

Silverstein & Bo yer, 1 964a. 

Zewe & Fromm , 1962 ; 1965 ; 

Silverstein & Boyer, 1964b. 

Fromm & Zewe, 1962. 

Fromm et al., 1964. 

Morrison & J a mes, ·1965. 

Morrison & Cleland, 1966. 

Henson & Cleland, 1964. 

Mourad & Parks, 1 966. 

* The results are consistent also with a random mechanism in whic h dissociation of coenzyme 
from the b inary complex is favoured over dissociation from the ternary complex. 
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associated with the protein throughout isolation procedures, 

and to be present in the final purified material in stoichio-

metric amounts relative to the protein. The ratio of the 

number of atoms of metal to the number of molecules of p rotein 

is a small integer. The metal is usually bivalent and is 

chelated by ligands containing sulphur, nitrogen and oxygen 

(Vallee and Coleman, 1964). And so it is in keep ing with 

the known ligand-binding p roperties of the metal to find that 

the essential zinc of carboxypeptidase A (EC. 3.4.2.1) appears 

to be bound to the thiol group o f the only cys tein e residue 

and to the terminal amino group of the N-terminal asparagine 

(Coombs et al., 1964), while one of the ligands of the zinc 

of carboxyp e p tidase B (EC- 3.4.2.2 1 would also seem to b e a 

cysteine residue (Wintersberger et al., 1965). 

As a result of either thermody namic or k inetic factors, 

the dissociation constant of the metalloenzyme complex is 

essentially zero. Hence the metal can be constdered a s a 

stable part of the protein structure and need not be considered 

during kinetic studies to elucidate the order oi substrate 

binding and p roduct release. 

The general name metal-enzyme complex h~s been g iven 

to all enzymes which, after isolation, require the a ddi tion 

of a metal ion for maximum activity. Metal ions that ma y 

be associated with the p rotein in vivo tend to dissociate 

during purification procedures, so that, since the final 

p roduct does not contain stoichiometric amounts of functional 
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metal, it is not apparent which is the metal ion activating 

. . 
ln VlVO. Because of the high dissociation constants it 

becomes much more difficult, too, to ascertain the characte

ristics of enzyme-metal interaction, or indeed to determine 

whether or not direct enzyme-metal interaction is necessary 

for catalytic activity. From investigations of t h is point 

2+ utilizing the p aramagnetic property of Mn to measure metal -

protein interactions, Cohn (1963) has p roposed that enzymes 

Vallee classified generally as metal-enzyme comp lexes can 

themselves be subdivided into two groups: 

(1) enzymes for which it is possible to demonstrate a strong 

enzyme-metal binding; 

(2) enzymes with low affinity for free metal ions. 

It has therefore been concluded tentatively that enzymes of 

group (1) function as enzyme-metal complexes, while t hose 

of group (2) function as free enzymes cataly sing reactions of 

metal-substrate comp lexes. An interesting coroll a r y i s the 

ability of ca
2+ to activate enzymes belonging to group (2) 

but not those belonging to group (1). Wh i le only a limited 

number of enzymes has been examined, no excep tion has yet 

been found to the generalization that enzymes which react 

2+ strong ly with activating metal ions are not activated by Ca . 

It does not follow, however, that the group (1) enzymes must 

react first with the metal ion before they are a b le to bind 

substrates at the active site. Substrates for these enzymes, 

as for those of g roup (2), react non-enzymically with meta l 
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ions forming metal-substrate comp lexes, so that the reaction 

mixture contains free metal ion, free substrates ~nd met~l~eub~ 

strate comp lexes, with the concentration of the various ionic 

s pecies depending not only on total concentrations of reactants 

but also on the pH , ionic strength, and stability constants 

of the comp lexes. It is possible for a ternary complex of 

enzyme (E), metal (M) and subs trate (S) to b e f ormed in any 

of the three ways illustrated: 

E ~ EM~MS 

. ES ~ 

and there is no evidence y et t hat strong metal-enzyme binding 

is indicative of an ordered p athway with the metal as the 

first reactant. Indeed, k inetic measurements of the reaction 

cata lysed by inorganic pyrophosphatase (EC. 3.6.1.1) from 

E. coli are consistent with a mechani s m in whi ch a 1:1 complex 

of Mg
2+ and pyrophosphate, rather than the pyrophosphate ion, 

is t h e active form of t h e s ubs trate (Jo sse , 1966}, although 

2+ pyrophosphatases are not activated by Ca and appear to 

. 2+ l 
bind Mn strongly (Cohn, 196 ~). An a dditional activating 

effect by direct Mg -enzyme interaction is not indicated but 

cannot be ruled out. 

While various k inetic e q uations have been written to 

distingui sh b etween metal -enz yme and metal-subs trate reactions 

(e.g. Dixon & Webb, 1964, p .429), it seems difficult in prac-

tice to obtain uneq uivocal results by these means. If, . in 

fact, the formation of the ternary EMS complex is an entirely 
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random reaction (as has been suggested for pyruvate kinase 

(EC. 2.7.1.40) by Mildvan and Cohn, 1965) and none of these 

steps is rate limiting, then the distinction becomes fairly 

arbitrary. Perhaps any subdivision of metal-enzyme complexes 

based on the strength of metal-enzyme binding should be con 

sidered - like the original division into metalloenzymes 

and metal-enzyme complexes - of purely operational value 

giving little indication of the real function of the metal 

ion. 

Function of the Metal Ion 

A detailed explanation of the role of a metal ion in 

any particular enzymic reaction cannot yet be given. Never-

theless, evidence accumulated from studies of various enzymes 

points to the possible importance of functions such as: 

(1) stabilization of the tertiary structure of the p rotein 

in an active conformation; 

(2) participation in the binding of substrates at the active 

site; 

(3) activation of the enzyme-substrate(s) complex by means 

of the electrophilic property of cations; 

(4) participation in oxidation - reduction reactions by 

undergoing a valency change during the reaction (Vallee & 

Coleman, 1964). 

These are not mutually exclusive, so that a me tal may serve 

more than one function in any reaction. For instance, carno-

sinase (EC. 3.4.3.3) would seem to req uire metal ions both 

to stabilize and to activate the enz yme, and from kinetic 
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studies and from the different metal ion s pecificities for 

the two functions it a ppears that two sites are present 

) 2+ b 'd 1 (Rosenberg, 1960 . The Zn · of car oxyp e p t1 ase B may a so 

stabilize the protein structure since the a poenzyme is stable 

under only very limited conditions (Wintersberger et al., 

1965). 

The idea that the metal was important for the binding 

of the substrate was postulated by Hellerman and Perkins 

(1935) and developed by Smith to exp lain the metal ion 

req uirement of several peptidases (Smith & Spackman, 1955). 

Smith suggested that enzyme action took p lace through the 

formation of a ternary enzyme-metal-substrate complex, with 

the metal chelated to both enzyme and substrate, and tha t 

lysis resulted from the weakening of t h e p e p tide bond by 

the electrophilic p roperty of t h e metal ion. This idea 

has received considerable popularity because it is consistent 

with the known p roperties of t he activating ions (Wi lliams, 

1959), but there is little di rect evidence to s upport it. 

It need not be necessary for t h e metal to form a bridge 

between enzyme and substrate. Instead, it is possible that 

it is bound either to one or the other in a po s i t ion suitable 

t o influence the electronic environment of the active c omplex 

(cf. Mahler, 1961, p . 839; Vallee & Coleman, 1964, p .229). 

The d iscovery that metals can be remove d from some 

metalloenzymes to form stable a poenzymes, which c an b e re 

activated, is help ing to delineate t h e role of the me t a l ion 
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in these enzymes. The p reparation of stab le but inactive 

apoenzymes, as has been achieved with carboxype p tidas e A 

(Coleman & Vallee, 1961) and carbonic anhy drase (EC. 4.2.1.1) 

(Lindskog & Malmstrom, 1962}, indicates the absolute req uire -

ment for the metal for catalytic activity . Wi th these p re -

p arations it is possible, also, to incorp o r ate d ifferent 

metals into the apoenzyme p roducing in some cases active, 

and in other cases inactive enzyme. Thus the zn 2+ o f both 

carbonic anhydrase (Lindskog & Malmstrom, 1 9 621 and a lkaline 

p hos phatase (EC. 3.1.3.1) (Placke & Vallee, 1 962) can be 

replaced by co 2+ with the retention of considerable activity , 

while cu2+ produces inactive comp lexes. The Cu-comp lex of 

carboxyp e p tidase A is also found to b e inactive having neither 

the peptidase nor the esterase activity of the native Zn -

enzyme. The importance of the p roperties of the metal ion 

for both these activities i s borne out by t h e effects that 

replacement of zn 2+ by other metal s has on the t wo activities . 

F . 2+ 2+ d .2+ or instance, Mn , Co an Ni restore both p e p tidas e a n d 

esterase activity , with the Co- and Zn - enzymes being more 

active towards carbobenzoylgly c y l-L-phenylalanine (b ut not 

towards other substrates) than the native enzyme. Hg 2+, 

Cd
2+ and Pb

2+ restore only esterase activi ty , but in no c a se 

does substrate binding seem to be affected seriously (Vallee, 

1961). 

In contrast to these examp le s in which the a poenzyme c a n 

be reactivated by a variety of metal ions, the a poenz yme of 
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a cu2+-containing enzyme such as cerulop la~min can only be 

restored with cu2+ and not with other b ivalent metal ions 

(Morell & Scheinberg, 1958). Th is result is compatible 

with the evidence put forward b y Broman et al. (1963) t hat 

the catalytic activity of ceruloplasmin involves reduction 

2+ of the Cu by the substrate and reoxidation by o2 . If t h e 

biological role of cu2+ in metalloenzymes involves a direct 

participation in oxidation - reduction reaction s , it is not 

surprising that a poenzymes are not reactivated by metal i ons 

that do not undergo a reversible valency change. 

Mechanism and Metal Activation of Phosphotrans fer a se Reactions 

Phosphotransferases can be classified as those enzymes 

which catalyse the reversible transfer of t h e terminal phos 

phoryl group of a nucleoside triphosphate to an accep t o r mole 

cule (Bock, 1960) since, in all the phosphotransferas e reactio n s 

that have been investigated, bond cleavage occurs between t h e 

X-P and bridge O of the nucleotide (Cohn, 1959). Th is e n zyme-

catalysed transfer requires the add ition of a b ivalent me tal 

ion, so that the enzymes belong, by Vallee's criterion, t o 

the class of metal - enzyme comp lexes. This req uirement is 

2+ 2+ met in all cases by either Mg or Mn and in some cases by 

other b ivalent metal ions such as co 2+ or ca 2+. In a d d i t i on, 

the requirement for a monovalent cation for pyruvate kinase 

has been recognised by Boyer et al. (19 42), while cert ain 

ATPases (EC. 3.6.1.3) h ave been shown to require both Na+ 

and K+ in addition to Mg 2+ (Skou, 1957). 
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Because of the ability of nucleotides to chelate strongly 

with bivalent cations that activate p hosphotransferases 

(Burton, 1959; O'Sullivan & Perrin, 1964)., it has been sug 

gested that these metal-nucleotide complexes might be the 

true substrates of the reactions (e.g. Hers, 1952). This 

is difficult to ascertain since the metal ion may form a 

complex with the enzyme as well as one with the nucleotide, 

and the rate of ligand exchange reactions on bivalent cations 

such as Mn 2+ 
Mg 2+ 

and Ca 2+ 
very much rapid than I are more 

the maximum velocity of these enzymic reactions (Connick & 

Poulson, 1959; Hammes & Levison, 1964). It can be s aid, 

however, that kinetic studies p erformed to date are consistent 

with the proposal that metal-nucleotide complexes are sub

strates for phosphotransferase reactions. 

While the order (if any) of metal ion and nucleotide 

binding has not yet been established, detailed kinetic studies 

have been carried out with several enzymes to determine the 

order in which organic substrates combine with 2nd the p roducts 

leave the enzyme. These indicate that reaction can occur by 

one of two mechanisms: (a). Seq uential, in which the phosphory l 

group is transferred directly from donor to acceptor while 

both are on the enzyme; and (b} Ping - Pong, in which the p hos 

phoryl group is transferred first to the enzyme to form a 

phosphoenzyme intermediate and then to the accep tor. 

These general findings can best be illustrated by refe 

rence to some of the specific kinetic data that have been 
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obtained with phosphotransferases. For example, the reac-

tion catalysed by yeast hexokinase has been shown by initial 

velocity measurements carried out in the p resence of products, 

analogues or alternative substrates to have a rapid e q uili-

b · d t· h · h Mg 2+ i's used as the riurn, ran om reac ion mec anism wen 

activating ion. Qualitatively similar results were obtained 

when Mn
2

+ was used instead of Mg 2+, emphasizing t hat a c h ange 

in the activating ion did not alter the reaction mechanism 

(Fromm & Zewe, 1962 ; Zewe, Fromm & Fabiano, 1964). This 

mechanism has been confirmed by Fromm, Silverstein and Boyer 

(1964) who measured isotope exchange rates at e q uilibrium 

and found that high concentrations of one substrate - p roduct 

pair did not inhibit the rate of isotope exchange between 

the other pair. The initial velocity data were mainly 

obtained with the nucleotide, ATP, p resent as the metal-ATP 

complex. 2- 2 -The consideration of MgATP and MnATP as sub -

strates is in accord wi th the observation from nuclear mag 

netic resonance studies that Mn 2+ appears to have a low 

affinity for yeast hexokinase (Cohn, 1963). 

In contrast to the results with h exokinase, nuclear 

magnetic resonance measurements have indicated that pyruvate 

kinase binds the activating ion Mn 2+ strongly (Cohn, 1963; 

Mildvan & Cohn, 1965), b ut the difference in metal binding 

between hexokinase and pyruvate kinase may not be p aralleled 

by a difference in reaction mechanism. Binding studies 

(Rey nard et al. 1 961) de~onstrated sep arate sites for nucleo 

tide and non-nucleotid e substrates, and from t his finding 
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and from initial velocity measurements in the absence and 

presence of products it was concluded that the reaction mecha -

nism is also a rapid equilibrium, random one. It should b e 

pointed out, however, that the product inhibition experiments 

with ATP as an inhibitor were carried out without regard to 

2-MgATP formation. Thus the results are comp licated by 

the reduction in MgADP concentration and the concomitant 

increase in ADP
3
-; both effects could contribute to the 

inhibition. The same problem arises with the work of Mildvan 

and Cohn (1965) in which concentrations of free Mn 2+ and of 

total ADP were treated as substrates with the result that 

replots of slopes and intercepts are non-linear. The con-

clusion of Reynard et al. (1961) that the reaction is rapid 

equilibrium, random, has been q uestioned by Melchior (1966) 

since a double reciprocal p lot of the initial velocity against 

the concentration of MgADP was found to be non - linear. The 

curve appears to be a hyperbola of a 2/1 nature (Cleland, 1963c) 

suggesting alternative reaction p athways, that is, that the 

reaction when studied in the direction of ATP formation ma y 

be random, but not rapid e quilibrium. The overall conclusion 

would seem to be that the problem of the mechanism of the 

reaction catalysed by pyruvate kinase has not yet been resolved. 

In s p ite of the uncertainty about the mechanism of the 

pyruvate kinase reaction, it is clear that this enzyme, as 

well as yeast hexokinase and creatine kinase (Morrison & James, 

1965; Morrison & Cleland, 1966; see also below p .27) cata -
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lyse sequential reactions. On the other hand, initial velo-

city measurements of the reaction between ATP and glucose 

catalysed by hexokinase from calf brain (Fromm & Zewe, 1962) 

and rat skeletal muscle (Hanson & Fromm , 1965) would a ppear 

to indicate that both reaction occur by a Ping-Pong mechanism. 

But clearly the reaction mechanism is more comp lex than a 

basic Ping-Pong, to judge from the typ e of inhibitions 

caused by products and substrate analogues. Though it would 

seem very likely that a phosphotransferase reaction with a 

Ping-Pong mechanism would have a phosp hoenzyme as an inter

mediate, the authors were unable to demonstrate a partial 

14 exchange reaction between C-glucose and g lucose-6 -phosphate 

and thus proposed instead a glucose-enzyme as an intermediate. 

Subseq uently, they have been unable to demonstrate any ex

change reactions with the complete reaction mixture at e quili -

brium (Fromm, H.J., personal communication}. It follows 

then that the failure to demonstrate the exchange of g lucose 

is not an argument against the existence of a p hos phoenz yme 

as a reaction intermediate in the reactions cataly sed by 

these mammalian hexokinases. 

Good evidence for a phosphoenzyme intermediate in a 

Ping-Pong reaction mechanism has b een p resented by Mo u r a d 

and Parks (1965) in a stu~y of the reaction cataly sed by 

nucleoside diphos phokinase from erythrocytes. The mechanism 

of the reaction was investigated by initial velocity stud ies 

i n the absence and p resence of an alternative substrate and 
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of 5'-monophosphate nucleotide inhib itors (Mourad & Parks, 

1966); the phosphoenzyme was then isolated. While the 

amino acid residue to which the phosphoryl group is attached 

has not yet been identified, it may b e relevant that phospho

histidine has been detected in the nucleoside diphosphokinase 

purified from Jerusalem Artichoke mitochondria (Norman et al., 

1965). In the course of t heir initial velocity studies 

Mourad and Parks found that high concentrations of t h e nucleo

side diphosphate substrates caused inhib ition of the reaction. 

Substrate inhibition is a feature common to several enzymes 

with Ping-Pong mechanisms. It has, for instance, been noted 

in studies of p ig heart aspartic transaminase (Velick & Vavra, 

1962; Henson & Cleland, 1964) and of p ig heart a lani ne trans

aminase (EC. 2.6.1.2) (Bulos & Handler, 1965). 

It is becoming app arent from studies of phosphotrans

ferases that a similarity in c hemical reaction i s no guarantee 

of a similarity in enzymic reaction mechanism. The mechanism 

is a property of the enzyme, and therefore cannot b e deduced 

by analogy with t he mechanism of another reaction between 

chemically similar compounds. It is necessary to carry out 

detailed kinetic studies on individual e nzymes to elucidate 

the way in which sub strates and inhibit o rs react at the 

active site. When this understanding c a n be couple d ' with 

a k nowledge of t he chemi s try of the active sites, it s hould 

reveal whether or not any b a s ic princip le of phosphotrans

ferase reaction mec hanism -exists. 
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Phosphorylated Guanidines and Guanidino 

Phosphotransferases 

Distribution of Phosphorylated Guanidines 

23. 

Distributed throughout the animal kingdom is a group 

of N-phosphorylated guanidine derivatives that have b een 

given the trivial name of phosphagens. The first of these 

was discovered in skeletal muscle by Eggleton and Eggleton 

(1927), and isolated and i dentified as phosphocreatine by 

Fiske and SubbaRow (1929). Subsequently other phosphagens 

have been discovered: phosphoarginine in crayfish muscle 

(Meyerhof & Lohmann, 1928); phosphotaurocyamine and phos

phoglycocyamine in the marine worms, Arenicola marina and 

Nereis diversicolor, respectively (Thoai et al., 1953) ; 

pho s pholombricine in the earthworm Lumbricus terrestris 

(Thoai & Robin, 1954); phosphohypotaurocyamine in the 

Gephyrian, Phascolosoma vulgara (Robin & Thoai, 1962) ; and 

phosphoopheline in the polychete, Ophelia neglecta (Thoai 

et al., 1963). The general chemistry and distribution of 

the phos phagens have been summarized by Morrison and Ennor 

(1960). Although the original finding of phosphocreatine 

in vertebrate muscle and phosphoarginine in invertebrate 

muscle led to the idea that the d istribution of the phos 

phagen s might b e of use as a phylogenetic criterion, 

neither t h e · survey by Ennor and Morrison ( 1 9 5 8) , nor the 

more recent analyses by Virden and Watts (1964) and by Thoai 

and Robin (1965) indicate any simple relationship between 

the phosphagen(s) and kinase(s) present and evolutionary 
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Function of Phosphagens 

While highly purified preparations of both alka line a nd 

acid phos phatases (EC. 3.1.3.2} have been s hown to hydr o l y se 

phosphagens (Morrison et al., 195 8 ; Morton, 1955), t h e main 

bio logical function of phosphagens would seem to involve the 

phosphotransferase reactions catalysed by s peci f ic guanidino 

kinases (Morrison & Ennor, 1960). Moreover, since the orig i na l 

isolations of phosphocreatine and phosphoarg inine a nd of crea tine 

kinase and arginine kinas e (EC. 2.7.3.3) (Lohmann, 1 934; 1 935) 

were made from muscle tissue, t he b iolog ical rol e s of bo t h 

phosphagens and of t heir kinases h ave been considered in 

terms of muscular contraction. Early experiments with 

iodoacetate-poisoned frog muscle s howed that the energy for 

contraction was supplied by pho sphocreatine breakdown; pho s

phoarginine was shown to p lay a similar role in cru stacean 

muscle (Lundsgaard, 1930; 1931}. Recent work, however, i n 

which the creatine kinase of f rog muscle was poisoned with 

l-fluoro-2,4-dinitrobenzene has p rovided good evidence t hat 

t he direct energy source for muscle contraction is ATP which 

is hydrolysed by an ATPase to ADP and Pi and t hen reconsti

tuted by the action of either a denylate k inas e (EC . 2.7. 4 .3) 

or creatine k inase (Davies, 1 965}. Thus phosp hocreatine, 

and presumab l y other phos phagen s, can b e cons i dered a s a 

store of energ y inside a muscle cell. I t is known, t hough , 

that phosphocreatin e and c r eatine k inase are widely d istri 

buted throughout the animal body where their function i s 
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unknown (Morrison & Ennor, 1960; Kuby & Noltman, 1962). 

The enzyme has been purified from ox brain (Wood , 1963) and 

enzyme activity has also been found associated with mitochon-

dria (Jacobs et al., 1964). The finding that creatine 

kinase bound to pigeon breast mitochondria requires extra

mitochondrial nucleotides suggested to Be ssman and Fonyo 

(1966) that the enzyme could be important for the regulation 

of respiration especially in response to muscular activity. 

Similar studies of the distribution ofother phosphagens and 

their kinases have not been carried out, but it would seem 

reasonable, by comparison, to consider them to have a 

more general function than just an energy store for muscular 

contraction. 

General Properties of Guanidino Phosphotransferases 

Reference has been made to the discovery of creatine 

kinase and arginine kinase which were found in vertebrate 

and invertebrate muscle respectively. Kina$e$ specific 

for the other known phosphagens have been discovered, puri

fied and partially characterized by van Thoai and his colla

borators in a series of papers as tabulated below : 

Enzyme 

glycocyamine kinase 
(EC. 2.7.3.1) 

taurocyamine kinase 
(EC. 2.7.3.4) 

Source 

Ne phthys 
coeca 

Arenicola 
marina 

Reference 

Thoai, 1957; Pradel, 
Ka ssab & Thoai, 1964. 

Thoai, 1957; Thoai & 
Pradel, 1962a, b; 
Kassab, Pradel & Thoai, 
1965. 
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Enzyme 

lombricine kinase 
(EC. 2.7.3.5) 

hypotaurocyamine 
kinase 
(EC. 2.7.3.6) 

opheline kinase 

Source 

Lumbricus 
terrestris 

Phascolosoma 
vulgara 

Ophelia 
neglecta 

26. 

Reference 

Kassab, Pradel & Thoai, 
1965. 

Thoai, Robin & Pradel, 
1963; Thoai, Kassab 
& Pradel, 1965. 

Thoai, di Jeso, Rob in 
& der Terrossian, 1966. 

From the experimentally determined molecular weights of 

81,000 for creatine kinase (Noda et al., 1954} and of 43,000 

for arginine kinase from crab muscle (Elodi & Szorenyi, 1956}, 

the molecular weights of taurocyamine kinase, hypotauro 

cyamine kinase, glycocyamine kinase and lombricine kinase 

have been estimated by gel filtration to be in the range 

70,000 - 90,000 (Thoai, Kassab & Pradel, 1965). All guani -

dino kinases are sensitive to sulphydryl reagents, and, with 

the exception of arginine kinase from the Australian sea- cray

fish, Jasus verreauxi (Morrison et al., 1957), are activated 

b M 2+ 2+ d C 2+ y g , Mn an a . The pH optima in the direction of 

ATP formation are in the vicinity of p H 7.0 and in the 

direction of ATP breakdown in the range pH 8.4 - 9.0. 

Mechanism of Creatine and Arginine 

· Kinase Reactions 

Since creatine kinase and arginine kinas e are the t wo 

enzymes with which this Thesis is concerned , and since the 

work with creatine kinase is dependent on a knowledge of the 

reaction mechanism while that with arginine kinase is con

cerned with the elucidation of the mechanism, a brief 
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(a) Creatine Kinase 

27. 

Creatine kinase was isolated and crystallized from rabbit 

muscle by Kuby, Noda and Lardy (1954), and it is with enzyme 

from this source that studies of mechanism have largely been 

carried out. The existence of separate binding sites for 

nucleotide and guanidino substrates was demonstrated by 

thermodynamic studies (Kuby, Mahowald & Noltmann, 1962). 

This result suggested that the enzyme might have a random 

mechanism. From kinetic studies it was shown that the 

magnesium complexes of the nucleotides were able to act as 

substrates, while the guanidino substrates react as uncom

plexed species (Kuby & Noltmann, 1962, p.576, p.553), and 

so experiments designed to elucidate the mechanism were 

performed with the Mg-nucleotide comp lexes and the free 

guanidino compounds as substrates. Product inhibition 

experiments (Morrison & James, 1965) and measurements of 

isotope exchange rates at equilibrium (Morrison & Cleland, 

1966) verified the conclusion from binding studies and early 

kinetic studies (Kuby & Noltmann, 1962), indicating that 

the reaction mechanism is indeed a rap id e quilibrium, random 

one. 

(b) Arginine Kinase 

Insufficient data are available to indicate the mechanism 

of the reaction catalysed by arginine kinase. Moreover, 

while studies of creatine kinase have nearly all been done 

with enzyme from rabbit muscle, studies of arginine kinase 
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have been done with enzymes p repared from several different 

members of the crustacean class and there is no indication 

that the results are relevant one to another. For instance, 

in addition to the variation in cation activation mentioned 

above (p.26), the two preparations whose molecular weights 

have been measured have been found to differ: the molecular 

weight of the enzyme from crab a ppears to be 43,000 (Elodi 

& Szorenyi, 1956) and that of enzyme from the lobster, 37,000 

(Virden et al., 1966). 

Hence for a study of the mechanism of the reaction cata

lysed by arginine kinase from the sea-crayfish it is interes

ting, but may not be relevant, that initial velocity measure 

ments of phosphoarginine formation at varying concentrations 

of arginine and MgATP
2

- indicate t h at the lobster enz yme 

catalyses the reaction by means of a seq uential mechanism 

(Virden, Watts & Baldwin, 1965). Some kinetic studies have 

already been performed with a partially purified prep aration 

from the sea-crayfish (Griffiths et al., 1 957), but since 

only one substrate wa s varied in any one experiment , and 

since allowance was not always made for the non - enzymic 

formation of Mg-substrate comp lexes, they are insufficient 

to give any indication of the reaction mechanism. 
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CHAPTER I 

THE FUNCTION OF BIVALENT METAL IONS IN THE REACTION 

CATALYSED BY ATP:CREATINE PHOSPHOTRANSFERASE 

INTRODUCTION 

The reaction catalysed by creatine k inase has an essen

tial requirement for a b ivalent metal ion and t h is may be 

met by Mg 2+, ca2+, Mn 2+ or co 2+ (Kuby & Noltmann, 1962). 

The function of the metal ion in the catalytic p rocess has 

not been established, and any kinetic studies desig ned to 

investigate this question are comp licated b y the a b ility of 

the metal ions which activate the enzyme to undergo non-enzy

mic reaction with the fully ionized forms of the nucleotide 

substrates to yield complexes of the t ype MATP 2 - and MADP . 

This difficulty has been overcome in the study of t h e 

2+ · d . h h k 1 h h Mg -activate enzyme wit t e now edge tat t ese comp l e xes 

can function as substrates for the reaction as also can t h e 

free forms of phosphocreatine and creatine (Kuby & Noltmann, 

1962, p p .576, 553), so that the reaction ma y b e considered 

to be bireactant and written as: 

2-MgATP + creatine ,======~' MgADP + 
2 -phosphocreatine 

Moreover, the a pparent stability constants for these comp lexes 

have been measured under conditions suitab le for kinetic 

studies (O'Sullivan & Perrin, 1964). Therefore, it has been 

possible to investigate the mechanism of this reaction by 

measurements of p roduct inhibition (Morrison & James, 1965) 
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and isotope exchange rates (Morrison & Cleland, 1966), and 

these experiments have shown that the reaction has a rap id 

e q uilibrium, random mechanism. This means that the enzyme 

possesses two distinct sites, one for the nucleotide and the 

other for the guanidino substrate and the slowest step in 

the reaction sequence is the interconversion of the central 

complexes. Since O'Sullivan and Perrin (19641 have obtained 

2+ 2+ values also for the Ca and Mn complexes of ATP and ADP 

under the same conditions, it should be possible to analyse 

h k . . f h . h 2+ C 2+ 2+ . t e inetics o t e reaction wen Mg , a or Mn is 

used as the activating ion. 

Comparative studies have been made of the effect of 

various bivalent metal ions on the kinetics of the reaction 

by Rosenberg and Ennor (1955) and by Cho, Haslett and Jenden 

(1960), and it has been shown b y Cho et al. and b y Watts 

(1963) that higher concentrations of the activating ions can 

give rise to inhibition. It is difficult, however, to 

reach any firm conclusions from these results even in the 

light of the known reaction mechanism, since no allowance 

was made for the complexing of the metal ions by the reaction 

components. 

While the elucidation of the mechanism has shown that the 

formation of an enzyme-Mg-nucleotid e complex can be p art of the 

reaction sequence, it does not indicate whether this complex 

involves a direct interaction of metal ion and enzyme. The 

equilibrium dialysis studies of Kuby et al. (1962} with Mg 2+ 
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and the nuclear magnetic resonance studies of Cohn (1963} 

with Mn 2+ indicated only weak binding between these ions and 

creatine kinase. Therefore, it has been suggested (Cohn, 

1963) that the metal ion does not function by forming a bridge 

between enzyme and nucleotide. Mg-enzyme interactions have 

also been examined kinetically by measuring the inhibition 

caused by high concentrations of Mg 2+: inhibition is non

competitive with respect both to Mg-nucleotide and to guanidino 

substrates, indicating that, while Mg 2+ can combine with the 

enzyme so as to reduce the initial velocity of the reaction, 

this comb ination is not at the Mg-nucleotide bind ing site 

(O'Sullivan & Morrison, 1 965; James, 1965). Though these 

experiments show that formation of a Mg-enzyme complex 

wou l d seem to be an unlikely first step in the reaction 

sequence, other experiments , measuring the initial velocity 

with Mg 2+ as a variable substrate, indicate that, at least 

under certain conditions, the complex can be of kinetic 

importance (James, 1965). These k inetic and thermodynamic 

findings, together with the fact that the isolated enzyme 

does not contain any essential metal ion in bound form 

(Kuby & Noltmann~ 1962), have prompted further investigations 

of the reaction with the object of elucidating t he role 

played by metal ions. 

The conditions chosen were similar to those described 

previously for the product inhibition studies (Morrison & 

James, 1965), and on the basis t hat the reaction mechanism 
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is a property of the enzyme, initial velocity studies of 

the reaction with MgADP and phosphocreatine as substrates 

have been used to obtain values for the v a rious k i netic 

constants associated with the Mg, Ca and Mn comp lexes of 

ADP. The results indicate that, while the nature of the 

metal ion has little influence on the binding of the metal 

nucleotide complex to t h e free form of the enzyme , it does 

affect the maximum velocity of the reaction. Further, it 

has been found that the comb ination of metal-nucleotide 

comp lexes with the enzyme-phosphocreatine comp lex is a 

function of the metal ion p resent in t h e system. 

THEORY 

At pH 8.0, ADP can be considered to exist in it s fully 

3-ionized form as ADP so that in the p resence of a b ivalent 

metal ion (M), the non-enzym1c reaction 

+ ADP 3--~- -------~~ MADP -..... 

occurs (O'Sullivan & Perrin, 1964). Thus when MADP is 

used as t h e nucleotide substrate for the creatine kinase 

reaction, it is necessary to tak e into account the concen

trations of ADP 3- and M2+ which will vary a ccording to the 

a pparent stability constant of the MADP c omplex . 

has been shown to be a strong competitive inhibitor of the 

reaction with respect to the metal-nucleotide complex 

2+ 2+ 2+ (Morrison & O'Sullivan, 1g6S) while Mg , Ca and Mn are 
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relatively weak inhibitors (see also Results). Therefore, 

3-in all experiments the concentration of ADP has not been 

allowed to exceed 0.4 times its K. value of 0.25 mM and its 
l 

effect on the value of the kinetic constants has been assumed 

to be negligible. On the other hand, the inhibitory effect 

of the bivalent metal ions has been taken into account since 

experiments have been carried out at relatively high concen

trations of these ions. 

Ph h t . 1 1 wi'th Mg 2+ d M 2+ osp ocrea ine can a so comp ex an _n 

(O'Sullivan & Perrin, 1964) and while allowance has b een made 

for the resulting reduction in the concentrations of free 

metal ion and free phosphocreatine, it has been considered 

that the metal-phosphocreatine complexes are inert (Kuby & 

Noltmann, 1962, p.553). 

Under conditions where the concentrationsof both ADP 3 -

2+ 
and M are low compared with their resp ective K. values, 

l 

the initial velocity of the creatine kinase reaction in the 

reverse direction may be expressed as 

V 
. VAB 

(1) K. Kb + KB+ KbA + AB ia a 

where A and B represent the metal-nucleotide complex and free 

phosphocreatine, respectively, K. represents the dissociation 
ia 

constant for the reaction of A with free enzyme and V repre -

sents the maximum velocity of the reaction (Morrison & James, 

1965). Because the reaction has a rap id equilib rium, random 

I 
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mechanism, the Michaelis constants, Ka and Kb' are the dis 

sociation constants for the reaction of A and B with t he 

enzyme-B and enzyme-A complexes, respectively. It also 

follows that KiaKb = KaKib where Kib represents the dissocia 

tion 

high 

constant for the reaction of the free enzyme with B. 

If the reaction is studied in the presence of relatively 

concentrations of metal ions which are added as t heir 

chloride salts, then allowance should be made for 

(a) the possible inhibitory reaction of the metal ion (M) 

with each of the four enzyme s pecies: free e n zyme (K
1
), 

enzyme-MADP (K 2), enzyme-phosphocreatine (K 3 ) and 

enzyme-MADP-phosphocreatine (K 4 ); and 

(b) the inhibition that is known to occur as a result of 

the reaction of Cl with the binary enzyme forms : 

enzyme-MADP (KS) and enzy:~e-phosphocreatine (K61. 

(The unpublished observations .of Morrison and James 

indicate that Cl acts as an inhibitor of the creatin e kinase 

reaction by combining with the enzyme -MgADP and enzyme-p hos -

phocreatine complexes). (The constants given in brackets 

represent dissociation constants for the react ion of either 

M or Cl with the indicated forms of enzyme: KS and K6 would 

be apparent constants because of the presence i n the buffer 

When this is done, t h e initial velocity 

e q uation becomes: 

I 
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VAB 
V -

K. Kb ( l + MK)+ K B( l + ia 1 a 

AB( l + ;) 
4 

( 2 ) 

As the concentration of Cl is equivalent to twice the concen-

tration of the me tal . ion, the Cl in e quation (2) can be re -

placed by 2M. It would , therefore, be expected that both 

the slopes and vertical intercepts of primary p lots of 1/v 

against 1/A and 1/v against 1/B , at different concentrations 

of MC1 2 , would be p arabolic functions of the concentrations 

No evidence was obtained for non-linear secondary 

p lots using MgC1 2 , CaC1 2 or MnC1 2 (Morrison & O'Sullivan, 1965 ; 

and see Results) and hence it has been concluded that under the 

chosen experimental conditions, the effect of the additional 

Cl is negligible. This conclusion is in accord wi th the 

unpublished results of James and Morrison who showe d t hat 

little difference could b e expected between t he inhibition of 

creatine kinase by MgC1 2 and Mg(acetate) 2 , even though the 

acetate ion is much le s s inh ibitory than Cl . If the inhibi-

tion by Cl is neglected, equation (2) may be simplified to 

V -
VAB 

K. Kb( l + MK)+ K B( l + M )+ KbA( l + MK)+ AB( l + MK) 
ia 1 a K3 2 4 

( 3 ) 

In this e q uation, M can be considered to rep resent t he concen -

. 2+ 
tration of AC1 2 (which will b e referred to hereafter as M ) 

and the values for the inhibition constants, K
1 

- K
4

, as 

I 
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obtained from apparently linear secondary plots, might be 

regarded as close to, although not necessarily identical with 

the true values. However, it is true that the concentration 

of Cl over and above that which is considered in association 

with the metal ion and which is released as a result of the 

reaction of MC1 2 with ADP, is low comp ared with the K
5 

and 

K6 values for Cl of 50 and 70 mM , respectively . The highest 

concentration of MADP used in the present work was 0.4 mM 

so that the maximum concentration of Cl released would b e 

0.8 mM. 

Initial velocity equations with MADP (A) and free phos pho-

;: creatine (B) as the variable substrates 

With A and Bas the variable substrates, equation (3) 

may be rearranged in reciprocal form as 

1 Ka \ Kl. b( M ) M J 1 1 ( Kb ( M ) M { 
- V- l -B 1 + - + 1 + - { - + - { - 1 + K + 1 + ( v Kl K 3j A V l B 2 K 4 J 

and 

1 Kb CK. 
+ M )+ l + M / 1 1 r Ka ( l + M )+ M [ ia ( l 1 + - V l_ /\ + V ( A K45 V Kl K2 j B K3 

( 4) 

(5) 

so that at a fixed concentration of M, plots of 1/v against 

1/A or 1/v against 1/B will be linear with both the slopes of 

the lines and the vertical intercep ts vary ing with the concen-

tration of B or A, respectively. Secondary p lots of the slopes 

and vertical intercep ts agains t 1/B or 1/A will b e linear and 

give a pparent values for the kinetic constants associated with 

Band A. The true values may be calculated from the relation ~ 

l 
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ships . . 
, 1 + ~31 rl + ~J 

Kib Kib ( 1 
. Kb app . - app. . -

Kb l 1 ~J ~2 J + + 

~ 1 + ~J ) 1 
M ( + 
K4 K. app. K. 0 K app . - . - Kal 1 

la la 
( 1 + M J 

a 
M j + 

Kl K3 

Equations for the calculation of the inhibition constants 

associated with metal ions 

From equations (4) and (5), it is apparent that if each 

of the metal ions is capable of inhibiting the reaction as a 

:: result of reacting with each of the four enzyme species so 

as to form dead-end complexes, then the inhibition will be 

non-competitive with respect to both A and B . However, secon-

dary plots of the slopes and vertical intercep ts of the primary 

plots would not yield values for any of the inhibition con-

stants. These values must be obtained by solution of the 

four simultaneous equations: 

equation ( 4) : 
Kib 1 + 1 + Kb --

K. slope B K . vertical intercept B - . -. l 1 + Kib l 
Kb - 1 + 

K3 K -B 
K4 K

2
B 1 

equation ( 5) : 

1 + 
K. 

1 K 
I: la + a --slope intercept -K. - A . K. vertical - A . l 

K. l 
1 + 1 K la + a 
K2 K1A K4 K3A 

using appropriate values f6r Kib' Kb' Kia and Ka . 
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If the metal ion does not react with the free form of 

enzyme or the enzyme-phosphocreatine complex so as to cause 

inhibition, as a ppears to be the case with Cacl 2 and MnC1
2 

(see Results), then K1 and K3 become infinity and e quations 

(4) and (5) reduce to 

1 K ( Kib l 1 + 1 ( Kb ( 1 + M )+ 1 + Ml - a 
V - l 13~ v l B -

V A K2 K 
(6 }_ 

1 - Kb ) Kia + 1 + M 1 1 + 1 } Ka + 1 + M / 
V B l ---X- K2 B v LA K4) 

( 7 ) 

The inhibition by ca2+ and Mn 2+ would still be non - competitive 

with respect to B (eq uation 7), but b ecome uncompetitive with 

respect to A (equation 6). Apparent values for K2 and K
4 

can be obtained from secondary p lots of t he slopes and vertical 

intercepts of the P!imary plot (eq uation 7} against the con-

centration of M. 

the relationships 

app. K2 -
1 + Kia 

A 

The true values can be calculated from 

and 

If metal ions react with the ternary complex , enzyme - MADP

phosphocreatine, to form a dead-end complex, t hen the true 

maximum velocity of the reaction can be determined from the 

relationship V - app. v ( l +~)(equations 4 - 7). 
4 

Alterna-

tively, it can be obtained by extrapolation to zero of a p lot 
1 

of apparent V against the concentration of M. Such a plot 

would be linear. 

It will be noted that calculation of the true values for 
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the kinetic constants of the substrates from the app arent 

values determined from secondary p lots, req uires a knowledge 

of the values for the inhibition constants of the metal ion. 

The reverse is also true. Theoretically, it is possib le to 

obtain these values from tertiary p lots of the apparent con

stant values at different concentrations of the metal ion 

against the concentration of t h e metal i o n by fitting either 

a hyperbola (equations 4 and 5) or a straight line (equations 

6 and 7). However, as it was not p ractical to use a wide 

range of metal ion concentrations, the values so obtained 

would not be accurate. Therefore, it h as been as sumed that 

the kinetic constants for the substrates as obtained from 

initial velocity studies with the free metal ion at a con

centration of 1-2 mM, are close to the correct values and 

these have been used to determine the inhibition constants 

for the metal ions. This assumption would appear to be 

reasonable b ecause of the relatively high values obtained 

for K1 to K4 . Corrections to the d irectly determined values 

for the kinetic constants of the substrates have been applied 

only when the free metal ion concentration was in excess of 

2 mM . 

EXJ?E~IMENTAL 

Materials 

Phosphocreatine was p rep ared by t h e method of' Ennor and 

Stacken (1948} as modified by Peanasky, Ku by and Lar dy (l957l ; 
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+ solutions were treated with Chelex 100 (Na · form; 200 - 400 

mesh) obtained from Bio-Rad Laboratories, Richmond, Calif., 

U.S.A. as described by Morrison and O'Sullivan (1965). The 

free creatine content was about 0.03 mole/100 moles of phos

phocreatine. 

The sodium salt of ADP was obtained from Sigma Chemical 

Co., St. Louis, Mo., U.S.A., and purified by the method of 

Morrison, O'Sullivan and Ogston (1961}. After purification 

it showed only one s pot which absorbed ultraviolet light after 

chromatography in isobutyric acid - NH3 (sp. gr. 0. 88 ) - water 

( 6 6 : 1 : 3 3 by VO 1 . ) . Stock solutions (10 mM) were adjusted 

to pH 7.6 with 0.5 N NaOH and stored at -10°. The concen-

tration was determined in 0.01 N HCl at 259 mµ (Bock, Ling, 

Morell & Lipton, 1956). 

N-ethylmorpholine (Eastman Organic Chemicals, Rochester, 

N.Y., U.S.A.) was purified by distillation (Morrison et al., 

1961) . Stock aqueous solutions were prepared by weight and 

adjusted to pH 8.0 with 5 N HCl (microanalytical reagent; 

British Drug Houses Ltd.). 

Laboratory grade EDTA and Analar grade cacl 2 .6H2o, MnC1 2 . 

4H2o and diphenylthiocarbazone (dithizone) were p roducts of 

British Drug Houses Ltd. MgC1 2 .6 H2o (Guaranteed reagent) 

and carbon tetrachloride were supplied by E . Merck AG. Darmstadt. 

Aqueous solutions of MgC1 2 , MnC1 2 and CaC1 2 were standardized 

as described by Morrison et al. (1961). 

Trans-1,2-diaminocyclohexane-N, N,N' ,N'-tetraacetic acid 
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(DCTA) was obtained from Fluka AG, Buchs SG, Switzerland. 

Creatine kinase was isolated in crystalline form by the pro-

cedure of Kuby et al. (1954}. Stock solutions of the enzyme 

were prepared, stored, and diluted as described by Morrison 

et al. (1961). 

Methods 

Measurement of creatine kinase activity: 

The methods used were essentially those elaborated by 

Morrison, O'Sullivan and Ogston (1961}. Reaction mixtures 

contained in a total volume of 1.0 ml: N-ethylmorpholine-HCl 

:; buffer (pH 8.0) 0.1 M; EDTA, 0.01 mM; substrates and the 

! 

I 

:, 

II 

required bivalent salt at concentrations as indicated. After 

the addition of the components the tubes were kept in ice, and 

before the addition of the enzyme were incubated for 3 min. at 

30°. The amount of enzyme added corresponded to 0.58 µg of · 

t · f th · t wi'th Mg 2+ and ca2+ pro ein or e experimen s and to O • 2 9 µ g 

f th . h' h 2+ d or ose in w ic Mn was use . All experiments were run 

for at least two time periods (between 0.5 and 2 min.) to 

ensure that initial velocities were being measured. Reactions 

. 1 . Mg 2+ t db h dd' ' f O 6 1 f 3 N invo ving were s oppe y tea ition o . m o 

NaO H containing 0.14 M EDTA; those involving Mn 2+ were stopped 

by the addition of 0.5 ml of 0.08 M DCTA (adjusted to pH 12 

with NaOH) and 0.3 ml of 3 N NaOH was added just prior to the 

estimation of creatine. Usually creatine was estimated in 

a final volume of 3.0 ml as described by Morrison et al. (1961), 
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2+ d h L O O th 1 but when Ca was use as t e activating ion, e vo ume was 

reduced to 1.5 ml. The reaction was stopped by the addition 

of 0.2 ml of 5.3 N NaOH containing 0.42 M EDTA. All extinction 

measurements were made with a Shimadzu Spectrophotometer. 

Purification of metal chloride salts: 

Aqueous solutions (50%, w/v) of the metal chloride salts 

were extracted repeatedly with equal volumes of a 0.001% (w/v) 

solution of dithizone in carbon-tetrachloride until no colour 

change could be detected in the carbon tetrachloride layer. 

The aqueous solution was then shaken twice with the same volume 

of carbon tetrachloride so as to remove any dithizone, after 

which the carbon tetrachloride was removed by blowing air 

through the solution. A neutralized solution of DCTA was 

then added to a final concentration of 0.005 M and the salt 

crystallized by evaporation. The salt was recrystallized 

from glass distilled ~ater. Solutions of the metal salts 

were made up and standardized as described by Morrison et al. 

(1961) . 

Calculation of substrate concentrations: 

The concentrations of total metal ton, total ADP and 

total phosphocreatine that were necessary to give the required 

concentrations of M2+, MADl? and free phosphocreatine were 

calculated by the procedure outlined by Morrison et al. (19611 . 

For this purpose the values used for the apparent stability 

constants of MgADP~, CaADP and MnADP '""" - 1 were 4,000 M , 2,200 

-1 ~1 
M , 25,000 M , respectively. The apparent stability con ~ 
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stants for the Mg, Ca and Mn complexes of phosphocreatine 

-1 ~1 
were taken to be 40 M , zero and 50 M (O'Sullivan & Perrin, 

1964). 

Determination of the maximum velocity of the reaction: 

The maximum velocity of the reaction with different 

metal-nucleotide substrates at a fixed, low concentration of 

the free metal ion was determined under conditions where the 

concentrations of MADP and phosphocreatine were varied simul

taneously while their ratio was maintained constant. As 

pointed out by Morrison and Cleland (1966}, when reciprocals 

of the initial velocities are plotted against the reciprocals 

of the concentrations of one of the substrates, a p arabola 

is obtained for a reaction possessing a sequential mechanism. 

The vertical intercept of the parabola gives a measure of the 

maximum velocity. 

Analysis of results: 

All initial velocity data were p lotted graphically in 

double reciprocal form, and occasional points that departed 

markedly from the general pattern were discarded. Precise 

analysis of the remaining data was carried out using the 

appropriate computer programme . of Cleland (1963b) with the 

aid of an IBM 1620 computer and programmes written in Fortran 

II (D) . Primary initial velocity data that gave a linear 

double reciprocal plot were analysed by the HYPER p rogramme 

(preface, equation (1) ) to give the slope (K/V) and vertical 
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intercept (1/V) and their standard errors. These constants 

were used to draw the lines of the primary p lots. Analyses 

of the slopes and intercepts of any one experiment by the 

LINE programme (preface, e q uation (2} } were used to draw the 

secondary p lots .. Primary initial velocity data that gave a 

parabolic double reciprocal plot were analysed by the PARA 

programme (preface, e q uation (3} ) • The results of these 

analyses indicated the particular rate e q uation which fitted 

all the primary data of any one experiment. The values for 

and the standard errors of the a pparent kinetic constants 

were obtained by making this fit with the aid of the SEQUEN, 

NONCOMP and UNCOMP programmes (preface, e q uations (4), (7) 

and (8), respectively). The weighted mean values of the 

apparent constants, together with their standard errors, were 

calculated according to the formulae: 

Weighted mean of x values 

1 S.E. of weighted mean value -

J~wi 
where W. -

l 

and 

1 

2 [S.E.(X.)] . l 

The true values for the kinetic constants were calculated from 

the relationships given in the Theory section and the standard 

error ( o ) of these values was determined by means of the re 

lationships: 

+ 
2 

(S .E.(y)) 
y and 
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RESULTS 

2 
(S.E. (y} ) 

y 

4 5. 

Initial velocity studies with Mg2+ as the activating ion: 

A series of investigations was made in which free phos

phocreatine was held constant at various concentrations and 

the initial velocities of the reaction were determined as a 

function of the concentration of MgADP . At the same time, 

the concentration of free Mg 2+ was k e pt at a fixed value. 

The results obtained with free Mg 2+ at a concentration of 

10.0 mM are illustrated in Fig. I.l(a) and similar results 

were obtained with free Mg 2+ at concentrations of 1.0 and 5.0 

mM . Thus all primary p lots gave families of straight lines 

which intersected at a point to the left of the ordinate and 

above the abscissa. When the same data were plotted with 

phosphocreatine as the variable substrate at different fixed 

concentrations of MgADP , similar linear plots were obtained 

(Fig. I.l(b) ) . Secondary p lots of the slopes and vertical 

intercepts of these p rimary plots against t h e reciprocals 

of the concentrations of the fixed variab le substrates were 

linear (cf. Fig. I.2) and the results are , therefore, in 

agreement with those predicted by e quations (4) and (5). 

Analysis of the data by means of the SEQUEN computer p ro 

gramme gave the values for the apparent maximum velocities 

and apparent kinetic constants which are listed in Table I.l. 

Although equations (4 } and . (5} predict that the values for 



FIG. I.l. Effect of phosphocreatine on the initial 

velocity of the reaction catalysed by creatine kin

ase with MgADP as the variable substrate (a}, and 

the effect of MgADP on the initial velocity of the 

reaction with phos phocreatine as t h e variab le sub-

strate (b) . The concentration of free Mg 2+ held 

constant at 10 mM . vis expressed as µmoles of 

creatine per µg of creatine kinase per min. 
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FIG. I.l. Effect of phosphocreatine on the initial 

velocity of the reaction catalysed by creatine kin

ase with MgADP- as the variable substrate (a), and 

the effect of MgADP on the initial velocity of the 

reaction with phosphocreatine as the variable sub-

strate (b) . The concentration of free Mg 2+ held 

constant at 10 mM. vis expressed as µmoles of 

creatine per µg of creatine kinase per min. 
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FIG. I.2. Secondary plots of the slopes and 

vertical intercepts of Fig. I.l. against the 

reciprocal of the concentration of phospho

creatine or MgADP . 

~r'n 

i'' tll 

I 

I 
I 

l 
I 
I 

j 

I 
I 
I 

ii 

1t:.1i 

1:~ 

~ 

;h 

\11 

t 
11 
i 

l 
l 

i~'· 

I 

11 

1!1 _.. 



10 

8 

INTERCEPT 

-4 -3 -2 -1 

10 

8 

6 
INTERCEPT ( 0) 

-6 -5 -4 -3 -1 

20 mM·' 
[PHOSPHOCREATIN~ 

1 2 3 4 
0.40 

[MgADPJ 

5 



·, ,, 
I 

i: 
i 

i: 

1, 

~ 

l 

I 

'! 

J: 

TABLE I.l : MAXIMUM VELOCITIES (V) AND KINETIC CONSTANTS FOR 

MgADP AND PHOSPHOCREATINE AT VARIOUS CONCENTRATIONS OF FREE 

Mg2+. 

The values were obtained by analysis of the data of Fig. I.l 

and other plots, which are not shown, using the SEQUEN com

puter programme of Cleland (1963b) and represent weighted 

mean values. 

experiments. 

Figures in brackets indicate the number of 

Vis expressed as µmoles per min. per µg. of 

creatine kinase. 

Kinetic Concentration of Mg 2+ (mM) 

Constant 1.0 (3) 5.0 (2) 10.0 (2) 

V 0.220 + 0.006 0.217 + 0.008 0.207 + 0.008 

K. (mM) 0.107 + 0.016 0.123 + 0.023 0.108 + 0.018 ia 

K (mM) 0.059 + 0.006 0.087 + 0.008 0.067 + 0.008 a 

Kib (mM) 7.41 + 1.24 5.37 + 0.93 9.10 + 1.63 -

Kb (mM) 4.36 + 0.38 3.59 + 0. 41 5.05 + 0.50 -
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the apparent kinetic constants will vary hyperbolically with 

th t t . ff 2+ 't . f d h . e concen ra ion o ree Mg , i is ·oun tat there is only 

a small random variation and this is in accord with Mg 2+ 

having a weak inhibitory effect on the reaction. Nevertheless, 

allowance has been made for the inhibitory effect of Mg 2+ at 

concentrations of 5.0 and 10.0 mM and the corrected values for 

the kinetic constants are given in Table I.2, together with 

2+ the uncorrected values obtained with Mg · equal to 1.0 mM . 

The maximum velocity of the reaction varies to only a small 

extent with the concentration of free Mg 2+ so that the values 

at zero and 1.0 mM Mg 2+ are virtually the same. 

Calculation of the inhibition constants for Mg 2+ · 

The inhibition constants for the reaction of Mg 2+ with 

free enzyme, enzyme-MgADr, enzyme-phosphocreatine and enzyme

MgADP-phosphocreatine have been reported by Morrison and 

O'Sullivan (1965). They were determined by assuming that the 

creatine kinase reaction has a rapid equilibrium, random 

mechanism, and that the presence of one substrate on t h e 

enzyme does not affect the combination of the other. While 

it has subsequently been shown that the assumption with regard 

to the mechanism · is tenable, it is not true that the p resence 

of one substrate on the enzyme has no effect on the degree 

to which the other substrate combines (Morrison & James, 1965}. 

Reanalysis of the data of Morrison and O'Sullivan (1965) using 

the relationships derived from equations (4) and (5). and t he 

kinetic constants given by Morrison and James (1965), has 
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TABLE I.2 : SUlflMARY OF THE KINETIC CONSTANTS FOR MgADP AND 

PHOSPHOCREATINE 

The values obtained for kinetic constants with free Mg 2+ at 5.0 

and 10.0 mM (Table I.1) were corrected using the relationships 

derived from equations (4) and (5) and values for K
1

, K
2

, K
3 

and K4 of 10.6 mM , 8.8 mM, 25.7 mM and 21.8 mM , respectively. 

The directly determined values for the constants with free Mg 2+ 

at 1.0 mM are included for comparison. 

exp ressed as mM. 

The constants are 

Kinetic Constant Concentration of Free M 2+ £ g 

1.0 mM 5.0 mM 10.0 mM 

K. 
ia 0.11 0.13 0.12 

K 0.06 0.09 0.07 a 

Kib 7.4 4.4 6.5 

Kb 4.4 2.8 3.4 



•' 

1 
' 

I . 
~· 

II: 

f 

' 
: 
I 

I ,, 

I 

1,1 

" I 

I 

I 

J 

47. 

yielded values for K1 , K2 , K3 and K4 of 10.6 mM, 8.8 mM, 

25.7 m.M and 21.8 mM, respectively . These may be compared 

with the previously reported values of K1 = K2 = 10.5 mM 

and K3 = K4 = 21 mM. The former values were used to obtain 

the results recorded in Table I.2. 

Initial velocity studies with ca2+ and Mn 2+ as the activating 

ions 

Experiments similar to those described above for Mg 2+ 

2+ 2+ have been carried out using Ca and Mn as t h e activating 

metal ions. With CaADP and phos p hocreatine as variable 

substrates (Fig. I.3) and with MnADP and phos phocreatine as 

variable substrates (Fig. I.4) at fixed concentrations of 

free metal ion, the results were similar to those obtained 

using MgADP . Thus primary plots consisted of families of 

straight lines which intersected at a point which lay to the 

left of the ordinate and above the abscissa. Within exper1 -

mental error, the vertical co-ordinates of the intersection 

points of the two graphs of Fig. I.3 are e qual, as are those 

of Fig. I.4. It may, therefore, be concluded that both 

reactions are sequential, which result is in accord with the 

assumption (equations 4 and 5) that a chang e in the metal ion 

does not alter the reaction mechanism. The re s ults obtained 

2+ 2+ with free Ca at a concentration of 2.0 mM and free Mn at 

a concentration of 5.0 mM were q ualitatively similar to those 

of Fig. I.3 ana Fig. I.4, ~es pectively. The secondary p lots 

of the slopes and vertical intercepts of the p rimary p lots 



FIG. I.3. Effect of phosphocreatine on the initial 

velocity of the reaction catalysed by creatine kin

ase with CaADP- as the variable substrate (a) and 

the effect of CaADP on the initial velocity of the 

reaction with phosphocreatine as the variable sub

strate (b). ~~e concentration of free ca2+ held 

constant at 10 mM. vis expressed as µmoles of 

creatine per µg of creatine kinase per min. 
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FIG. I.4. Effect of phosphocreatine on the initial 

velocity of the reaction catalysed by creatine kinase 

with MnADP as the variable substrate (a} and the 

effect of MnADP on the initial velocity of the reac

tion with phosphocreatine as the variable substrate 

(b) • The concentration of free Mn 2+ held constant 

at 1 mM. vis expressed as µmoles of creatine per 

µg of creatine kinase per min. 
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against the reciprocal of the concentration of the fixed 

variable substrate were linear (cf. Figs. I.5 and I.6). 

The directly determined values for the kinetic constants 

and the maximum velocities of the reactions, obtained by 

analysis of the data using the SEQUEN computer p rogramme, are 

given in Table I.3. It should be pointed out that the results 

obtained with Mn 2+ as the activating metal ion were subject 

to much greater variation than those o b tained using Mg 2+ and 

C 2+ a . This was not due to the difficulty of estimating 

creatine in the presence of Mn 2+ since in a series of stan-

2+ dard creatine estimations in the p resence and ab s ence of Mn , 

the mean values and the standard error of the mean values 

were virtually identical. 

2+ 2+ Inhibition of the reaction by Ca and Mn 

The inhib i t ion of the creatine kinase reaction b y_ both 

ca2+ and Mn 2+ was found to be linear non-competitive with 

respect to phosphocreatine (Fig. I.7} and linear uncompetitive 

in relation to the metal-ADP sub strate (Fig. I.8). The re -

sults are, therefore, as predicted by e quations (6} and (7) 

which were derived on the basis that these metal ions react 

only with the enzyme-MADP and enzyme-MADP-phosphocreatine 

complexes i.e. K1 = K3 = infinity. Analysis of the data of 

Fig. I.7(a) and I.7(b ) by the NONCOMP computer prog ramme 

1 f K d K4 for both Ca 2+ and Mn 2+ gave apparent va ues o 2 an -

( Table I. 4) . 

Because tests with dithizone showed that solutions of 



FIG. I.5. Secondary plots of the slopes and verti -

cal intercepts of Fig. I.3 against the reciprocal of 

the concentration of phosphocreatine or CaADP . 
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FIG. I.6. Secondary plots of the slopes and verti -

cal intercepts of Fig. I.4. against the reciprocal 

of the concentration of phosphocreatine or MnADP . 



10 

8 

INTERCEPT 

• 
SLOPE X 10 2 

-5 -4 -3 - 2· -1 0 1 2 3 5 

10 

8 

INTERCEPT 

SLOPE (•) 2 
4 

-A -2 1 2 3 5 

I\ 



TABLE I.3 : lflAXIMUM VELOCITIES (V) AND KINETIC CONSTANTS FOR PHOSPHOCREATINE AND CaADP 

OR MnADP- AT FIXED CONCENTRAT IONS OF FREE Ca2+ OR FREE Mn 2+. 

The values were obtained by analysis of the data of rig.I.3 and 4 and other plots, which 

are not shown, using the SEQUEN computer pr~gramme of Cleland (_1963b). and represent 

weighted mean values. Figures in brackets represent the number of experiments. Vis 

expressed as µmoles per min. per µg. of creatine kinase. 

Activating Concn. 
V K. CmMl K CmM} Kib (mM } Kb (mM ) 

ion (mM) ia a 

, 

Ca 2+ 2.0 ( 3) 0.034 + 0.001 0.055 + 0.009 0.008 + 0.001 5.90 + 1.06 0.95 + 0.15 
- - - - -

10.0 ( 2 ) 0.033 + 0.001 0.055 + 0.007 0.009 + 0.001 6.60 + 1.04 1.02 + 0.08 
- - - - -

Mn 2+ 1.0 (7) 0.131 + 0.003 0.074 + 0.010 0.027 + 0.002 2.56 + 0.44 0.82 + 0.05 
- - - - -

5.0 (2) 0.094 + 0.001 0.067 + 0.016 0.016 + 0.002 2.52 + 0.77 0.65 + 0.08 
-- - - -

------......~,-- ~ --~ -- =--- ~ - """"' 



FIG. I.7. The non-conpetitive inhibition of the 

reaction catalysed by creatine kinase by ca
2+ (a} 

and Mn 2+ (b) with respect to phosphocreatine as 

the variable substrate, and with the concentrations 

of CaADP (a) and MnADP (b) held constant at 0.1 

mM and 0.3 mM, respectively. Purified metal salts 

were used. vis expressed as µmoles of creatine 

per µg of creatine kinase per min. 
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FIG. I.8. The uncompetitive inhibition of the 

reaction catalysed by creatine kinase by ca2+ (a) 

and Mn 2+ (b) with respect to their corresponding 

metal-ADP complexes, with the concentration of 

free phosphocreatine held constant at 10.0 mM. 

Purified metal salts were used. vis expressed 

as µmoles of creatine per µg of creatine kinase 

per min. 
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TABLE I.4 : APPARENT (a) AND CORRECTED (b} VALUES OF THE INHIBITION CONSTANTS FOR Ca
2+ 

AND Mn 2+. 

The apparent values were obtained from analysis of the data for Figs. 6a and 7a using 

the NONCOMP computer programme of Cleland (1963 b ). The corrected values were obtained 

by calculation using the relationship derived from e quation (71. The values for K. 1a 

and K were taken to be 0.055 mM and 0.00 8 mM , respectively for ca2+ and 0.074 mM and 
a 

0.027 mM, respectively for Mn 2+ exp eriments. CaADP = 0.1 mM, MnADP = 0.3 mM . 

Inhibitory 

Ion ( 1) * 

K
2 

(mM ) 

(2} 

K
4 

(mM) 

* (1). ( 2) 

(a) 

(b) 

Ca 2+ 

Mn 2+ 

ca2+ 

Mn 2+ 

* 

** 

** 8.4 + 1.4 (2) 

4.4 + 0.6 (3) 

12.7 + 3.4 (1) 

10.8 + 3.5 (1) 

8.2 + 2.3 

8.7 + 2.9 

3 7 . 3 + 3 . 0 (.2 l 

8.3 + 0.6 (3) 

26.8 + 3.9 (1} 

9 . 7 + 0. 9 (1) 

24.8 + 3.6 

8.9 + 0.8 

Values obtained with non-purified (1). and purified (.2). metal salts. 

Figures in brackets rep resent the number of experiments used for the 

calculation of weighted mean values. 

~ 
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Analar Cacl 2 and MnC1 2 were contaminated by heavy metal ions , 

it was possible that all or part of the inhibition caused by 

the addition of higher concentrations of these metal salts 

could be due to heavy metal ions. Hence the experiments 

were repeated using salts purified by the p rocedure outlined 

in Methods. The same qualitative inh i b ition pattern was 

obtained, although there was some variation in the values 

for the kinetic constants (Table I.4). Thus it was conclude d 

that higher concentrations of ca2+ and Mn 2+ are capable of 

causing inhibition of the creatine kinase reaction. 

When allowance was made for t he concentration of and the 

kinetic constant associated with t h e metal-ADP sub stra te, t he 

corrected values reported in Table I.4 were obtained. 
# 

It is apparent from e q uation (6). that rep lots of the 

vertical intercepts of Fig. I.B(a) and I.B(b l ~gainst the 

concentration of the metal ions will give values for comp lex 

constants involving K2 , K4 and Kb. However, the value s for 

these complex constants may be comp ared with t hose obtained 

by substitution of the true values f o r K2 and K4 (Tab le I.4} 

and the values for Kb (Table I.3) into the relationsh i p : 

Apparent K. intercep t -
l 

Table I.5 shows that there is reasonable agreeme n t between 

the two sets of values. 

-



I, I 

i 

! 

ll 

I 

I 

t 
k 

I , 

TABLE I.5 : COMPARISON OF THE DETERMINED AND CALCULATED 

VALUES FOR APPARENT K. INTERCEPT OBTAI NED FROM THE UNCOM
i 

PETITIVE INHIBITION BY Ca 2+ AND Mn 2+. 

The calculated values were obtained from t h e relationship 

App arent K. intercept -
i 

using values for K2 , K4 and Kb of 8.2 mM, 24.8 mM (Table I.4) 

d O 9 5 ( bl 3) f h 2+ . d 8 7 an . mM Ta e I. or t e Ca experiments an . mM, 

8.9 mM (Table I.4) and 0.82 mM (Tab le I.3} respectively for 

the Mn 2+ experiments. 

was 10.0 mM . 

Inhib itory Variable 

Ion Substrate 

Ca 2+ CaADP 

Mn 2+ MnADP 

Concentration of pho s phocreatine (B) 

Apparent K. intercep t CmM) 
i 

Observed Calculated 

22.0 + 1.4 21.1 + 2.8 

7.6 + 0.3 8.9 + 0.8 

i--
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Correction of the kinetic constants for the substrates given 

in Table I.3 

The values for the kinetic constants reported in Tab le 

I 3 Wi.th ca 2+ and Mn 2+ t t t· f 10 0 d 5 0 mM . a concen ra ions o . an. . , 

respectively have been corrected by using the relationships 

derived from equations (4) and (5) and setting K1 = K3 = 

infinity. The values so obtained are given in Table I.6 as 

also are the directly determined values with ca2+ and Mn 2+ at 

concentrations of 2.0 and 1.0 mM, respectively . The corrected 

values for the maximum velocities are also included. 

Maximum velocities with different metal-nucleotide substrates 

Since the maximum velocity is dependent on enzyme concen

tration, it is desirable when comparisons are to be made of 

the values obtained with each metal-ADP complex to carry out 

the determinations with the same enzyme solution and within a 

reasonably short period of time. The procedure outlined in 

Methods, whereby the ratio of the reactants is maintained 

constant while the absolute concentration of each is varied, 

permits of this as only five concentrations of each of the 

variable substrates are req uired to determine the maximum 

velocity. The results of such experiments (Fig. I.9), which 

were obtained under conditions of l ow free metal ion concen

tration, show that the maximum velocity with MgADP is greater 

than that with MnADP which is in turn greater than that with 

CaADP . By computer analy sis of the data of Fig. I.9 using 

the PARA programme, it was found that the respective maximum 
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TABLE I.6 : 
2+ 2+ 

SUMMARY OF THE KINETIC CONSTANTS USING Ca AND Mn AS THE ACT IVATING IONS. 

The values for the kinetic constants with free ca
2+ and free Mn

2
+ at concentrations of 

10.0 and 5.0 mM , respectively (Table I.3), were corrected using the relationships derived 

from e quations (4) and (5). K1 and K3 were set e qual to infinity ; K2 and K4 were 

taken to be 8.2 + 2.3 mM and 24.8 + 3.6 mM , respectively for ca
2

+ and 8.7 + 2.9 mM and 

, 

8.9 + 0.8 m.M for Mn 2+ (Table I.6). Maximum velocities were calculated from t h e relation

ship V = app. V (1 + ~ ). The directly determined values for the constants with ca
2

+ 
4 

= 2.0 mM and Mn 2+ = 1.0 mM are included for comp arison. Vis exp ressed as µmoles per 

min. per µg. of creatine kinase. 

Activating I Concn. 
I 

I I I Ion 

I 
(mM) I 

K. (mM) K (mM} Kib (mM ) Kb CmMl I V 
ia a 

Ca2+ 2.0 I 0.06 + 0.01 0.008 + 0.001 5. 9· + 1.1 0. 95· + 0 .15 0.034 
- - - -

10.0 0.12 + 0.03 0.013 + 0.002 6.6 + 1.5 0.65 + 0 .11 0.046 
-

M 2+ 1n 1.0 0.07 + 0.01 0.027 + 0.002 2.6 + 0.4 0.82 + 0.05 0.131 
- - - -

5.0 0.11 + 0.03 0.025 + 0.003 2.5 + 0.8 0 .6 4 + 0.11 0.147 

?'g--...::- -------- - -
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FIG. I.9. Determination of the maximum velocity 

of the reaction catalysed by creatine kinase b y 

simultan eously varying the concentrations of free 

phosphocreatine and metal-ADP complexes while 

maintaining their ratios and the concentration of 

free metal ion constant. Phosphocreatine : MgADP 

:: 50 : 1, with free Mg 2+ at 1.0 mM ; p hos pho .-

crea tine : MnADP · · 3 3. 3 : 1, with free Mn 2+ at 

1.0 mM ; phos phocreatine : CaADP 100 : 1, 

with free ca 2+ at 2. 0 mM . The lines were drawn 

using the constants obtained from analysis of 

the data by means of the PARA computer programme 

of Cleland (1963 b ). Purified metal salts were 

used. vis expressed as µmoles of creatine per 

µg of creatine kinase per min. 
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velocities were 0.239 + 0.019, 0.134 + 0.011 and 0.046 + 

0.007 µmoles per min. per µg of enzyme. These values are 

in close agreement with those listed in Tables I.l a n d I.6. 

Mechanism of the reaction with CaADP and MnADP as substrates 

It was assumed in the Theory s ection that the reaction 

mechanism is independent of the identity of the metal ion. 

Before the experimental results could be interpreted wi th con

fidence, however, it was deemed advisable to determine whether 

or not the mechanism of the creatine kinase reaction really is 

rapid equilibrium random when CaADP and MnADP are used as 

substrates. Therefore, Morrison and White have measured the 

rates of isotope exchange between t h e different pairs of reac -

tants after the reaction has come to equilibrium. The experi-

mental technique was similar to that already used by Morrison 

and Cleland (1966} to verify t h at the reaction mechanism is 

2+ rapid equilibrium, random, when Mg is use d as the activating 

ion. The results given in Table I.7 show that the exchange 

rates between the nucleotide and guanidino pairs of reactants 

are equal within experimental error. The slightly lower 

velocities in the p resence of the lower total concentrations 

of metal ions probably reflect inhibition by ADP 3 - (Morrison 

& O'Sullivan, 1965). It can b e concluded, therefore, that 

the mechanism of the reaction catalysed by creatine kinase is 

'd ·1·b · d dl of whether Mg 2+ a rapi equi i rium ran om one, regar ess , 

ca2+ or Mn 2+ is used as t h e activating ion. 
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TABLE I.7 : ISOTOPE EXCHANGE RATES AT EQUILI BRIUM WITH Mg 2+, 

Ca 2+ AND Mn 2+ AS THE ACTIVATING METAL IONS. * 

Reaction mixtures contained ATP, ADP, phosphocreatine and 

creatine kinase with the metal ion added at concentrations as 

shown. The reaction was allowed to come to e quilibrium before 

the addition of the labelled reactant. The velocity of the 

exchange rate is expressed as mµmoles/min/µg of creatine kinase. 

Metal Ion Total Concn. Exchange Rate 
of Metal Ion 

(mM} Crea tine-PC ADP - ATP 

* 

Mg2+ 2.0 10.2 + 1.7 8 . 8 + 

8.0 12.6 + 0.7 11.7 + 

Ca 2+ 2.0 8.2 + 1.4 6.1 + 

8.0 10.6 + 1.1 8.7 + 

Mn 2+ 2.0 12.8 + 1.2 11.3 + 

8.0 13.2 + 1.2 14.6 + 

Data taken from a p a per p resented by J .F. Morrison and 

Anne White to a meeting of t he Australian Biochemica l 

Society , held in Bri sbane, 23rd - 26th Ma y , 1 966. 

0.4 

0. 4 

0.5 

0.3 

0.4 

0.7 

I -
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DISCUSSION 

The function of metal ions in the reaction catalysed by 

creatine kinase has been investigated by means of initial 

velocity studies using the ADP complexes of three different 

metal ions as substrates under conditions ·where the inhibitory 

effect of ADP
3

- was negligible. In addition, allowance h as 

been made for the inhibition of the reaction by higher con-

centrations of the free metal ions. It was assumed in the 

Theory section, and has since been verified by Morrison and 

White, that the reaction mechanism is a rapid e quilibrium, 

random one when MgADP , CaADP or MnADP is used as substrate. 

A similar result has been obtained with yeast hexokinase: 

Zewe, Fromm and Fabiano (1964} found that the mechanism is 

not altered when Mn 2+ is substituted for Mg 2+ as the activating 

ion. These results emphasize that the reaction mechanism is 

a property of the enzyme and may not be affected by a change 

in the activating ion. Since the rap id e q uilibrium, random 

mechanism holds for all experimental conditions, the values 

obtained for the kinetic constants are all dissociation con 

stants for the reaction of substrates either with the free 

form of enzyme or with the enzyme saturated with the second 

substrate (Michaelis constants). 

From a comparison of the K. values (Tables I.2 and I.6I, ia -

which are dissociation constants giving a measure of the abi~ 

lity of the metal-nucleotide complexes to combine with the 
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free enzyme, it would appear that the binding of these sub

strates is not influenced to any extent by the identity of 

the metal ion. Furthermore, a value of 0.07 + 0.01 mM for 

the dissociation constant of the enzyme-MnADP complex is in 

reasonable agreement with the value of 0.05 mM recently re

ported by O'Sullivan and Cohn (1966) and obtained both from 

kinetic data and from determinations of the dissociation 

constant by magnetic resonance techniques. This agreement 

would appear to substantiate the conclusion that the identity 

of the metal ion is unimportant in determining the dissocia-

tion constants. Since these values are lower than the dis -

sociation constant for the reaction of ADP 3- with free enzyme 

(0.2 - 0.3 mM ) (Morrison & O ' Sullivan, 19651, it might b e 

argued that the metal ion does play some p art in t he binding. 

But this effect could be due to the reduction of the overall 

negative charge on the nucleotide. 

In contrast to the above results, the values of the 

Michaelis constants (K} for the metal-ADP complexes (Tables 
a 

I.2 and I.6), representing the degree to which they combine 

with the enzyme-phosphocreatine complex, are dependent on the 

identity of the metal iqn. They are also lower than the 

corresponding values for K . and this indicates that t h e p re-ia 

sence of phosphocreatine on the enzyme facilitates the binding 

of the metal-ADP substrate. A similar finding has been re 

ported by Morrison and James (1965) from their studies with 

MgADP . The binding of the metal-ADP comp lexes to the 
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enzyme-phosphocreatine complex decreases in the order: 

- - -CaADP >MnADP >MgADP , which is the same order as the 

decrease in the non-hydrated ionic radii of the metal ions. 

This suggests that the metal ion may be involved in t h e 

formation of the ternary comp lex. But such a suggestion 

does not necessarily imply that the metal moiety of the 

metal-nucleotide complex is bound to the enzyme. Indeed, 

Cohn (1963) and Cohn and Leigh (1962) have concluded that the 

metal moiety of MnADP is not bound to, but is orientated 

away from the enzyme and these conclusions are in agreement 

with the present findings that ca 2+ and Mn 2+ do not inhibit 

by combining at the nucleotide binding site. Whether or not 

the metal moiety of the metal-nucleotide is bound to the enzyme, 

it might well be available for chelation with the phosphoryl 

groups of both ADP and phosphocreatine. Admittedly, in free 

solution phosphocreatine has at the best only a poor ability 

2+ 2+ 2+ . to chelate Mg , Ca and Mn (O'Sullivan & Perrin, 1964}, 

but when combined with the enzyme it could bind metal ions 

more strongly. It may well follow from this idea that the 

larger is the bivalent metal ion, the less is the strain intro

duced into the ternary complex and the slower is the rate at 

which the phosphoryl group of phosphocreatine is polarized. 

Support for this hypothesis comes from the finding that the 

maximum velocity of the reaction with the metal-ADP complexes 

- ..... 
decreases in the order: MgADP >MnADP >CaADP . Thus the 

maximum velocity decreases with increasing size of the metal 
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ion. It may then be concluded that the metal ion i s invol -

ved in the polarization of the N-P bond of phosphocreatine, 

rather than in the binding of the metal-nucleotide substrates 

to the enzyme. The conclusions are thus similar t o those 

reached by Hammes and Kochavi (1962) with regard to the 

role played by metal ions in the hexokinase reaction. In 

connection with the above results, it would be of interest 

to determine if other metal ions with the same ionic radius 

as C 2+ 
a ' but with higher charge density, would be e q ually as 

effective as ca
2+ in forming t h e ternary complex and give rise 

to a higher maximum velocity. 

While the metal ion may b e involved directly in the 

formation of a central enzyme -MADP-phosphocrea tine comp lex, 

it is also possible that the combination of phosphocreatine 

with the enzyme results in a conformational change at the 

metal-nucleotide binding site. Such a change could result in 

an enhanced comb ination of the metal - nucleotide comp lexes, the 

enhancement being dependent on the structure of the complex. 

It has been reported that in solution, there is no difference 

in the structures of MgADP and CaADP , although they differ 

from that of MnADP (Hammes, Maciel & Waugh, 1961; Cohn & 

Hughes, 1962). Nevertheless, it is conceivab le t hat only 

small changes in the conformation of the ADP mo iety by Mg 2+ 

2+ or Ca would be required to affect its b inding to the enzyme, 

presuming that the metal ion itself were not involved. 

A comparison of Table I.2 with Table I.6 shows t hat t h e 
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values for Kb also vary with the identity o;e the activating 

ion. Since the mechanism of the reaction is rap id e q uili-

brium, random, the four Michaelis and dissociation constants 

have been calculated using the relationship : K. Kb= K K. b . 1a a 1 

Therefore any chan_ ge in the ratio K. :K (which has b een dis-1a a · 

cussed) will be reflected in the ratio Kib:Kb' s o that there 

seems little point in discussing the variation in Kb values 

in detail. It should be mentioned, however, that it was 

expected that the binding of free phosphocreatine to the 

free enzyme form (Kib) would be indep endent o f the metal ion 

h . 1 h. . 2+ d C 2+ h 1 present. W 1 et is was true using Mg · an a , t e va ue 

obtained using Mn 2+ was significantly lower. It is difficult 

to account for this, especially if the Mn-p hosp hocreatine 

complex is inert as assumed. But as mentioned in Results, 

it was difficult to obtain rep rod ucib le results for initial 

velocities when Mn 2+ was used as t h e activating metal ion. 

The uncompetitive inhibition of the reaction by ca2+ 

and Mn 2+ with respect to their corresponding metal-ADP com

plexes indicates that these ions differ from Mg 2+ in that they 

do not react with t h e free form of the enzyme or the enzyme -

·phosphocreatine ~omplex (see Morrison & O ' Sullivan, 1965). 

O'Sullivan and Cohn (1966). have also examined kinetically 

the inhibition by MnC1 2 with respect to MnADP as the variable 

substrate. While the inhibition a ppears non- competitive, 

the increase in slope is so slight t h at no attempt wa s made 

to extract the (p resum.ab ly large} app arent inhibition constant. 
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A value of 4 mM is given for the app arent K. intercept, as 
i 

compared with 7.6 + 0.3 mM found in this study under different 

conditions of temperature and ionic strength. In addition, 

h h h . d th . t t' f 2+ d t' t e aut ors ave examine e in erac ion o , Mn an crea ine 

kinase with the use of nuclear magnetic resonance techniques, 

measuring enzyme-Mn binding from changes in the proton relaxa

tion rate of the water molecules in the hydration s phere of 

the Mn 2+, and the concentration of Mn 2+ from its electron 

paramagnetic resonance. The results obtained indicated only 

very weak binding which can be eliminated almost entirely by 

increasing the ionic strength, so it is concluded that any 

. . f 2+ d . k. . 1 1 t. 1 interaction o Mn · an creatine inase is arge y or en ire y 

non-specific. These results, with those reported here, are 

in accord with the idea mentioned above (p. 54) that the metal 

moiety of the metal-ADP complex is not bound to the enzyme. 

The 

ca2+ and 

2+ non-competitive inhibition of the reaction by Mg , 

Mn 2+ with respect to phosphocreatine indicated that 

all three metal ions are capable of reacting with the enzyme

MADP and enzyme-MADP-phosphocreatine complexes to cause 

inhibition. The difference in the inhibitions obtained with 

2+ 2+ 2+ Ca and Mn on the one hand, and Mg on the other, might 

be related to the difference in the ionic radii of these ions. 

Perhaps the larger Mn 2+ and ca2+ cannot combine with the 

enzyme at an inhibitory site until the reaction of the metal-

ADP complex causes some conformational change. Such a change 

I 

-
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is apparently not a prerequisite for the combination of the 

11 2+ . sma er Mg ion. 

Since the presence of a metal-nucleotide complex on the 

enzyme is essential for the inhibition by ca2+ and Mn 2+, it 

is possible that the inhibition is due to the reaction of 

these ions with the bound metal-nucleotide complex to form 

a dead-end enzyme-2:1 metal-nucleotide complex. The results 

2+ for the inhibition of the reaction by Mg , however, could 

not be explained by this scheme. 

SUMMARY 

1. The reverse reaction catalysed by ATP:creatine phospho

transferase has been studied kinetically at pH 8.0 using 

different metal-ADP complexes and free phosphocreatine 

as substrates. The concentration of the free metal ion 

was held constant. 

2. It has been shown that the reaction mechanism is rapid 

equilibrium, random irrespective of which metal ion is 

added; this allowed the kinetic p arameters to b e deter

mined and the results to be interpreted. 

3. The nature of the metal ion does not affect to any extent 

the combination of the metal-ADP comp lex with the free 

form of enzyme, although it does influence the binding 

of the metal-nucleotide to the enzyme-phos phocreatine 

complex. Thus the binding decreases in the order: 

- - -CaADP >MnADP >MgADP ,· and this may be due either to con-
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formational changes in the enzyme or to the involvement 

of the metal ion in the formation of t h e ternary complex. 

It has been concluded that the metal ion is concerned 

with the polarization of the N-P bond of phosphocreatine 

since the maximum velocity of the reaction varies with 

the metal-ADP comp lex, in the order: MgADP >MnADP- >CaADP . 

Higher concentrations of free ca2t and free Mn 2+ in-

hibit the reaction non-competitively with respect to 

phosphocreatine and uncompetitively in rel ation to the 

correspond ing metal-ADP complex. 

-
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CHAl?TER II 

THE PURIFICATION AND SOME PROPERTIES OF ATP:ARGININE 

PHOSPHOTRANSFERASE (ARGININE KINASE) 
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CHAPTER II 

'Ill' THE PURIFICATION AND SOME l?ROJ?ERTIES O:F ARGININE KINASE 
IJ 

I 

INTRODUCTION 

Arginine kinase, the ATP:guanidino phosphotransferase 

,· commonly found among invertebrates, was first discovered in 
11 

I 
I ,, 

I 

I 

I 

I 

I 

,! 

I. 
I 

crude extracts of crab and octop us muscle by Lohmann (1935, 

1936) and Lehmann (1935, 1936). Although these extracts 

were used for studies of the reaction (e. g . Lehmann, 1 9 36) 

no attempts was made to purify the enzyme. Considerable 

attention over the following years, however , has been directed 

towards determining the distribution of arginine kinase and 

its substrate, phosphoarginine (see Ennor & Morrison, 1958; 

Virden & Watts, 1964 ; Thoai & Robin , 1965 ; Jeso, Malcovati 

& Speranza, 1965). From such investigations, it has become 

a pparent that both t h e enzyme and t h e substrate occur in many 

different classes of invertebrates, including the unicellular 

organism, Tetrahymena pyriformis (Rob in & Viala, 1966). At 

the same time, it has been found t hat phosphoarginin e is only 

one of at least seven phosphorylated guanidines to occur in 

the invertebrates. 

Crystalline arginine kinase was obtained first by 

Szorenyi, Dvornikhova and Degtyar (1949) from fresh-water 

crab muscle extracts and subsequently by Elodi and Szorenyi 

(1956) from muscle extracts of different species of crab, 

using only ammonium sulpha_te fractionation. The latter 
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authors showed that their preparation was homogeneous as 

judged by ultracentrifugation and electrophoretic analysis. 

Since 1956, there has been a number of reports concerning 

the p reparation of enz yme from various crustacean sources. 

Pradel, Kassab, Regnouf and Thoai (1964) obtained arginine 

kinase from lobster muscle extracts and their p roduct a ppeared 

homogeneous on ultracentrifugation, electrophoresis and 

chromatography on DEAE-cellulose, b ut a more recent report 

from the same laboratory (Pradel et al., 1965) has shown that 

crystallization results in a t wo-fold increase in specific 

activity. Virden, Watts and Baldwin (1965} purified t he 

enzyme from extracts of mu s cle of the lobster, Homarus vulgaris. 

Ultracentrifugation showed a single symmetrical peak, but 

electrophoresis in starch gel indicated a second minor com

ponent, and chromatography on G-100 Sephadex sugg e s ted tha t 

the preparation was contaminated with 5% of h eavie r material. 

The enzyme has also b een obtained in crys talline form as a 

result of ammonium sulphate fractionation of extracts of 

muscle from the lobster, Homarus americanus (Sac k tor & Hurlbut, 

1966), but no details of t h e me thod or the p roduct have been 

given. 

From the measurements of the sedimentation and diffusion 

constants of t h e enzyme from crab muscle extracts, Elodi and 

Szorenyi (1956) h ave calculated its molecular weight to b e 

43,000; but they also reported that considerable denaturation 

of the p rotein occurred during the second half of t h e 6 t o 8 

I 

......... 



62. 

1 • hour ultracentrifuge run. Since rradel et al. (19641 

obtained a sedimentation constant of 2.69 which was similar 

to that for the crab enzyme (2.5), they assumed t h e molecular 

weightsof the two enzymesto be identical. However, as pointed 

i' out above, crystallization of the lobster enzyme results in 

an almost two-fold increase in s pecific activity and hence 

the sedimentation constant obtained may not rep resent a true 

value for the lobster enzyme. The best estimate of the 

, I molecular weight of the lobster enzyme would a ppear to come 

from the work of Virden, Watts, Watts, Gammack and Raper (1966). 

From studies involving sedimentation and diffusion constants, 

sephadex filtration and sucrose density-gradient analys is, 

Ii 

' 
I 
I 

they have obtained a figure of 37,000. 

The enzymic activity of all p reparations of arg inine 

kinase is sensitive to sulphydryl reagents, and both Pradel 

et al. (1964) and Virden and Watts (1966) have examined the 

relationship between alky lation of SH groups and loss of 

enzyme activity, in an endeavour to elucidate the role of 

thiol groups in the activity. It app ears that t here are five 

thiols per 37,000 molecular weight : one of these is essen

tial for activity-, while t wo othe rs ma y be in the area of 

nucleotide binding (Virden & Watts, 1966}. 

Virden et al. (1965) have found also that increasing 

concentrations of salts such as NaCl and sodium acetate and 

in p articular NaN0 3 and KN0 3 have inhibitory effects, with 

only 2% of the activity remaining in the presence of 0.5 M 

--
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nitrate. The enzyme is activated by a large number of 

bi·valent t· · 1 d' M 2+ M 2+ C 2+ C 2+ S ·2+ and ca ions inc u ing g , n , a , o , n 

2+ 
Fe and hence differs from the Australian sea-crayfish 

enzyme (cf. Introduction, p.26 and also below). 

No lobster or closely related species is p resent in 

Australian coastal waters. There abound instead three 

species known as sea-water crayfish, which belong to a small 

group of decapods not closely related either to the real 

lobster or to the fresh-water crayfish (Dakin, 1952, p .183). 

Of these, the species Jasus verreauxi, which inhabits the 

coastal waters of New South Wales, is the most accessible, 

so the tail muscle of this organism has been used as the 

source of arginine kinase. Enzyme was partially purified 

by means of ammonium sulphate fractionation (Morrison et al., 

1957) and shown to be sensitive to sulphydryl reagents and 

2+ 2+ 2+ 2+ 2+ to be activated by Mg and Mn but not by Ca , Co , Fe 

or five other bivalent cations tested. The p rep aration, 

however, was not homogeneous, was contaminated with adenylate 

kinase activity, and was unsuitable for kinetic studies at 

One reason for this a ppeared to be an inactivation 

caused by the diltition that was necessary to obtain accurate 

initial velocities at 30°. 

The purpose of the work reported in this Chap ter was 

the p reparation of arginine kinase which would be suitable 

for investigation of the reaction mechanism by means of 

kinetic studies. This ha~ been accomplished. In addition, 

.......... 
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p reliminary kinetic investigations have been carried out to 

determine the effects of various components of the reaction 

mixtures on the initial velocity of the reaction. These 

experiments show that the enzyme is inhibited by higher 

concentrations of free Mg 2+ as well as by relatively low con

centrations of the free nucleotides ADP 3- and ATP 4-. 

EXPERIMENTAL 

Materials 

The sodium salts of ADP and ATP were obtained from P-L 

Biochemicals and the Sigma Chemical Co., respectively. ADP 

was used without further purification while ATP was recrystal-

lized twice at 2° by the method of Berger (1956}. Both nucleo-

tides showed the presence of only single s pots which absorbed 

ultraviolet light after chromatography in isobutyric acid -

NH 3 (sp .gr. 0.88) - water (66:1:33, v/v}. Stock solutions 

of the nucleotides were adjusted to pH 7.6 with 0.5 N NaOH 

and stored at -10°. Their concentrations (10 to 25 mM) 

were checked by measurement of the absorp tion at 259 mµ in 

0.01 N HCl (Bock et al., 1956). L- arginine (free base} was 

purchas ed from Mann Researc h Laboratories and after adjust -

ment to pH 8 .0 with N HCl, was stored at -10°. Phosphoargi-

nine was isolated from crayfish muscle by the procedure of 

Marcus and Morrison (1964) and stored at -10° as the barium 

salt. NaCl, NaNo 3 , NaClo 4 and sodium acetate were Analar 

grade p roducts from British Drug Houses Ltd. Triethanolamine 
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(puriss) from Fluka was used without further purification. 

N-ethylmorpholine, MgC1 2 , EDTA and dithizone were purchased 

and treated as described in Chapter I (p.40). Solutions o f 

EDTA were brought to pH 8.0 with N NaOH before u s e. 

DEAE-cellulose (Cellex D) was purchased from Bio-Rad 

Laboratories, Sephadex G~lOO from rharmacia, Sweden, and 

bentonite from British Drug Houses Ltd. Dialysis tubing 

from Visking Co., Illinois, U.S.A. was soaked at least 2 

hours in 20 mM EDTA before use. 

NADH 2 was from the Sigma Chemical Co. while phospho

enolpyruvate was used as the monocyclohexylamine salt. Cry-

stalline preparations of muscle pyruvate k inase and lactate 

dehydrogenase were from the California Corp. for Biochemical 

Research. 

Methods 

Preparations of Sodium Phosphoarginine 

The barium salt of pho s phoarginine (50 0 mg ) was s us pended 

in 10 ml of water and added to the top of a column (10 x 1 cm) 

of Zeo-Karb 225 (Na+ form). The suspension was stirred into 

the upper part of the column which was then washed with water. 

The effluent (20 ml) was collected and the c oncen tration of 

phos phoarginine (about 50 mM) was determined by estimating 

the arginine released after hydrolysis in N HCl for 7 min. 

~: at 100° (Rosenberg, Ennor and Morrison, 1956). 

jl 

I 
I 
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Determination of Protein 

This was carried out by the Biuret met hod of Gornall, 

Bardawill and David (194 9 ) and bovine serum albumin was used 

as a standard. Interference of the method by ammonium sul -

phate was prevented by varying the volume of the ammonium 

sulphate fraction s so t h at the concentration was less than 

3% (w/v) . 

Fractionation with Am.monium Sulphate 

The weight (w) of ammonium sulp hate req uired t o give the 

various degrees of saturation was calculated from the formula 

w -
0.515 V (S2 - s1 ) 

1.0 - 0.292 s2 

where V represents the volume in millilitres and w is exp ressed 

in g. s
1 

and s
2 

represent the initial and desired degree 

(Oto 1.0) of saturation at. 0° (Kunitz, 1952; Noltmann, 

Gubler & Kuby , 196 1 ) . 

Measurement of Initial Velocities 

The arginine kinase activity of the various fractions 

obtained during the p urificatio n p rocedure was determined by 

measuring the rat e at which arginine was r eleased from p hos -

phoarginine. To 3 ml graduated test tub es was a dded 0.8 ml 

of a stock solution containing 0.2 ml of 0.5 M N-ethylmorp ho

line-HCl buffer (pH 8.0), 0.1 ml of 25.0 mM phosphoarginine, 

0.1 ml of 15.0 mM MgC1 2 , 0.1 ml of 6.25 mM ADP, 0.1 ml of 

0.1 mM EDTA and sufficient water to bring the final volume 

of the reaction mixture to 1.0 ml. The tubes were equili -
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brated in a water bath for 3 min. at 30° and the reaction 

started by the addition of 0.01 - 0.02 ml of arginine kinase 

solution. After 3 min., the reaction was s topped by t h e 

addition of 0.6 ml of 1.5 N NaOH containing 0.14 M EDTA and 

the arginine release determined by the method of Rosenberg 

et al. (1956). One unit of activity was taken as being the 

amount of enzyme which releases one µmole of arginine from 

phosphoarginine per min. under the a bove conditions. 

fie activity is defined as units per mg. of protein. 

Speci-

Kinetic investigations were made at 30° in 0.1 M tri -

ethanolamine-HCl buffer (pH 8.0) in the p resence of 0.01 mM 

EDTA; Mg
2+ was used as the activating metal ion. It wa s 

assumed that the reaction, like t hat of creatine kinase 

(Morrison & James, 1965; Chap ter I), could be c ons idered as 

being bireactant, and so written as : 

MgATP 2- + . . + "-arginine ~"============ MgADP + phosphoarginine 

Thus it was the concentrations of the Mg-nucleotide complexes 

and the free forms of the guanidino compounds that were con-

sidered as the variable substrates. The Mg - guanidino com-

p lexes, the Mg-acetate comp lex and the Na- nucleotide complexes 

were considered to be inert. The concentrations of total 

inorganic salts and total substrates required to give the 

desired concentrations of different ionic species were cal

culated as described by Morri son et al. (1961) and for this 

2-purpose the apparen t stability c o n s t ants for MgATP , MgADP , 
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Mg-phospho a rginine, Mg-arginine, magnesium acetate and NaADP 2-

-l -1 -1 -1 were taken to be 70,000 M , 4,000 M , 20 M , 7 M and 

6 M-l respectively (O'Sullivan & Perrin, 1964, Pelletier, 

1960; Davies, R.H., personal communication to Noda et al., 

1960). 

Initial velocities in the direction of phosphoarginine 

and ADP formation were determined by estimating the amount 

of ADP from the equivalent amount of NADH 2 oxidized by means 

of the coupled reactions catalysed by pyruvate kinase and 

lactate dehydrogenase. Initial velocities in the direction 

of ATP and arginine formation were determined by measuring 

the amount of arginine formed by the method of Rosenberg 

(1956). All kinetic experiments were run for two time periods 

.to ensure that initial velocities were being measured. The 

amount of enzyme added for these experiments corresponded to 

0.15 µg of protein per ml of reaction mixture . 

Analysis of data 

Kinetic data were analysed as described in Chapter I 

(p.43), using the computer programmes HYPER, LINE, NONCOMP 

and also COMP (preface, e q uation (6) ) . The Figures illus-

3- 4-
trating the inhibitions by MgC1 2 , ADP and ATP have been 

drawn using the app arent kine tic constants obtained by ana

lysis of the p rimar y data by the COMP or NONCOMP programme. 

The weighted mean values and t hei r standard errors were 

calculated using the formulae given in Chapter I, p .44. 
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RESULTS 

Purification of Arginine Kinase 

Collection and storage of crayfish muscle 

69. 

Live crayfish (Jasus verreauxi) were obtained from sea 

water storage tanks and the tail muscle was dissected rapidly. 

After freeing from chitinous material, it wa s dropped into 

liquid N2 . When the muscle reached the temperature o f liquid 

N2 , it was removed, placed in polythene bags and stored in 

solid co2 for transport to the laboratory. Subsequent storage 

was at -15°. (The total arginine kinase activity of crayfish 

muscle remained constant for up to t wo years atter whi c h time 

there was an app reciable loss}. 

Extraction of muscle 

A sample of muscle (200 g} was allowed to thaw at room 

temperature and then transferred to the cold room at 2° where 

all further operations were carried out. The muscle was 

then ground, stirred with 5 vol. of 1.3 mM EDTA (pH 7.0} and 

homogenised for 30 sec. in a Waring blendor. The mixture 

was centrifuged for 20 min. at 3000 x g and the supernatant 

retained. The residue was re - extracted in a Waring blendor 

for 30 sec. with 2 vol. of EDTA solution and after centri 

fuging as described above, the t wo opalescen t s uperna t a nts 

were combined. 

Bentonite treatment 

The pH of the combined extracts was adjusted from pH 
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6.2 - 6.8 to pH 8.0 by the addition of 5 N NaOH and bentonite 

(2 g per g of protein in the extract} was added with efficient 

stirring over a period of 5 min. The suspension was stirred 

for another 5 min. after which the bentonite was removed by 

centrifuging for 20 min. at 3000 x g. 

Ammonium sulphate fractionation 

To the clear supernatant from the p revious step was added 

0.125 vol. of 0.5 M N-ethylmorpholine-HCl buffer (pH 8.0) and 

the solution was brought to 0.72 saturation by t he addition 

of solid ammonium sulphate over a period of not less than 2.5 

hours. After the addition was complete, stirring was contin-

ued for a further 20 min. before the p recip itate was removed 

by centrifuging for 20 min. at 4000 x g. The supernatant 

was then brought to 0.95 saturation by adding solid ammonium 

sulphate over a period of 1 hour. After stirring for an 

additional 30 min., the p recip itate was collected by centri

fuging for 30 min. at 4000 x g and d issolved in 15 ml of 

0.01 M N-ethylmorpholine-HCl buffer containing 1.0 mM EDTA 

(pH 8.0). Any insoluble material was removed by centrifuging 

at 10000 x g for 15 min. and the clear supernatant dialysed 

for 17 hr. against two changes of 2.5 1 of the same buffer. 

Chromatography on DEAE-cellulose 

The 100-300 mesh fraction of DEAE -cellulose, after e quili 

bration for 48 hr. with t he N-ethylmorpholine buffer mentioned 

above, was packed into a column (2 x 45 cm} and washed with 
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200-300 ml of the same buffer. The dialysed supernatant 

from the previous step was applied to the top of the column 

and after it had sunk in, the column was washed with 50 ml 

of buffer to remove p rotein which does not a d sorb on t h e 

cellulose. The enzyme was eluted by using a linear gradient 

formed from 0.01 M N-ethylmorpholine-HCl buffer containing 

1.0 mM EDTA (pH 8.0) and the same buffer at a concentration 

of 0.25 M. Elution of arginine kinase occurred soon after 

application of the gradient; the leading edge wa s sharp, 

but there was some trailing. 

The fractions containing arginine kinase activity were 

pooled and the protein precip itated by the addition of solid 

ammonium sulphate to 0.95 saturation. After collection of 

the precipitate by centrifuging for 15 min. at 10000 x g, it 

was dissolved in 15 ml of 0.01 M N-ethylmorpholine-HCl 

buffer containing 1.0 mM EDTA (p H 8.0} and dialysed against 

the same buffer for 17 hr. The enzyme wa s t hen r e chromato -

graphed on a 2 x 30 cm column of DEAE-cellulose and precipi

tated from those fractions possessing activity by ammonium 

sulphate. The resulting p recip itate was dissolved in 5 ml 

of 1.0 mM N-ethylmorpholine-HCl buffer containing 1.0 mM 

EDTA (pH 8.0) and after dialysis against 100 vol. of the same 

buffer and buffer from which the EDTA had b een omitted, the 

enzyme solution was stored at 4° with the p rotein at a concen-

tration of 7 - 10 mg per ml. Some protein precipitation 
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occurred during the first two weeks of storage, but there 

was no decrease in specific activity. After removal of this 

precipitate, the solution remained clear and there was no 

loss of enzyme activity over a period of six months, but after 

this time the activity began to fall. 

A summary of the yield and the s pecific activity of t he 

fractions obtained during the purification procedure is g iven 

in Table I I.1 . It should be noted that when muscle, which has 

been stored at -15° for many months, is used for the purifi 

cation of the enzyme, the number of units in, and therefore 

the specific activity of the first three fractions is consider

ably less than that obtained with relatively fresh muscle. 

Howeve~ the specific activity of the fina l product i s not a 

function of the time for which muscle is stored. 

Properties of purified arginine kinas e 

The ultracentrifuge pattern of an arginine kinase pre

paration obtained by the above procedure showed the p resence 

of a single, symmetrical peak (see Fig. II.l) with an s 4 . 3 

of 1.9953 (s 20 = 3.07). This value was obtained at a protein 

concentration of 8 mg per ml in 0.03 M veronal buffer (p H 8.0) 

which was brought to an ionic strength of 0.1 with NaCl. A 

similar value was also obtained at a protein concentration of 

0.8 mg per ml. Chromatography on Sephadex G-100 also gave 

rise to a single, symmetrical p eak, but the s pecific activity 

of the more dilute fractions was less than that of the samp le 

applied to the column. Presumably this is because of the 
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TABLE II.l : SUMMARY OF YI ELDS AND SPECIFIC ACTIVITIES OF 

FRACTIONS OBTAINED DURING THE PURIFICATION OF ARGININE KI NASE 

FROM STORED CRAYFISH MUSCLE . 

Wt . of muscle, 200 g. Details are given in text. Figures 

in brackets represent the specific activities of fractions 

obtained from fresh crayfish muscle. 

Fraction 

Extract 

Supernatant _after 
bentonite treatment 

Ammonium sulphate 
p recipitate (0.72 
- 0.95 sat.) 

Eluate from first 
DEAE-cellulose column 

Eluate from second 
DEAE-cellulose column 
precipitated with 

Volume 
(ml), 

680 

605 

43 

58 

(NH 4 ) 2so4 and dialysed 7.3 

Protein 
(mg) 

8160 

3146 

1247 

232 

64. 6 

Total 
Units 

113,560 

104,650 

89,000 

51,620 

15,880 

Specific 
Activity 

14 (47) 

31 (8 6) 

72 (156) 

225 (248) 

246 



FIG. II,l. 

1

\ 11 

~ -~r m 

I __ .....,,_ .. ' 1 • . 

JI 
II 

/\, . 
1.-"'.'.' \ 
.,- ' ---
1· 

Ultracentrifuge pattern obtained with purified arginine kinase. The 

analysis was carried out in veronal buffer, 0.03 M (pH 8.0), made up to an ionic 

strength of 0.1 with NaCl, at a temperature of 4.3°, using a Model E Spinco Ultra• 

centrifuge. The initial protein concentration was 8 mg./ml. The rotor speed was 

50,740 rev./min., and the pictures were taken 27 min., 43 min., 59 min . , 75 min . and 

91 min. after reaching full speed. The phase plate angle was 70° and the exposure 

time 5 sec. The analysis was carried out by Dr. A. B. Roy. 
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instability of the enzyme in dilute solution as noted with 

earlier preparations by Morrison et al. (1957}. No pho s pho-

amidase, ATP-ase or adenylate kinase activities could b e 

demonstrated when the procedures of Morrison et al. (1957) 

were used with the enzyme at a concentration ten times greater 

than those employed for the kinetic studies and with incuba-

tion times up to 60 min. It appeared , then, t hat this enzyme 

preparation was free from enzymic activities which would inter

fere with the reaction and that it was sufficiently stable 

for use in kinetic studies. 

Investigation of suitable experimental conditions 

Preliminary experiments were designed to determine if 

the Mg complexes of ADP and ATP could function as s ubstrates 

at pH 8.0. These experiments were carried out by studying 

the initial velocity of the reaction as a function of t he 

concentration of nucleotide (or MgC1 2 ) a t a fixed concentra

tion of MgC1
2 

(or nucleotide) and the results indicated that 

maximum velocities were attained under conditions where all 

the nucleotide was present as its magnesium comp lex. Thus 

MgADP and MgATP 2 - could be considered as the nucleotide 

substrates for arginine kinase and, in addition , i t was 

assumed that this enzyme is simil a r to creatine kina s e in 

utilizing the free forms of the guanidino substrates (cf. 

Morrison & James, 1965). Therefore, in the subsequent 

kinetic experiments it was the concentrations of free arginine 

2-
or phosphoarginine and MgATP or MgADP that were varied. 
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Since the Mg-nucleotide complexes will exist in non ~ 

. · 1 · b . ' h 2+ d ' enzymic egui i rium wit Mg an free nucleotides, variation 

in the concentrations of the complexes may be accompanied by 

variations in the concentrations of both Mg 2+ and free nucleo

tide; but if one of these latter species is held constant 

then variation in the concentration of the comp lex will 

result only in a corresponding variation in the other s pecies. 

It has been shown that both Mg 2+ and ADP 3- inhibit the creatine 

kinase reaction (Morrison & O'Sullivan, 1965). Therefore, 

it seemed advisable, before beginning detailed kinetic studies, 

to examine the effects of Mg 2+, ADP 3- and ATP 4- on the initial 

velocity of the reaction with the Mg-nucleotide comp lexes 

as substrates. In this connection, cons ider ation wa s given 

first to what magnesium salt should b e used. The chloride 

ion has been found to inhibit the creatine kinase reaction 

(James, 1965; Morrison, unpublished data} and Virden et al. 

(1965) have demonstrated that arginine kinase from lobster 

muscle is inhibited by NaCl, sodium acetate and NaN0 3 . 

While MgC1
2 

was used for the p reliminary experiments, it was 

necessary to determine the inhibitory effect of Cl and 

several other anions before selecting the salt of magnesium 

for use in the detailed kinetic work. 

Anion inhibition of arginine kinase 

Four sodium salts of monovalent anions, NaCl, sodium 

acetate, NaNo
3 

and Nac10 4 , were tested at a concentration of 

40 rnM for their effects on the initial velocity of the reaction. 
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All salts were found to be weak non-competitive inhibitors 

with respect to MgADP (Fig. I I . 2) . Nevertheless, it is 

a pparent that NaCl and sodium acetate are less inhibitory 

than either NaN0 3 or NaClo 4 and hence it seemed that either 

MgC1 2 or magnesium acetate would be suitable as a source of 

M 2+ 
g . But as there is some complexing in solution between 

2+ 
Mg and the acetate ion, it was decided to use MgC1

2 
in all 

future experiments. 

Because MgC1 2 was to be used throughout this study, more 

extensive investigations were made of the effect of Cl on 

the velocity of the reaction. These showed that inhibition 

by NaCl a ppears to be linear non-competitive with respect to 

both MgADP and phosphoarginine as variable substrates (Fig. 

II.3). The apparent inhibition constants obtained from 

NONCOMP analysis of such experiments (Table II.2) are not 

necessarily true dissociation constants, but do indicate, as 

predicted by Fig. II.2, that inhibition is likely to be of 

significance only in the p resence of higher concentrations of 

Cl . It should be mentioned that inhibition is considered 

in terms of Cl- rather than Na+ and Cl- because it is the Cl 

that has been found inhibitory to creatine kinase and because, 

in preliminary experiments, inhibition by triethanolamine-HCl 

appeared to be equal to that produced by NaCl. 

Inhibition of arginine kinase by MgC1 2 

Inhibition by MgC1 2 was examined with respect to both 
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FIG. II.2. 
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[MgADP~ 
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NaCl 0, 

NaN0
3 NaCl 

Na ACETATE 

5 

Inhib itio n of the i n iti a l velocity of the r eactio n 

catalysed by arginine kinase by 4 0 mM of NaCl, sodium acetate, 

NaN0 3 or Na Clo 4 with respect to MgADP , the var i able substrate , 

and with the conc e ntration s of f ree p hos phoargin i ne and Mg 2+ 

held co n stant at 5 mM a nd lmM, respective l y. The lines were 

drawn u sing kineti c constants obtained from a nalys i s of t h e 

data by the HYPER computer programme (C le land, 19 6 3b) . V lS 

e xpre ss ed as µm o les of arg inine er µg of arginine kinase per 

min. 



FIG. II.3. N~n- competitive inhiLition of the ini

tial velocity of the argi n ine kinase reaction by 

NaCl with respect to MgADP- (a) and ~hos phoarginine 

(b ) as variable sub strates, and with t h e concen

trations of free phosphoarg inin e (a) a nd MgADP (b ) 

held c onstant at 5 mM and 1. 0 ml'l , res ~:iectively . 

The liues were drawn using the kinetic constants 

o btained from analysis of the _data ~y tne NONCOMP 

compute r p rogramme (Cleland, 1963b ). vis ex-

pressed as µmoles of arg inine per µg of arginine 

kinase per min. 
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TbBLE II.2 : APPARENT INHI BI TION CONSTANTS, Ki slope AND 

4- 3-
Ki intercept' FOR NaCl , MgC1 2 , ATP. AND ADP . 

The values for the apparent inhibition con s tants are t h e 

weigh ted means of t he constants obtaine-d by analys i s o f t h e 

data of F i gs . II.3, II.4 and II.5 a nd s i milar experiments 
.. 

using the NONCOMP or COMP computer programme of Cleland 

(19 63b ) . The constants are expressed as r~~ -

Inhib itor Variable No . of K. slope K. intercept Substrate Expts. 1. 1. 

-NaCl MgADP 2 70 + 6 224 + 17 
- -

NaCl Phospho- 2 200 + 31 154 + 10 - -. . 
arg1.n1.ne 

MgC1 2 
MgATP 2- 2 2.15 + 0.28 -

- 2.72 0.34 15.8 2.5 MgC1 2 MgADP 3 + + - -

ATP4 - MgATP 2 - 3 0.35 + 0.03 2.72 + 0.21 - -

ADP 3- - . 
0.58 0.09 15.6 2.3 MgADP 4 + + - -
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2 -
MgATP and MgADP a s variab le subs trates. The results 

(F i g . II.4) show that MgC1 2 a ppe ars to b e a lin e a r c ompetitive 

2 -inh i b itor with respect to MgATP and a linear non - c ompetitive 

-i nhib itor with re s pect to MgADP . The apparent inhib ition 

constants o b tained from analy si s of such d ata by either the 

COMP or t h e NONCOMP c omputer p rog ramme are l isted in Ta ble II.2. 

As the inh i b itions by NaCl and Mg C1 2 with resp ect to MgADP 

were me a s ured under simila r cond itions, t h e a pparent inhib i 

tion cons tants ma y b e compared : f rom the large d i f ference 

in the values, and from t he fact that t h e max i mum conce n

tration of Cl add e d with MgC1 2 wa s 15 mM, it may b e concluded 

that the inhib ition resulting from the a ddi tion of Mg C1
2 

is 

caused largely i f not entirely by Mg 2+. 
LI. ,_. 

Inhibition of arg inine k inase by t h e free nucleotides, ATP~ 

a nd ADP 3-

The fr e e nucleotid e s ATP 4 - and ADP 3- were f o und to b e 

linear non-competitive inhib itors with resp ect t o MgATP 2 - and 

MgADP respectively (Fi g . II.5). Furthermore, because the 

slopes a n d intercepts are linear functions of the inhib itor 

concentrations, it may b e conc l uded t hat, under t h e e x per i 

mental cond itions, the free nucleotid es are a cting as d ead- end 

inhibitors rath er than giving r ise to les s active e nzyme - sub -

strate comp lexe s . Although withou t a knowledge o f the reaction 

me c h ani sm it is not pos s i ble to e st i mate true dissocia tion 

cons tants, it may, nevertheles s , be concluded from the marked 

reduction in velocity cau sed by the p resence of e x c ess ATP 4 -



FIG. II.4. Inhibition of the initial velocity of 

the arginine kinase reaction by MgC1 2 with MgATP
2

-

(a) and MgADP (b) as the variable substrates and 

the concentrations of free arginine (a) and free 

phosphoarginine (b) held constant at 10 mM and 5 

mM, respectively. The lines were drawn using 

kinetic constants obtained by analysis of the data 

of (a) by the COMP and of (b) by the NONCOMP com-

puter programmes (Cleland, 196-3b) . vis expressed 

as µmoles of ADP (a) and µmoles of arginine (b) per 

µg of arginine kinase per min. 



10 

8 

1 -V 6 

-2 -1 1 

10 

8 

6 

2 

- 1 0 

2 3 

2.0 

[ MgATP 2
] 

2 3 

-I 
mM 

MgCl
2 

5.0 

2.5 

0.5 

mM 

[MgCIJ mM 
7.5 

2.5 

1.0 

5 



FIG. II.5. Non-competitive inhib ition of the ini-

tial velocity of the arginine kinase reaction by 

4- 2- 3 -
ATP with respect to MgATP (a} and by ADP with 

respect to MgADP (b) and with the concentrations 

of free arginine (a) and of free phosphoarginine 

(b ) held constant at 5 m.M. The lines were d rawn 

using the kinetic constants ob tained b y analysis 

of the data by the NONCOMP computer p rogramme 

(Cleland, 1 963b). vis expressed as µmoles of 

ADP (a) and of arginine (b) per µg of arginine 

kinase per min. 
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or ADP
3

- that free nucleotides are potent inhibitors of the 

reaction under these conditions. 

DISCUSSION 

The method described for the preparation of arginine 

kinase from crayfish muscle has proved to be reproducible and 

to yield a product suitable for kinetic studies. Attempts 

have been made to crystallize the enzyme from ammonium sul

phate solutions and although crystals have been obtained, 

the reproducibility of the procedure was poor. The final 

product may well be pure since a single symmetrical p eak was 

obtained on ultracentrifugation, but it should be emphasised 

that only one preparation of enzyme has been analysed in this 

manner. 

It would appear that sea-crayfish arginine kinase has 

properties in common with the arginine kinase from lobster 

(Virden et al., 1965) as somewhat similar procedures were 

used for their purification and both enzymes are inhibited 

by NaCl, sodium acetate and NaN0 3 . In addition, the sedi-

mentation constant (s 20 ,w) of 3.18 for the lobster enzyme 

(Virden et al., 1966) is similar to that reported here for 

the crayfish enzyme. Since the diffusion constant of the 

latter enzyme has not been measured, it is not possible to 

say if this similarity reflects a similarity of molecular 

weight or if it results from both proteins having molecular 

weights and conformations ·differing in such a way as to 
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produce the same sedimentation constant. It may also be noted 

that both these values are higher than the s 20 values of 2.5 

reported for the crab enzyme (Elodi & Szorenyi, 1956) and of 

2.69 reported for a lobster preparation (~radel et al., 19641. 

But as mentioned in the Introduction to this Chap ter (p.61), 

both these latter values are subject to some uncertainty. 

The inhibitions by sodium salts, by MgC 1 2 , and by the 

free nucleotides were measured to find conditions suitable 

for detailed kinetic studies. While the addition of 40 mM 

of any one of the four salts - NaCl, sodium acetate, NaNo 3 

and NaClo
4 

- sufficed to cause noticeable inhibition, this 

inhibition was more marked with NaN0 3 or NaClo 4 than with NaCl 

or sodium acetate (Fig. II.2). The result resembles that of 

Virden et al. (1965) who found that NaNo 3 was more inhibitory 

than the sodium or potassium salts of Cl or acetate. 

It was mentioned when reporting the results of the inhibi 

tions by NaCl, MgC1
2 

and free nucleotides that the inhibition 

constants listed in Table II.2 are apparent values. Without 

a knowledge of the reaction mechanism it is not possible to 

ascertain their relationship s to real dissociation constants. 

Nevertheless, the results are sufficient to allow suitable 

conditions to be chosen for the detailed kinetic studies. 

It could be concluded from a study of NaCl inhibition that 

the Cl added as MgC1
2 

would not be sufficient to influence 

the initial velocity of the reaction. While the presence 

in all reaction mixtures of 0.1 M triethanolarnine -HCl buffer, 
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and hence of 40 mM Cl , would reduce the maximum velocities 

that could be achieved, it is important to use a cationic, 

non-chelating buffer and this strength of buffer was considered 

necessary to achieve constant pH and almost constant ionic 

strength in the presence of varying concentrations of sub-

strates and products. Similar experimental conditions were 

chosen to determine the kinetic constants , which would b e 

true values for this particular set of experimental conditions. 

The marked inhibitions resulting from increasing concen

trations of Mg 2+, ADP 3- and ATP 4- make it clear that in order 

to achieve experimental conditions of the minimum complexity, 

it is necessary to maintain low concentrations of these ionic 

. s pecies. Moreover, when the Mg-nucleotide complexes are 

used as the variable substrates, the concentration of either 

Mg 2+ or the free nucleotide must vary also. And since kinetic 

constants for both directions of the reaction may be compared 

most simply when the same experimental conditions are used, 

it seemed advisable to keep the c oncentration of Mg 2+ constant 

for all experiments. This means that the concentration of 

free nucleotide will vary in p roportion to the concentration 

of the Mg-nucleotide complex, the actual concentrations 

depending on the concentration and apparent stability constant 

of the Mg-nucleotide complex as well as on the concentration 

of Mg 2+. The effect that this free nucleotide has on the 

reaction will depend on the relationship between the concen-

trations present and the t~ue inhibition constants. While 
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t h e se true consta n t s are not known , it is a pparent t h at both 

free nucleotides are strong i nhibitors under the exp erimental 

conditions used for F i g . II.5. 2+ With Mg at 1 mM, the con-

centration of ATP
4

- will alwa ys b e smal l because of the large 

a pparent stab ility cons tant for MgATP 2-, and it may b e calcu-

2 -lated that if t he h igh est concentration o f MgATP is 3. 0 mM, 

t hen the highest concentratio n of ATP 4 - will be 0 . 0 43 mM , a 

figure well below the values of t h e a ppa rent inhib ition con-

stants. Because of t he much lowe r value of the a pparent 

stability con stant for MgADP , a t 1 mM Mg 2+ t h e concentration 

3-
of ADP will alway s b e one•q uarter of t he con centration of 

-MgADP, s o that if t h e highest c oncen tration of ~gADP t o 

be u sed i n t he initial v e locity experiments is 0.5 m..M , t h en 

t he highe s t concentration of ADP 3 - will b e 0.125 mM . Though 

4-t his is considerab l y more than the c oncentr ation of ATP , 

it is still sufficiently be l ow the a pparent inhibition constants 

to have little influence on t h e kineti c values for MgADP t h at 

will b e obtained f rom i n i t ial velocity experiments . 

SUM.MARY 

1. A simp le and r e p r o ducib le method i s described for t h e 

p r e p aration o f arginine kinase f rom t h e tail mus c le of 

the sea-cray fis h , J a s u s v erreaux i. 

2. The p r eparation a ppears h omo g e neous in t h e u l trac e ntrifuge 

and i s s i milar to t he e nz yme from t he lob ster Homarus 

vulgari s a s regards sedimenta t ion c onstant and inhib ition 
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by NaCl, sodium acetate and NaN0
3

. 

3. While NaCl inhibits the reaction non -competitively with 

respect to MgADP and phosphoarginine, the apparent 

inhibition constants are large enough to indicate that 

4 . 

MgC1 2 is a suitable salt to use for detailed kinetic 

studies. 

2+ 4- 3-
Mg , ATP and ADP are potent inhibitors of t he 

arginine kinase reaction when the Mg-nucleotide comp lexes 

are used as substrates. Therefore detailed kinetic 

studies are to be carried out with the concentration of 

Mg
2+ constant at 1 mM and with low concentrations of the 

free nucleotides. 
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CHAPTER III 

INITIAL VELOCITY STUDIES OF THE REACTION CATALYSED BY 

ARGININE KINASE 

I NTRODUCTION 

82. 

Arginine kinase, p rep ared a s described in Chapter II, 

has been used for a kinetic investigation of the reaction 

mech anism. In t he first instance, i nit i al velocity measure-

ments in t he a b sence of added p roduct (referred to hereafter 

simp l y as initial velocity studies) were made to determine 

if the reaction me chanism were sequential or Ping-Po ng . 

Such a differentiation is possible for a reaction with two 

substrates and two products because of t he d iffering forms 

of the initial velocity e q uations (Cleland, 1963a}. Be fore 

presenting the results of these studies, b rief mention will 

be made of other kinetic work carried out with arginine kinase. 

The only k inetic study that h a s b een made of t he reaction 

catalysed by arginine kinase is that by Virden, Watts and Baldwin 

(1965). Using enz yme p rep ared from extracts of mus cle of the 

lob ster, Homarus vulg aris, t he y measured the initial velocity 

of pho s phoarginine formation as a function of the concentrations 

of MgATP 2- and arg inine, and the results, when p lotted in 

doub le recip rocal form, consisted of families of straight 

lines intersecting to the left of t h e ordinate. Thus it may 

be concluded that the reaction h as a sequential me c hanism. 

But in the absence of p roduct inh ibition data, no f u r t her 
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conclusions can be reached as to t he p recise typ e of seq uential 

me c h anism, althoug h the authors analy sed the i r data on t h e 

b a s i s that t he reaction me chanism i s rapid e q ui lib rium, random. 

The conditions chose n for t he kinetic stud ies with 

arginine kinase we re b ased on the experimental data repo rted 

in Ch a p ter II, and velocitie s were determined as functions 

of t he concentrations of the Mg-nucleotide comp lexes and o f 

t he free forms of the g uanid i no c ompounds. The results were 

c ons istent with a Ping-Pong mech anism, which means t h a t t h e 

f irst substrate adds to, and the first p r oduct dissociates 

from t he enzyme before the second sub str ate reacts. It follows 

that the reaction should be d ivi s i b le into two partial reac tions 

an d this h as been verified by de monstration o f partial exchange 

reactions between ADP andATP in the absence of the guanidino 

substrates and between arg inine and p hosphoarginine in the~ 

a bsence of t he nucleotides. As these re s ult s sugge s t that 

a phosphorylated enz yme may fo r m as an inte rmediate in the 

reaction seq uence, a prel i minary investigation of this possi 

bi lity was undertaken, but the re sults are not conclus ive . 

In addition, it h as been found t hat increasing con centrations 

of the s ubstrate phosphoarginine give ri se to inh i b ition. 

EXPERI MENTAL 

Materials 

ATP, ADP arginine, phosphoarg inine and Mg C1 2 we re pur

chased and/or p rep ared a s described in Chapter II p . 64 . 
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EDTA and DCTA were o b tained as stated in Ch a pter I, p .40; 

solutions of both compounds were brought to pH 8.0 with N 

NaOH before use. N-ethylmorpholine and triethanolamine 

buffers were o btained and treated as described in Chapters 

I and II resp ectively (pp .40 & 64}. Phosphocreatine and 

creatine kinase were pre p ared and stored as described in 

Chapter I, pp. 39 & 41, while arginine kinase was p rep ared 

as described in Chapter II, p .68. 

[8-
14

c]ATP-Li 4 (28 mC/rnrnole}, [8-14c] ADP-Li
3

, both in 

50% ethanol, and [
14

c]L-arginine (240 mC/rnrnole) were obtained 

from Schwarz Bioresearch Inc. Before using t h e labelled 

nucleotides, the solutions were evaporated to dryness in a 

stream of dry air and reconstituted by the addition of water. 

This p rocedure was necessary to prevent the inactivation of 

the enzyme by ethanol (Morrison, Griffiths & Ennor, 1957). 

[y-
32

P]ATP (496 mC/ITLmole) was p urchased a s the tetraaromonium 

salt from The Rad iochemical Centre, Amersham, England. 

Naphthelene was purchased from British Drug Houses, Ltd ., 

2,5-diphenyloxazole and l,4 -bis-2-(5-phenyloxazolyl) -benzene, 

both Scintillation Grade were from the Packard Instrun ent Co., 

Illinois, U.S.A. and dioxane from Fluka. Sephadex G-25 (fine) 

was obtained from Pharmacia, Sweden; DEAE-cellulose p a p er 

(Whatman p a per, DE-20) was made by W & R Balston Ltd ., England. 

Meth o d s 

Measurement of Initial Velocities 

Detailed kinetic studies were made at 30° in 0 . 1 M 
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triethanolamine-HCl buffer (pH 8.0} in the p resence of 0.01 mM 

EDTA. The Mg-nucleotide comp lexes and the free forms of the 

guanidino compounds were assumed to be the subs trates , so that 

the reaction could be considered as being bireactant and 

written as : 

MgATP 2- + . . + ' arginine ~~~- MgADP t p hos phoarginine 

Thus it was the concentrations of the Mg -nucleotide complexes 

and the free forms of the guanidino substrates which were varied 

while the concentration of free Mg 2+ was maintained constant 

at 1.0 mM. The amounts of total MgC1 2 and total substrates 

required to give the desired concentrationsof the various ionic 

species in a total volume of 1.0 ml were calculated as des

cribed by Morrison et al. (1961}, using the stability constants 

as listed in Chapter II, p.67. After all components except 

enzyme were added, the tubes were kep t in ice until ready 

for use. Care was taken, however, to ensure that tubes con -

taining ATP were not kep t longer in ice than a few hours because 

some hydrolysis occurs. The tubes were incubated at 30° for 

3 min. before reaction was initiated by addition of e n zyme . 

The amount of enzyme added correspond e d to 0.1 8 µg of protein 

per ml of reaction mixture. Initial velocities of the reaction 

in the forward and the reverse direction of the reaction as 

written above were determined by estimating the rate of ADP 

formation from ATP and the rate of arginine release from 

phosphoarginine, resp ectively , as described in Chapter II, p .6 8 . 
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All experiments were run for two time p eriod s to ensur e that 

initial velocitie s were being measured . 

Determination of the Eq uilib rium Con stan t f o r t h e Re a ction 

Reaction mixtures contained 0.1 M triethanolamine-HCl 

buffer (pH 8.0), 1.0 mM ATP, 5.0 mM ADP , 5.0 mM phosphoarginine 

and 21 µg of arginine kinase per ml , as well as various con-

centrations of MgC1 2 . Equilib rium was estab lished within 

10 min. of the add ition of en zyme , b u t s amples (0.3 ml) were 

taken at 5 min. inter val s between 10 and 30 mi n . to ensure 

that the amount o f arginine rele ased d i d not vary. To each 

sample was added 5.0 ml of 0.08 M DCTA (ad j usted to pH 12 

with NaOH) and 4.7 ml of water. After mixing, 0.7 ml samples 

were taken for the estimat ion of arginine (Rosenberg et al., 

1 956). The total concentrat i ons of ATP , AD~ and phosphoarg i -

nine p resent at e q ui librium we r e calculated from t h e average 

valu e for the e q uilibrium c oncentration of arginine, a s t he 

concentr ation o f a r g i n i n e in the samp l es t a ken after 10 mi n . 

incubation did not vary b y more than 2 %: The e qui librium 

2-concentrations of MgATP , 1gADP and free phosphoarginine 

were calculated by means o f a computer p rogramme which was 

used in con j unction with an I BM 1620 computer. For this 

purpos e , the comp lexing between Mg 2+ and a r ginine was con

sidered t o be n egl i g i b le. 

Determination of Isotope Exc hange Rates 

Th e rates of the ADP-ATP and arg inine-pho s phoarginine 
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exchange were determined unde r the c ond itions described in 

the legend to Fig. III.4. Th e rea ction was stoppe d by 

a pplication of 50 µl samp les to DEAE-cellulose p a per which 

was used for the separation of the pairs of reactants. 

Details of the experimental technique and method of counting 

have been given by Morrison and Cleland (1966). 

Investigation of t h e Formation of a Covalently-bound, phosphory 

lated intermediate 

The method used was bas ically that described by Mourad 

and Parks (1965). 16.3 mg of arginine kinase were incubated 

in a volume of 2.0 ml with N-ethylmorpholine -HCl buffer (pH 

8.0), 0.1 M; EDTA, 0.01 mM; [ r - 32 P] ATP (40 mC/mrno l e), 1 rnM; 

MgC1 2 , 2 mM ; and creatine k inase, 2.5 µMand phosphocreat i ne, 

7 mM , to disp lace t he e quilib rium in t h e direction of pho s

phorylated-enzyme formation by c onverting t he ADP formed to 

ATP. After 3 min. at 30°, reaction was initiated by the addi-

tion of the ATP, and after 4 min. at 30° was sto ppe d by the 

addition of 0.2 ml of 0.2 M EDTA (pH 8 .01. The p rotein was 

p recip itated by the addition of solid ammo n i um s ulphate to 

95% saturation and redi ssolved in 1.0 ml of 0.1 MN-ethyl

morpholine-HCl buffer (pH 8 .0) c ontain i ng 5 m_ EDTA and, 

after repetition o f the procedure, t h e s o lution was d ialysed 

in t wo portions a gainst the same buf f er. On e of these portions 

was chromatographed on G- 25 (f ine) Se phadex. The other was 

incubated with ADP and MgC1 2 to transfer any 32P attached to 
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the active site of the enzyme to ADP to reform [Y- 32 r ] ATP. 

After precip itation of the protein with ethanol, the nucleo 

tides were separated by chromatography on DEAE- cellulose 

paper (Morrison & Cleland, 1966) and the radioactivity of 

the ATP comp ared with that of an enzyme sample incub ated 

without ATP. The experime nta l details of the c hromatography 

and the incubation with ADP are given in the leg ends to 

Fig. III.5 and Tab le III.3. Re p laceme n t of [Y- 3 2P ] ATP 

t he reaction mixture by [8-14c] ATP was used to d etermine 

the amount of non-specific b inding of ATP to the enzyme . 

Estimation of Radioactivity 

Radioactivity was measured wi t h a Packard Tri Carb 

Scin tillation Counter. Samples on DEAE-cellulose p aper 

l n 

were i mmersed in a scin tillation fluid with toluene as the 

solvent as described by Morrison and Cleland (1966}. The 

efficiency of counting was 40% for 1 4c and 23 % for 32 P. 

Aqueous samples were mixed with a scintil lati on tluid com

posed of 100 g naphthelene, 10 g of 2,5-diphenyloxazole and 

0.25 g of l,4-bis-2-(5-phenyloxazolyl }-benzene in 1 litre 

of dioxane. The overall efficiency of counting was 45% 

for 
1 4

c and 28% for 32P. 

Analysis of Data 

Kinetic data were analysed as described in Chapter I, 

p.43 using one or more of t h e p rogrammes - HYrER, LirE, PARA, 

PING-PONG and SUBINH (p reface, e q uations 1, 2, 3, 5, & 9]. 
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Illustrations h ave been pre p ared with the aid of constants 

obtained from the particular programmes as noted . Weighted 

mean values and their standard errors were calculated using 

the formulae given in Chap ter I, p . 44. The standard error 

of K , calculated from the Haldane relationship , was deter-e q 

mi ned by modifying the PING-PONG p rog ramme to obtain the 

standard errors of t he products Ka Kb and KP Kg by mak ing 

allowance for their covariances and using the formulae for 

the standard errors of p roducts and quotients given in 

Chapter I, pp .44 & 45. I am grateful to Dr . W. W. Cleland 

for making this modification to t h e PING-PONG computer 

p rogramme . 

RESULTS 

Initial Velocity Studies 

2 -The effect of the concent ration of MgATP on t he initi a l 

velocity of the forward reaction at d ifferent fixed concen

trations of the arginine is illustrated in the f orm of a 

double recip rocal p lot. Th e s ame data a.re shown also p lotted 

with arginine as t h e variab le substrate at several fixed 

2-concentrations of · MgATP (Fi g . III.ll. The results of 

similar investigations of the reverse reaction with MgADP ~ 

and phosphoarginine as variable sub strates are shown in 

Fig . III.2. It is a pparent that the slopes of t h e lines 

are independent of the concentration of t h e fixed sub strate. 

Thus it may be c onclude d that t he a r g inine k inase reaction 



FIG. III.l. Effect of the concentration of arginine 

on the initial velocity of the forward direction of 

the arginine kinase reaction with MgATP
2

- as the 

variable substrate (a}, and the effect of the con

centration of MgATP 2- on the initial velocity of 

the reaction with arginine as the variable substrate. 

The concentration of free Mg
2+ held constant at 1 mM. 

The lines are drawn using the kinetic constants 

obtained by analysis of the data by the PING-PONG 

computer programme (Cleland, 1963b}. vis expressed 

as µmoles of ADP per µg of arginine kinase per min. 
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:FIG. III.2. Effect of the concentration of phos -

phoarginine on the initial velocity of the reverse 

direction of the arginine kinase reaction with MgADP 

as the variable substrate (a), and the effect of 

the concentration of MgADP on the initial velocity 

of the reaction with phosphoarginine as the variable 

substrate (b). The concentration of free Mg 2+ 

held constant at 1 mM. The lines were drawn using 

the kinetic constants obtained by analysis of the 

data by the PING-:PQNG computer programme (Cleland, 

1963b). vis expressed as µmoles of arginine per 

µg of arginine kinase per min. 
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has a Ping-Pong mechanism so that one substrate adds to the 

enzyme and one product is released before the addition of 

the second substrate. The initial velocity e q uations for 

the reaction in the forward and reverse directions may, 

therefore, be expressed as 

V (1) and v (2} 
K Q + K P+ PQ p q 

respectively, where v1 and v2 represent the maximum velocities 

of the reaction in the forward and the reverse direction u A, 

B, P and Q represent the concentrations of MgATP 2-, arginine, 

1gADP and phosphoarginine, respectively and K, Kb' K and 
a P 

K represent their corresp onding Michaelis constants. 
q That 

such a formulation of the initial velocity e q uations is in 

accord with the exp erimental results may b e seen by re-arrange

ment, for example, of equation 2 in reciprocal form with Q 

as the variable substrate viz. 

1 
V 

(3} 

when it is apparent that the concentration of P has no influ-

ence on the slopes of the lines. The values for the Michaelis 

constants of the substrates and the maximum velocities of the 

reaction in each direction are given in Table III.l. 

A further check on t his typ e of mechanism can be made 

by studying the initial velocity of the reaction as a function 
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TABLE III.l. KINETIC PARAMETERS OF THE ARGININE KINASE 

REACTION AS DETERMINED FROM INITIAL VELOCITY STUDIES 

The values for the Michaelis constants and maximum velocities 

are weighted means of the values obtained by analysis of the 

results of three exp eriments, including those of Fig. III.l 

and III.2 using t h e modified Ping - Pong computer pro g ramme of 

Cleland (1963b). 

Substrate 

Forward Reaction 

MgATP 2- 0.64 

Arginine 0.87 

Reverse Reaction 

MgADP 0.17 

Phosphoarginine 1.60 

* 

Michaelis 
Constant 

(mM) 

t 0.03 (K } 
a 

+ 0.04 (Kb} 

+ 0.005 (KP }_ 

+ 0.06 (K } 
q 

Maximum 
Velocity 

( µmoles/min/µg 
of e nzyme) 

0.341 + 0.006 (V 1) 

0.359 t 0.002 (V 2) 

From the same experimental data, values for the relation-

ships KaKb and 

(V } 2 
1 

and 1.86 + 0.15 . 

K K p q 

(V ) 2 
2 

were determined to b e 4 .52 + 0.35 

* 

* 
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constant the r at io of the two substrates. If the ratio 

of P:Q i s held e q ual to x , t h en e quation 3 becomes 

(Kq + :p ( 
1 1 1 - ! 

J + ( 4) 
V I v2 Q v2 

Under these conditions, a plot of 1/v against 1/Q would yield 

a str aight line with a vertical intercept corresponding to 

t h e recip rocal of the maximum velocity . Such a plot is 

obtained when MgADP and phosphoarg inine are varied in con-

stant ratio as s h own in Fig . III . 3 . The maximum velocity 

was determined to b e 0 . 439 + 0.0 06 µmoles per min . per µg 

of enzyme . 

Calculation and Determination of t h e Equilibrium Con stant 

of the Reaction 

The e quilib rium constant (K } of the reaction was e q 

calculated from t h e Haldane relationship , 

K eq 

which is one of f our applicable to a Ping - Pong reaction 

(Cleland, 1963a). Substitution of the values for 

and 

(Table III.l) into this relationship gave a value of 0 . 41 + 

0 . 0 5. For comparative pur poses, the exnerimental value for 
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FIG. III .3 . A p lot of the recip roca l s o f t he init i a l ve l oci t ie s 

o f the reve r se d irection of the a r ginin e k ina s e reaction a g a i nst 

the reciproca l s of t he c oncen tratio n s o f MgADP with the ratio 

of t he c oncen tratio n of p ho sphoarg'nine t o t he c o n c e n t ratio n 

o f MgADP held c onst an t at l O : 1 , a nd t h e con cen t rat i on o f 

fr e e Mg 2+ he ld c onstan t a t 1 rnM. Tl e da t a we r e a n a l ysed wi t h 

the HY PER c omputer p rog r amme (Clel a n d , 1 96 3b ) . v is exo re sse d 

a s µmo l e s of a r g i ::-iin e p e r µg o f a r g i L.:._Le ~ .. i nas e p e r mi n. 
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K was also determined. e q 

92. 

The e quilibrium concentra tions of 

total ATP , ADP , phosphoarginine and arginine, in the p resence 

of various total concentrations of Mg, were estimated as des

cribed in Methods and t hese values were used to calculate 

2 -the e q uilibrium concentrations of MgATP , MgADP and free 

phosphoarginine. 

the relationship : 

Substitution of the resulting values into 

K e q 
[arginine] [MgATP 2 ~J 

_ gave an 
[phosphoarginine] [MgADP~ ] 

average value of 0.31 (Table III.2} which is in reas onab le 

agreement with that calculated from t he Haldane relationshi p . 

It should be noted that whereas t h e value for K i s e s sentially 
e q 

cons tant, that for K varies wi t h the total concentration of e q ' 

Mg added (cf. Kuby & Noltmann, 1962, p .515}. 

Isotop e Exchange Studies 

The overall sequence for any reaction involving t wo sub

strates and having a Ping-Pong mechanism ma y b e expre sse d as 

t he sum of t wo partial reactions. A set of possib le partial 

reactions for the arginine kinase reaction is 

E + 
2-MgATP 

and 

I"'"' 

E-P + MgADJ? Cal 

. . . 
E-P + arginine E + phosphoarginine (b) 

where E represents the f ree form of enzyme and E-P a second 

stable form of enzyme to which the phosphoryl group (P) is 

not necessarily bound cov~lently (Boyer , 1960). If such 

reactions do occur, then it should be possible to demonstrate 

nucleotide exchange in the a b sence of guanidino substrates 
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TABLE III.2. TRUE AND APPARENT EQUILIBRIUM CONSTANTS FOR 

THE ARGININE KINASE REACTION 

The true (K ) and app arent (K ,) e q uilib rium constants e g e q 

were calculated from the relationsh i p s ~ 

K - [arginine] [MgATP 2-] 
and eq free 

[phosphoarginine] [MgADP ] 

K [arginine] [ATP] 
eq' - [phosphoarginine] [ADP] 

Individual values represent the average of t wo determinations . 

otal Mg added 

(mM) 

4.0 

6.0 

8.0 

2+ Free Mg at 
e uilib ri.um 

CmM l 

0.12 

0.61 

1.93 

I 

K e q ' 

0.82 

0.47 

0.41 

K e g 

0.2 9 

0.32 

0.31 

' 

Averag e I 
value for 1 

K e q 7""" 0.3 ~ 
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and guanidino exchange in the absence of nucleotides. Incu

bation of ATP and 14c - ADP with the enzyme gave rise to the 

incorporation of label into ATP while incub ation of phos pho 

arginine and 14c-arginine with the enzyme resulted in the 

formation of labelled phos phoarginine. The a pproach to 

e q uilibrium of these reactions is illustrated in Fig. III. 4 . 

It might b e noted that the curves do not p ass through the 

origin. This is because of the p resence of 
14

c-ATP in t h e 

14c-ADP sample and of a radioactive contaminant in t he 
14

c 

arginine which could not be removed from DEAE-cellulose p a per 

by washing. Qualitative evidence was obtained for the 

ATP-ADP exchange also. 

When Mg 2+ was omitted from the reaction medium, t here 

was a marked reduction in the initial rate of the ADP -ATP 

exchange (Fig. III.4a) while the arginine-pho s pho arg inine 

exchange rate was affected only to a small extent (F i g . III. 4b). 

The latter exchange was not inhibited by concentra tion s of 

EDTA or DCTA up to 0.03 mM, b ut both compounds a t a concen

trations of 0.1 mM prod uced a time-dependent inhib ition of 

the exchange. Treatment of phosphoarginine with Chelex-100 

(Na+ form), together with replacement of triethanolamine with 

N-ethylmorpholine, which had been purified by disti l lation, 

did not result in a reduction of the arginine-pho s phoarginine 

exchange rate i n t he a b sen ce of a dded metal ion. 



FIG. III.4. Incorporation of label from [14cJADP 

into ATP in the absence of guanidino substrates (a) 

and the incorporation of label from [14cJarginine 

into phosphoarginine in the absence of nucleotide 

substrates (b). 

(a) The reaction mixture contained in a final 

volume of 0.5 ml : triethanolamine-HCl buffer 

(pH 8.0), 50 µmoles; EDTA, 5 mµmoles ; ATP, 0.25 

14 µmole; [8- C]ADP, 0.2 µC (6.7 mµmoles}; arginine 

kinase, 3.6 µg and either with or without MgC1
2

, 

0.5 µmoles. Incorporation is expressed as counts 

per min. in [14 J f . . k' C ATP per µgo arginine inase. 

(b) The reaction mixture contained in a final 

volume of 0.5 ml : triethanolamine-HCl buffer 

(pH 8.0), 50 µmoles; EDTA, 5 mµmoles; phospho-

arginine, 0.5 µmole; [ 14 J . . CL-arginine, 0.2 µC 

(0.83 mµmole); arginine kinase, 36 µg and either 

with or without MgC1 2 , 0.5 µmole. 

is expressed as counts per min. in 

arginine per µg of arginine kinase. 

Incorporation 

14 [ C]phospho -
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Investigation of the Formation of a Phosphorylated-enzyme 

intermediate 

The demonstration of t h e exchange reaction between ADP 

and ATP and between arginine and pho sphoarginine indicates 

that the t wo partial reactions (a) and (b } are operative, 

and sugges ts that a phosphory lated enzyme may form a s a 

stable intermediate in the r eaction seq uence. Therefore, 

when a limited supply of [ Y- 32P] ATP and of enzyme became 

available, it was decided to investigate b riefly the poss i ble 

formation of this intermed iate. 

The method chosen was a modification of that used by 

Mourad and Parks (1965) to isolate the pho sphoryl - enzyme inter 

mediate in t h e reaction catalysed by nucleoside d i phospho

kinase. Enzyme was incub ated with [ Y-
32

P]ATP at pH 8 .0 

to allow formation of the phosphoenzyme, and then t h e ATP 

either free or loosely bound t o t h e enzyme was removed by 

precip ita ting the p rotein t wice with ammonium sulphate. 

After redissolving in buffer at pH 8 .0, the solution was 

dialysed against the same buffer containing EDTA. A portion 

of the p rotein was c h romatographed on G-25 Sephadex and the 

enzyme activity ·of the fr a ctions collected was a ssayed 

( . 5) h ' f 32 . . k' Fig. III. . Te cons tant ratio o P : arg i nine inase 

activity indicates that the phosphoryl group was bound to, 

and thus moved with the protein, as would b e expected i f t h e 

t · h h 1 t ·d The amount of 32P bound per pro ein we re p1osp ory a e . 

mg of p rotein was calculated from the number of counts in 

I 



FIG. III. 5. Chromatography of arginine kinase on 

G-25 Sephadex, after reaction of the enzyme with 

radioactive ATP. 0.8 ml of the arginine kinase 

that had been incubated with [
32

P]ATP as described 

in METHODS, was dialysed against 2 x 250 ml of 

0.1 M N-ethylmorpholine buffer (pH 8.0) containing 

5 mM EDTA (5) for 2~ hours. The protein was then 

applied to the top of a G-25 (fine) Sephadex column 

(53 x 2.2 cm), which had been equilibrated previously 

with 0.1 M N-ethylmorpholine buffer (pH 8.0) con

taining 5 mM EDTA, and this same buffer was used to 

elute. The flow rate was 60 ml per hour. Fractions 

of 1.9 ml (60 drops) were collected using a Gilson 

Medical Electronics Linear Fractionator equipped 

with a Drop Counter-Timer combination unit connected 

to an ultraviolet absorption meter (Model UV-265IF) 

attached to a Model RR Texas Instruments Recorder. 

Samples of 0.22 ml were taken from each fraction 

for radioactivity assay. The enzyme activity of 

the fractions were tested as described for fractions 

collected during the enzyme purification (Chapter II, 

p. 66). 
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proportion to the specific radioactivity of the [r - 32 P]ATP 

and the number of units of enzyme activity in p roportion to 

the specific a c tivity of the enzyme prep aration. Thus it 

-4 · 32 
was found t h at only 0.14 x 10 µmole of P was bound per 

mg of enzyme protein . To estimate how much of thi s may be 

present as ATP , the experiment was repeated using [s - 14c]ATP 

- 4 14 and it was found t hat there was 0.10 x 10 µmole of C 

pe r mg of arginine kinase . Therefore , most if not all of 

the 32P boun d to the enzyme could b e accounted for as non - s peci-

fically bound ATP . This finding is similar to that of 

Doherty and Morrison (196 3) who found t h at ATP is b ound 

strongly to creatine kinase and is not removed completely 

even after treatment with charcoal. 

A second app roach was used to see if incubation of the 

protein with [ Y- 32P ] ATP had resulted in the formation of any 

phosphorylated en zyme . To this end, another portion of the 

incubated and precipitated p rotein was dialy sed against buffer 

free from EDTA and then incubated in t h e p resence and a bsence 

32 of ADP , to allow any P-p hos p hoenz yme to form free e n zyme 

by ·transferring the phosp horyl group back to ADP, with t he 

formation of [ r-32P] ATP . Similar experiments were carried 

out with enzyme that had been incubated with [8 -
14

c] ATP 

rather than [Y- 32 P] ATP . After p recip itation of the p rotein 

with ethanol, the ATP in t he s u perna tant solutions was 

chromatograp hed and t h e radioactivity of the ATP s pot deter -

mine d (Table III.3). The p re s ence of radioactive ATP in 
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TABLE III.3. INVESTIGATION OF THE FORMATION OF A PHOSPHORY-

LATED ENZYME INTERMED IATE BY FORMING ATP FROM PHOSPHOENZYME 

AND ADP. 

Arginine kinase (6 mg. in 0.45 ml} which had been incubated 

with 32 P ATP as described in Methods, was dialysed against 

2 x 250 ml of 0.1 M N-ethylmorpholine-HCl buffer (pH 8.0) 

without EDTA for 2.5 hr. Then 0.2 ml was incubated in the 

same buffer with 0.01 mM EDTA, 2 mM MgC1 2 and 1 mM ADP in a 

total volume of 0.4 ml. A similar quantity of p rotein was 

incubated without ADP. After 4 min. incubation at 30°, 

0.1 ml of 0.1 M EDTA (pH 8.0) was added to stop the reaction, 

and then ADP was added to the control tube. Protein was 

precipitated by the addition of 0.25 ml of 95% ethanol, and 

then the supernatants with cold carrier ATP were c hromato

graphed on DEAE-cellulose p a p er to isolate the ATP for 

counting. Non-specific b inding of ATP was measured by per 

forming the experiment with arginine kinase t hat had been 

incubated with 8-
14c ATP. 

phosphorylated 
enzyme incubated 
with ADP 

mg. p rotein per . 
assay 

µmoles X 10 3 

radioactive ATP . supernatant in 

µmoles X 10 3 

radioactive ATP 
per mg. p rotein 

Radioactive form of ATP with which 
the arginine kinase was incubated. 

[ 8-14
c] ATP 

+ + 

2.8 3.1 1.1 1.1 

1.05 0.74 0.15 0.13 

0.38 0.24 0.13 0.12 

l 
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samples that had not been incubated first with [ Y- 32r]ATP 

and then with ADP indicates that ATP must have remained with 

the protein throughout the ammonium s ulphate precipitations 

and dialysi s and then been released when the protein was 

denatured with ethanol, As t h is amount of ATP is more t han 

10 times greater t h an t h e ATP p re s ent after pass a ge d own the 

Sephadex c olumn (Fig. III.5), p resumably it represents ATP 

that is non-specifically adsorb ed and dissociates slowly 

from the protein. In a ddition to t h is ATP , t here is a further 

amount p resent after incubation with ADP , so that it would 

seem reasonab le to conclude t hat t h is is formed by t h e reaction 

of the ADP with a phosphorylated form of the enzyme; t h i s 

suggests t hat a phosphory lated enzyme is an intermediate in 

the reaction catalysed by arginine kinase. It will be 

noticed, however, that the amount of ATP ~ormed, and t here

fore the amount of phosphorylated enzyme, i s small when com 

pared with the total amount of arginine kinase present, indi

cating that such a phosphorylated enzyme must b e un s table 

with very little surviving the 4 hour time lapse that occurs 

during the experimental period. 

Substrate Inhib ition by Phosphoarginine 

The early experiments designed to demonstrate the 

arginine-phosphoarginine exchange were carried out with phos

phoarginine at a concentration of 10 mM . This concentration 

was used wi th t h e object of forcing t h e enzyme into the E- P 
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form for reaction with l abelled arginine and to increase 

the number of counts i n pho sphoarginine at equilibrium when 

the specific activity of phosphoarginine and arginine would 

be equal. 

exch ange. 

It wa s difficul t , however, to demonstrate any 

Because it was possible to show the exchange 

with a lower concentration of phosphoarginine (1.0 mM, 

Fig. III.4), it appeared likely that higher concentrations 

of phosphoar g i nine ma y giv e ri se to substrate inhibition; 

that is, the phosphoarginine may bind not only to the E form 

of the enzyme but also to the E-P form t o yield a dead-end 

c omplex . 

The above considerat ions prompted an invest~ ·ation of 

the effect of a range of phosphoarginine concentrations on 

t h e initial velocity of t he reaction at a fixed concentration 

of MgADP . F i g . III.6 shows that at relatively high concen-

trations of phosphoarginine there is a marked inhibition of 

the reaction. Ana l ysi s of these data by means of t he 

SUBINH c omputer programme (Cleland, 1963b } gave an apparent 

inhibition constant o f 14.7 + 2. 9 mM , but it should be noted 

that the overall fit is not good and that this is especially 

true in the region of highest veloc itie s . It a ppeared that 

this discrepanc y might be due to the formation of more than 

one phosphoarginine dead-end complex. In order t o investi-

gate the nature of t h i s substrate inhibition and to obtain 

true i nhibition c onstants, · the initial velocity of the reac 

tion wa s measured with MgADP as the variable substrate at 

increasing c oncentrations of phosphoarginine . The fixed 
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FIG. III .6. A plot of t he r ecip ro c als of the i ni tial veloci t ies 

of the reverse di re t i on o f the arginine kinas e reaction agai nst 

the r eciproc als of t h e conc entra tions of f r ee phosphoargin i ne , 

with the c once n t rations of MgADP and fre e Mg 2+ held constant 

at 0.1 mM and 1.0 mM , res ectively . The curve is dra,,1n using 

kine tic c o n s tants obtain ed f rom ana l y s is of the data by the 

SUB I NH com u t er p r ogramme (Cleland, 1963b). vis exp ressed 

as µmo les o f arg inin e per µg of a r g inine k inase p e r min. 
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concentration of phos phoarginine was varied from 1 0 to 30 mM 

since below these concentrations the results were as expected 

for a reaction having a basic Ping-Pong mechanism (Fi g . III.2). 

From the data illustrated in Fi g . III.7, it is a pparen t that 

both the slopes and vertical intercep t s of t he lines increase 

as the concentration of phosphoarginine increas e s , and hence 

it may b e concluded t hat phosphoarginine act s a s a non - com-

-petitive inhib itor with re s pect to MgADP . The non - c ompetitive 

inh i b ition is not of the linear type, however, as rep lots of 

the slopes against the concentration of phospho arginine 

suggest t hat t h e variation in slop e i s a parabolic function 

of phosphoarginine concentration a s t h is concentration i s 

increased over 10 mM (Fig. I I I.7b ). Since the i n itia l 

-velocity e quation for the reaction with MgADP a s t h e variab le 

substrate, expressed in recip r ocal form, i s : 

1 
V 

+ 1} cs 1 

(cf. e q uation 3, p .90), the slop e can b e a p arabolic functio n 

of the inh i b itor concentration only if t h e i nhi bi tor i s com

bining twice with the form of t h e enzyme wi t h which t he 

variab le subs trate comb ines . If i t ma y b e a ssume d f or t h e 

purpose of t h is analys is t hat t h e mechanism o f the reaction 

catalysed by arginine kinase i s a basic Ping- Pong one in 

which the stable enzyme forms do not isomerize (but s ee 

Chapter IV), then it can b e concluded f rom t he slop e data 



FIG. III.7. Effect of the concentration of free 

phos phoarginine on the initial velocity of the 

reverse reaction catalysed by arginine kinase with 

MgADP as the variable substrate and with the free 

phosphoarginine concentration increased from 10 mM 

to 30 mM . (a) The non-competitive inhibition 

by phosphoarginine with resp ect to MgADP -; (b) a 

rep lot of the slopes of the lines of (a) as a func 

tion of the concentration of phosphoarginine; and 

(c) a replot of the vertical intercepts of (a} as 

a function of the concentration of phos phoarginine. 

The lines of (a) were drawn using kinetic constants 

o b tained from analysis of the data by the HYPER 

computer programme, t h e points of (b ) and (c) were 

ob tained fromt h is HYP ER analysis while the para-

bola of (b) was drawn from kinetic constants obtained 

from analysis of the points by the PARA computer 

prog ramme (Cleland, 1963b). vis expressed as 

µmoles of arginine p er µg of arginine kinase p er min. 
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that two molecules of phosphoarginine are combining with the 

E-P form of the enzyme, as il l ustrated by the reaction 

sequences : 

E-P + PA E-P .PA ( C) 

E-P .PA + PA PA . E-P.PA ( d) 

where Kil and Ki 2 represent dissociation constants. The 

expression for the slope of e q uation (5) then b ecomes : 

+ + 

From the fit of t he slop e data of four such experiments to 

the e quation for a parabola, the weighted mean value for Kil 

h as been estimated to be 78 .7 + 37.8 mM and t hat for Ki
2 

to 

be 15.4 + 5. 0 mM . 

The vertical intercep t variation of Fig. III.7 is small 

but reproducib le. The rep lot of vertical intercep t against 

the concentration of phosphoarginine appear s reasonab l y linear 

(Fig. III.7c} but there was a tendency among the four experiments 

for t he points to lie on a s light curve caused by the vertical 

intercept variation increasing as t h e inhib itor concentration 

was increased. In the 

the vertical intercept, 

expression of e quation (5) repre s enting 
K 

t h e term (Qq) represents the p roportion 

of total enzyme present in form E whi le t h e term (1) represents 
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the proportion of enzyme d istributed among the b ina r y forms 

of enzyme. If one molecule of p hosphoarginine we re combining 

with t he E form of t he enzyme as a n inh i b itor, then the 

expression for the vertical intercep t would become 

1 ) K K J _g_ + _g_ + v2 l Q KI J 
where KI rep resent s the dissociation cons tant for phospho -

arginine combining wi th f o rm E a s an inhibitor . Thi s t e r m 

shows that the vertical 

to a limiting value not 

intercep t would continue to decreas e 

1 equal to V as the concentration of Q 
2 

is raised. Thus the variation in t he vertical intercepts 

recorded in Figs . III.7a & c c a nnot re s ult from t he reaction 

of one molecule of phosphoarginine with E , but could be due 

to two molecules of phosphoarginine combining with E a s an 

inhibitor to give an expre ss ion of t he form 

+ + 
K O } q-

But as pho sphoarg i n ine combines with E a s substrate , it is 

difficult to envisage t h e presence of t hree mo lecules on the 

enzyme 111 pos itions cap a ble of affecting t h e initial velocity , 

so this possibility will not b e considered further. On t he 

oth e r hand , the vertica l intercep t variation could come from 

pho s phoarginine combining with one or both of the b inary 

enz yme forms. Since the dist r ibution e q ua tion for thes e 
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forms cannot be expressed in kinetic terms, it is not possible 

to evaluate a real dissociation constant for comb ination with 

either of these forms. However , if Q is considered to com-

bine e qually with both binary forms of the enzyme, then t he 

vertical intercept term would be of the form 

1 K 
Q ( _g + 1 + ) 

v2 Q KI 

This exp ression is consistent with t h e vertical intercep t 

variation shown in Fig. III.7 but in view of the p a ucity of 

t he d ata and the impossib ility of obtaining true dis s ociation 

constants from them, no further analysis has been attempted . 

After the demonstration of substrate inhibition by phos 

phoarginine, t h e effect of higher concentrations of the other 

three substrates were examined after the manner of Fig. III.6 . 

No inhibition was observed by increasing the concentration 

of MgADP to 2 mM in the presence of 2 mM phosphoarginine, 

by increasing t he concentration of MgATP 2 - to 8 mM in the 

p resence of 0.6 mM arginine, or by increasing the concentration 

2-
of arginine to 12 mM in t h e p resence of 0.6 mM MgATP . 

DISCUSS ION 

Whi le the kinetic data of Virden, Watts and Baldwin 

(1965) indicate that the reaction mechanism of arginine 

kinase from lobster muscle is sequential , the results of 

---
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this study clearly shows that the mechanism of the reaction 

catalysed by the enzyme from t h e crayfish is of the Ping-Pong 

type. Because the mechanism can be described as Ping-Pong, 

the enzyme must exist in two stable forms under steady state 

conditions and oscillate back and forth between these forms 

during the course of reaction. This situation is achieved 

because the product of the first substrate to react is 

released before the addition of the second substrate to the 

enzyme. If the reaction mechanism were sequential so that 

both substrates added to the enzyme before reaction occurred, 

then the concentration of the second substrate would affect 

the slope of the lines of doub le reciprocal plots . Further-

more, when the concentrations of both substrates were varied 

at a constant ratio, a plot of 1/v against the reciprocal of 

the concentration of either substrate would be parabolic (cf. 

Chapter I, Fig. I.9) and partial reactions would not occur. 

From the initial velocity data, it seems logical to 

consider MgATP and phosphoarginine, which possess the trans

ferable p hosphory l group, as the substrates that react with 

the free enzyme in the forward and the reverse reaction, res

pectively. It follows, then, that the enzyme would exist 

in both free and phosphorylated forms and thi sis consistent 

with the results of the isotope exchange experiments. In 

this connection, the e q uilibrium constants, K1 and K2 for 

the partial reactions (a) and (b) are of interest. These 
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were calculated from the relationships 

and 

to be 0.25 and 1.75, respectively. Thus both e quilibria 

favour the free form of the enzyme and this suggests t hat, 

if a covalent bond is formed between the enzyme and its 

transferable group, its free energy of hydrolys is is greater 

than that of the same group in these substrates. 

In an atte~pt to demonstrate the phos phorylated form, 

the enzyme has been incubated with [y- 32 P] ATP , but t h e results 

(Fig. III.5 and Table III.3) are inconclusive. The data of 

Table III .3 suggest that some pho s phoiylated enzyme may have 

been present 4 hrs. after t he reaction took p lace, but the 

quantity is so small that it could possibly be explained by 

experimental variation. Even if it can be inferred from t h e 

result s that a quantity of enzyme - of the order of 0.5% - is 

phosphorylated, it is a pparent that this phosphoenzyme is 

unstable, presumably hydrolysing to free enzyme and inorganic 

phosphate. In spite of this, the enzyme showed no ATPas e 

activity in 5 min. at 30° at a concentration of 0.16 mg per 

ml. Other enzyme-bound intermed iates of reactions with 

Ping-Pong type mechanism have p roved to b e unstable. For 

instance, the co
2

-enzyme complex that forms in the methyl

malonyl-CoA carboxy transferase reaction (EC . 2.1.2.1) has 

a half life of about 3 min. at 30° (KaZiro & Ochoa, 1962}. 
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Furthermore, direct demonstration of a glucose-enzyme inter

mediate in the reaction catalysed by sucrose glucosyltransfer

ase (EC. 2.4.1.7) has been achieved only recently by precipi 

tating inactive enzyme after a very b rief incubation with radio

active substrate (Voet & Abeles, 1966}, although the existence 

of such an intermediate was first postulated as a result of 

isotope exchange experiments in 1947 (Duodoroff et al., 1947). 

An experiment involving inactivation of the enzyme would 

be an important first step in any additional experiments desig ned 

to study the association between the enzyme and the transferab l e 

phosphoryl group in the reaction catalysed by arginine kinase. 

Moreover, it can be seen from the e q uilibrium constants for 

the partial reactions that the partial reaction involving 

arginine and phosphoarginine is more favourable for the 

formation of E-P than is the partial reaction involving ATP 

and ADP. Therefore a better yield of p hos phoenzyme might 

be achieved if the enzyme were incubated with [ 32P] phos pho 

arginine rather than [y- 32P ] ATP , with arginase included in 

the reaction mixture to hydrolyse the arginine released and 

so displace the equilibrium in favour of p hosphoenzyme forma 

tion: 

E + [ 32P] phos phoarginine ========' E-
32

p + arginine 

arginase 
arginine + H2 0 , - - - - - - ornithine + urea 

32 
When enzyme was reacted with [~ - P]ATP and then chromato -
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graphed directly on Sephadex, the e me rging protein peak was 

not separated from a continually increasing quantity of 

radioactive ATP , although the bulk of the ATr, as recognized 

by ultraviolet absorption, did not commence to emerge from 

the column until 30 ml after t h e end of the protein peak. 

Under these conditions it was imposs i b le to recognise any 

phosphorylated enzyme. It was not until mos t of the ATP 

had been removed by protein p recip itation and dialysis that 

it was possible to separate p rotein-bound radioactivity from 

free radioactivity, and even under these conditions (Fig . III.5) 

radioactivity began to rise sharply towards t h e end of the 

protein peak. 
32 This P may represent ATP that was bound 

to the enzyme but dissociates from it during chromatography, 

as it can be seen that the ATP bound to the enzyme after 

chromatography is only 1/20th of that as sociated with the 

protein before chromatography (Table III.3}. It would b e 

32 
preferable to be able to separate [ P] phosphoenzyme from 

32 P by direct chromatography on Sephadex without preliminary 

precipitation with ammonium sulphate. Indeed Mourad and 

Parks (1965) have found that immediate transfer to a co lumn 

is necessary to obtain the pho s phor ylated f orm of nucleoside 

diphosphokinase. 

The inhibition caused by higher concentrations of 

phosphoarginine would appear to be of a complex nature. The 

non-competitive inhibition is consistent with phosphoarginine 
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reacting as an inhibitor with t he E-P form and also with one 

or both of the binary forms of the enzyme. The more complex 

nature of this inhibition, as comp ared with t he substrate 

inhibition found with aspartic and alanine transaminases 

(Henson & Cleland, 1964; Bulos & Handler , 1965} may indicate 

that, while the reaction mechanism is a Ping-Pong one, the 

enzyme has separate b inding sites for the nucleotide and 

guanidino substrates, whereas the transaminases a ppear to 

have only one site which binds both the amino and keto acids. 

This would seem likely in view of t h e dissimilarity of t h e 

two substrates for the arg inine kinase reaction. If this 

is so, combination of one mo lecule o f phosphoargini ne with 

the E-P form may b e at t he arginine binding s ite, while 

combination of t he s econd mo lecule may occur t hrough binding 

to the phosphoryl group to the ADP site. Alternative l y, 

it is possible that t h is s econd b i nding may be non-specific. 

Although it is not possible to identify a compulsory order 

in which these b indings ma y occur, the fact that Ki 2 

considerably less than Kil indicates that b inding of t h e 

. 
lS 

first molecule facilitates t h e attachment of the second 

molecule, if it -can b e assumed that the me c hanism of the 

reaction is a basic Ping-Pong one so that Ki l and Ki 2 are 

dissociations cons tants, but t he po ssible isomeri zations of 

t he stable enzyme forms (Chapte r IV) would considerably 

complicate this. If combination of phos phoarginine as an 

inh i b itor is occurring a t both the nucleotide and guanidino 
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sites, then binding to binary enzyme forms could occur in 

a similar manner, with binding to an E-P arginine form occurr

ing at the nucleotide binding site, and binding to an E- P. MgADP 

binary form at the guanidino site. The formation of t h e 

dead-end complexes can be depicted by the diagram~ 

PA 

l 
E E . PA ~ · E . Arginine 

1l i 
PA. E .Arg·inine 

' p 

(PA.E.PA) 

Arginine 

T 
MgADP 

l 
E 

p 

'I~ 
E.PA 
I 
p 

~~ 
PA.E.PA 

I 
p 

Mg ADP . E :-'" Mg ATP . E ~t 
MgADP. E .PA 

I 
p 

(MgATP.E.PA) 

MgATP 

T 

It must be considered possible that some or all of the 

inhibition caused by higher concentrations of phosphoarginine 

could be due not to the phos phoarginine itself, but to a 

contaminant present in the p hosphoarginin e p reparation. To 

be present, such a compound must have properties and an ele

mentary composition very similar to p hosphoarginine, in view 

of the number of step s necessary for the isolation of sod ium 

phosphoarginine from cray fis h muscle and the app arent homo

geneity of this phosp hoarginine as judged by elementary ana-

lysis (Marcus & Morri s on, 1964). While these criteria render 

E 

it unlikely that such a contaminant is p resent in a ppreciable 

q uantities, they do not eliminate t h e possibility of a compound 

present in very small amounts with a very high affin ity for 

the enzyme. 
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It is difficult to ascertain the biological importance 

of this inhibition by increased concentrations of phospho

arginine. Th e velocity of the reaction in vivo will be 

dependent on the steady-state concentrations of Mg 2+, nucleo 

tides and guanidino compounds that are available to the enzyme, 

and little indication of these concentrations is given by 

estimations of the total amounts present in a tissue. For, 

instance, 40 µmoles of phosphoarginine per g of wet tissue 

have been extracted from the tail muscle of t he sea - crayfish, 

Jasus verreauxi (Marcus & Morrison, 1964} suggesting that 

quite large amounts can be stored. But if all this were 

available to the enzyme under conditions similar to t hose 

used in the laboratory to examine substrate inhibition, t he 

velocity of reaction would be very slow indeed , so that, if 

any storage occurs, tt is likely to be in an area of the cell 

separated from the arginine kinase. 

Like other phosphotransferases, arginine kinase has an 

essential requirement for a b ivalent metal ion, but the 

function of the metal ion has not been estab lished. Thus 

it is not knowiif reaction of the metal ion with the enzyme 

is a compulsory first step in the overall reaction sequence, 

if the metal ion function is related to the formation of metal

nucleotide complexes or if both reactions are essential (Cohn, 

1963). While the complete reaction sequence is yet to be 

elucidated, any scheme must take into account t he fact t hat 
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while an added metal ion is essential for the ADP-ATP exchange, 

it is not e s senti a l for t h e a r g i n ine - phosphoarginine exchange . 

In this context it is of inter est that a recent spectrographic 

analysis of an enzyme p reparation indicates the presen c e of 

calcium and of magnesium but not of manganes e . If eithe r of 

the meta ls present should prove t o be an integral part of the 

enzyme, then it is possible it ma y participate in this arginine 

phosphoarginine phosphoryl exchange reaction, just as it would 

seem that the manganese bou nd to pyruvate carb oxylase (EC. 6.4. 

1.1) participate s in the pyruvate - oxalaceta te exch ange reaction 

catalysed by t hi s enzyme (Mildvan, Scrutton & Utter, 1966) . 

SUMlvIARY 

1. Th e initial velocity of t he reaction catalysed by 

arg inine kinase has been measured with MgATP 2- and 

arginine as v a riab le substrates (forward direction) and 

with MgADP and p hosphoarginine as variable substrates 

(reverse d irection). The resultsindicate that t h e 

enzyme catalyses t he reaction by means of a Ping-Pong 

mechanism. 

2. Further evidence for a Ping-Pon g reaction mec hanism has 

c ome from the demon stration of the par tial exchange reac

tions (a) between ADP and ATP in the absence of guanidino 

substrate and (b) between a r ginine and phosphoarginine 

in the absence o f nucleotide substrates. The nucleotide 
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but not the guanidino exchange is dependent on t h e addi

tion of a bivalent metal ion. 

3. It seems likely that the enzyme exists in both free and 

phosphorylated f orms , although definitive evidence for 

the phosphorylated form has not yet been ob tained . 

4. Higher concentrations of phosphoarginine . g ive rise to 

substrate inhibition and this inhib ition is non-linear 

non-competitive with respect to MgADP as the variable 

substrate. 



CHAPTER IV 

PRODUCT INHIBITION STUDIES or THE REACTION CATALYSED 

BY ARGININE KINASE 
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CHAPTER IV 

PRODUCT INHIBITION STUDIES OF THE REACTION CATALYS ED BY 

ARG I NI NE KINASE 

I NTRODUCTION 

The results of i n itial velocity studies in the abs e n ce 

of added product and of isotope exchange measurements are 

consistent with t h e proposal that arginine kina se purified 

from the tail muscle of the sea crayf ish , Jasus verreauxi, 

has a Ping-Pong reaction mech ani sm (Chap ter III). From t he 

initial velocity data it h a s b een p o ssible to calc ulate t h e 

maximum velocities for the forward and reverse reactions as 

well as the Michaelis constants for the four sub strates. 

The Michaelis constants for an enzyme with a Ping-Pong 

mechanism are complex cons tants, rather t han dissociation 

constants and thus give no indication of the affinity of th~ 

substrate for the enzyme. While in t he absence of c ompli-

eating effects values for t h e d i ssociation constants could 

b e determined from thermodyna i c e xper iment s i nvolving the 

t wo stable forms of the enzyme , it is also possible to obtain 

them by means o f product inhibition studies. These studies, 

moreover, give additional information a b out t h e reaction 

mechanism. 

The phenomenom of inh ibition of a reaction by the pro 

ducts of that reaction wa s recognised early in the development 

of enzyme kinetics - both Henri (1 90 31 and Michaelis and 
. ' 

Menten (1 913) considered the effects of p roduct i nhibition 
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in the derivation of their rate equations - but it is only 

recently t h at such inhibition has been utilized to gain 

insight into reaction mechanism5. Al berty (1958} showed 

how product inhibition studies could be used to differentiate 

between sequential mechanisms of reactions · involving t wo 

substrates and two products. This work was extended by 

Fromm and Nelson (1962) to allow for the effect of p roducts 

in giving rise to dead-end complexes, that is, comp lexes 

which are not an integral part of the reaction sequence and 

which can dissociate only to y ield t h e reactants from which 

they were formed. The formation of such complexes can be 

inferred from the finding that double reciprocal p lots become 

non-linear in the p resence of p roduct, or from the non - linearity 

of secondary plots of the slopes and/or vertical intercepts 

of a primary p lot against the p roduct concentration. 

Developments in the analysis of p roduct inhibition have 

been summarized by Walter and Frieden (1963} who emphasize 

that p roducts need not be competitive inhibitors with re spect 

to the substrate even t hough both reactants may show a 

marked chemical similarity and bind to the same site on the 

enzyme (cf. Crane & Sols, 1954). As pointed out by Cleland 

(1963a), the actual product inhib ition pattern can be found 

most easily by writing the comp lete rate e quation for the 

proposed mechanism, altering it by s etting one or more of 

the p roduct concentrations to zero, and then rearrang ing this 

equation in reciprocal form with each substrate, in turn, as 
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the variable one. A list of product inhibition patterns 

for various two-substrate, two-product reactions is given 

by Cleland (1963a). 

Because of the additional information that can be 

obtained from product inhibition studies, it was decided to 

use each reactant as a product inhibitor of the arginine 

kinase reaction with respect to each of the two substrates 

and to measure the initial velocity as a function of varying 

concentrations of both substrates. The conditions chosen 

were similar to those used for the initial velocity studies 

in the absence of added product. The results indicate that 

arginine kinase does not appear to have the product inhibition 

pattern expected for a basic Ping-Pong mechanism. It is 

possible that this could be due to the effects of dead-end 

complexes but it seems more likely, thoughit is by no means 

certain, that it is due to isomerizations of both stab le 

forms of the enzyme. 

EXPERIM :NTAL 

Materials 

Chemicals 

Triethanolamine buffer, arginine, phosphoarginine, ADP, 

ATP, DCTA, MgC1 2 , phosphoenolpyruvate, NADH 2 and EDTA were 

purchased and/or prepared as described in Chapter II, p .64. 

14c . . bt . d f Sh B' h I th -arginine was o aine rom c warz ioresearc , nc., e 

sodium salt of NADP from California Corporation for Biochemical 
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Research and D-glucose from t he Brit i sh Drug Houses Ltd . 

Scintillation materia l s were purchased as described in Chapter 

III, p.84 and the fluid p rep ared as described by Morrison 

and Cleland (1966). 

Enzymes 

Hexokinase, pyruvate k inas e and lactate dehydrogenase 

were p urchased from t he Cal ifornia Corporation for Biochemic al 

Research, glucose 6-phosp hate dehydrogenase (EC . 1.1.1.49) 

from Nutritional Bioche mical s Corp ., an~ arginase (EC . 3.5.3.1) 

from Worthington Biochemical Corp oration, Ne w Jersey. Ar gi-

nine kinase was p repared as described in Chapter II, and was 

the same p rep aration as was u s e d for the in itial velocity 

and i soto p e exchange s tudies (Chapter III}. 

Methods 

Initial velocity measurements of the arginine kinase reaction 

Reaction mixtures contained in a total volume of 1.0 ml: 

triethanolamine-HCl buffer (pH 8 .0), 0.1 Mt EDTA, 0 .01 mM; 

substrates and a p rod uct at the concentrations indicated; 

in addition to sufficient MgC1 2 to maintain t he concentration 

of Mg 2+ at 1 rnM. · In experiments in which [
14

c] phosphoarg i-

nine was being as sayed , the reaction volume was reduced to 

0.5 ml and t he amount of p rotein to 0.045 µg from t he usual 

amount of 0.18 µg. Al l exp eriments were run for at least 

two time period s to ensure that initial velocities were being 
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measured. 

Estimation of reaction products 

Arginine and ADP were measured by the methods describ e d 

in Chapter II, p.68. 

ATP was measure d by means of the coup led reaction s cata

lysed by hexokinase and glucose 6-phosphate dehy drogena se, 

as described by Morrison and James (19651. 

Two different methods were used for the e s timation o f 

phosphoarginine : 

1. ~1ea s urement of arginine liberated from pho s phoar g i n i n e by 

acid hydrolysis after enzymic hydroly s is o f t he subs t r a t e 

arginine by means of arginase. 

The enzymic reaction was stopped by the add ition of 0.1 

ml of 2 N NaOH containing 0.1 M DCTA and after 30 min. t h e 

pH was readjusted to pH 8.3 to 8.4 with 2 N HCl. To eac h 

tub e was a dded arginase (0.2 mgl to remove f ree arginine , and , 

after 2 hr. at room temperature, 0 .3 ml o f 5 N HC l was added. 

The tubes were placed in a boiling water bat h f or 1 0 mi n . and , 

after cooling to room temperature, t h e rea ction mixtu r e wa s 

neutralized with NaOH. The arginine released from pho spho -

arginine was estimated by t h e method of Rosenberg et a l. 

(1956) . . 

2. Because traces of arginine remained a f ter t he 2 h r. of 

arginase treatment, a second method wa s used in which t he 

velocity was measured in t ·erms of the production of [
1 4

c ] phos

phoarginine. 
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[
14

cJarginine (0.2 to 0.4 µC) was included in the 

reaction mixture. Samples (100 µl} were taken at intervals 

using Hamilton microliter syringes and applied to DEAE-cellu

lose paper to stop the reaction. The paper was washed with 

water to remove [14c]arginine and to leave the [14c]phospho

arginine bound to the DEAE groups of the paper, and the 

radioactivity was counted in the manner used for the isotope 

exchange experiments (Chapter III, p. 86} and as described 

by Morrison and Cleland (1966}. 

taken from each reaction mixture. 

At least four samples were 

The results were checked 

graphically to ensure linearity, and although no evidence for 

non-linearity was obtained, the points did not fit exactly 

on a straight line. An IBM computer was then used to fit 

a least-squares plot to the points and theslope of the line 

taken to be a measure of the amount of phosphoarginine formed 

in 1 min . 

Analysis of results 

The kinetic data were analysed in the manner described 

in Chapter I (p.43) using the p rogrammes HYPER, LINE, NONCOMP , 

PARA (preface, equations 1, 2, 7, 3} and either an IBM 1620 

computer with the programmes written in Fortran II(D) or an 

IBM 360 computer for which the prograITLmes were written in 

Fortran IV(E). All illustrations of p roduct inhibitions have 

been drawn with the aid of the constants obtained from ana 

lysis of the data with the NONCOMP computer programme. 

Weighted means and their standard errors have been estimated 
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using the formulae given in Chapter I (p.441. Values for 

the standard errors of products and quotients have been esti

mated using the formulae listed in Chapter I (pp. 44 & 45). 

RESULTS 

Measurement of initial velocities by estimation of phospho ,.... 

arginine formation 

Before presenting the results of the product inhibition 

studies, mention must be made of the problem that arose in 

estimating phosphoarginine. 

When one product of the reaction was added as a p roduct 

inhibitor, the initial velocity of the reaction was measured 

by estimating the formation of the other product. As the 

four substrates of the arginine kinase reaction were used as 

product inhibitors, methods were required for the estimation 

of all four substrates. Standard assays were available for 

the estimation of arginine, ADP and ATP (see Methods} but 

not for the estimation of p hosphoarginine. Morrison and 

James (1965) were able to estimate phosphocreatine by esti~ 

mat ion of the inorganic phosphate released after hydro-

lysis in acid molybdate at room temperature. The complete 

hydrolysis of phosphoarginine does not occur under these 

mild conditions, however, and it is necessary to ' heat solu

tions with 1 N HCl for 7 min. at 100° in order to hydrolyse 

quantitatively the N-P bond of this compound. This treat .... 

ment results in considerable hydrolysis of ATP and so the 
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estimation of phosphoarginine as inorganic phosphate is 

precluded. Instead, phosphoarginine has been estimated by 

measuring the arginine released from phosphoarginine by acid 

hydrolysis after the arginine present as substrate has been 

hydrolysed by the action of added arginase. In addition, 

there has been used a second method which involves the 

. f [14c] . . t [14 ] h h ' . . conversion o arginine o C p osp oarginine which 

is estimated by counting, after the guanidino compounds have 

been separated by the use of DEAE-cellulose paper. The two 

methods gave equivalent results when tested in an experiment 

in which MgATP was the variable substrate, but since t he 

[ 14c] . ' t . d' t. t . t t d arginine con ains a ra ioac iv.econ aminan no remove 

by washing the DEAE-cellulose p aper and since a small amount 

(usually 0.005 µmole) of arginine remained after the arginase 

treatment, both methods gave high blank values. Thus it 

was necessary to estimate the velocity from the slop e of 

the line drawn by plotting phos phoarginine produced against 

time. Because the amount of arginine remaining after the 

arginase was dependent on but notlinearily p roportional to 

the amount of arginine added as substrate, this method was 

not used when arginine was the variable substrate. 

Inhibition by products of the arginine kinase reaction 

The four substrates of the arginine kinase reaction have 

been used, in turn, as product inhibitors of the reaction 

with respect to each of the appropriate substrates. The 

concentration of free Mg 2+ was kept constant at 1 mM. In 

........ 
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every case the inhibition appears to be non-competitive 

(Figs. IV.l, IV.2, IV.3, IV.41, When the p rimary data were 

analysed by the HYPER p rogramme and the slopes and vertical 

intercep ts of these lines were fitted to a straight line, 

the goodness of fit of these replots (Figs. IV.5 & IV.6) ind i

cates that, in addition, all inhibitions can be described as 

being linear non-competitive. For this reason, the illustra-

tions of Figs. IV.l to IV.4 have been drawn using the constants 

obtained from analysis of the data by t h e NONCOMP computer 

p rogramme. From these analys es, values were obtained for 

the a pparent inhibition constants, K. 1 and K. , t t' is op e i in ercep 

and also for the intersection point, that is the recip rocal 

of the horizontal coordinate of the point where the lines of 

the double reciprocal p lot of a non-competitive inhibition 

intersect (Table IV.1). True dissociation constants cannot 

be calculated from the app arent inhibition constants (Tab le 

IV.l) without a knowledge of the reaction mechanism and the 

formulation of the comp lete rate e q uation. Neverthe l e s s, the 

app arent inhibition constants, Ki slop e and Ki intercept' 

rep resent the concentrations of p roduct inhibitors required 

to double the values for the slop e of the line and t h e verti

cal intercept in the a bsence or p roduct, but do not rep resent 

the concentrations that halve t h e initial velocity . The 

· t t' · t · 1 t K (Ki intercep t, T,There K in ersec ion poin is e q u a o K 1 ~v 

i slop e 
is the a pparent Michaelis constant for the variable substrate 



FIG. IV.l. Product inhibition by MgATP 2- of the 

reverse reaction catalysed by arginine kinase with 

MgADP as the variable substrate and with phospho

arginine held constant at 10 mM (a), and with 

phosphoarginine as the variable substrate and with 

MgADP held constant at 0.5 mM (b). The lines 

were drawn using kinetic constants obtained from 

analysis of the data by the NONCOMP computer pro-

gramme (Cleland, 1963b). vis exp ressed as 

µmoles of arginine per µg of arginine kinase per 

min. 



-2 

-2 

1 -

-1 

V 

1 
V 

10 

8 

6 

0 1 

8 

6 

2 

0 

[ MgATP 2
] mM 

2 3 4 

[Mg~~Pj 

2 3 4 

JO mM 1 

~HOSPHOARGININEJ 

6.0 

4.0 

2.0 

0 

5 

[MgATP
2
) mM 

6.0 

5 

4.0 

2.0 

0 



FIG.IV.2. Product inhibition by arginine of the 

reverse reaction catalysed by arginine kinase with 

MgADP as the variable substrate and with phospho 

arginine held constant at 5 mM (a), and with 

phos phoarginine as the variable substrate and with 

MgADP- held constant at 0.5 mM (b). The lines 

were drawn using kinetic constants obtained from 

analysis of t he data by t he NONCOMP computer pro 

gramme (Cleland, 1963b). vis expres s e d as µmoles 

of ATP per µg of arginine kinase per min. 
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FIG. IV.3. Product inhibition by MgADP of the 

forward reaction catalysed by arginine kinase with 

MgATP 2- as the variable substrate and with arginine 

held constant at 3.0 mM (a) and with arginine as 

2-the variable substrate and MgATP held constant 

at 3. 0 mM (b) . The lines were drawn using kinetic 

constants obtained from analysis of the data by the 

. 
NONCOMP computer programme (Cleland, 1963b). V lS 

expressed as µmoles of phosphoarginine per µg of 

arginine kinase per min. 
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FIG. IV.4. Product inhibition by phosphoarginine 

of the forward reaction catalysed by arginine kin

ase with MgATP
2

- as the variable substrate and 

arginine held constant at 3.0 mM (a), and with 

2-arginine as the variable substrate and MgATP held 

constant at 3.0 mM (b). The lines were drawn 

using kinetic constants obtained from analysis of 

the data by the NONCOMP computer programme (Cleland, 

1963b) . vis expressed as µmoles of ADP per µg 

of arginine kinase ner min. 
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FIG. IV.5. Secondary plots of the slopes and 

vertical intercepts of Fig. IV.la & b against the 

2-concentration of MgATP (a & b) ; secondary plots 

of the slopes and vertical intercepts of Fig. IV.2 

a & b against the concentration of arginine (c & d). 

The lines were drawn using kinetic constants ob

tained from analysis of the data by the LINE com

puter programme (Cleland, 1963b}. 
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:FIG. IV.6. Secondary plots of the slopes and 

vertical intercepts of Fig. IV.3 a & b against the 

concentration of MgADP (a & b); secondary plots 

of the slopes and vertical intercepts of Fig. IV.4 

a & b against the concentration of phosphoarginine 

(c & d). The lines were drawn using kinetic con 

stants obtained from analysis of the data by the 

LINE computer programme (Cleland, 1963b). 
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TABLE IV.l. APPARENT INHIBITION CONSTANTS AND INTERSECTION 

POINTS FOR LINEAR NON-CQMJ?ETITIVE J?RODUCT INR:C:BJ:.TJ.ON Of 

ARGININE KINASE. 

The data of Figs. IV.l, 2, 3 and 4 and similar experiments 

have been analysed with the NONCOMP computer programme of 

Cleland (1963b) to yield values for the apparent inhibition 

constants, K. 1 and K .. t t' and for the intersection 
1 s ope 1 in ercep 

points, when the four substrates MgATP, arginine, MgADP and 

phosphoarginine were used as product inhibitors of the arginine 

kinase reaction. All values are the weighted means of three 

or four experiments except for those given for p roduct inhibi 

tion by MgADP and phosphoarginine with respect to MgATP (2 ex

periments) and for MgADP inhibition with respect to arginine 

(1 experiment). The weighted means and their standard errors 

have been calculated using the formulae given in Chapter I, 

p.44. All constants are expressed as mM. 

Product Variable 
Inhibitor Substrate 

MgATP 2- MgADP 

MgATP 2- Phospho-
arginine 

Arginine MgADP 

Arginine Phospho-
arginine 

NgADP MgATP 2-

MgADP Arginine 

Phos pho- MgATP2-
arginine 

Phospho- Arginine 
arginine 

K. 1 1 s op e 

4.09 + 0.32 

4.28 + 0.35 

5.65 + 0.51 

1.66 + 0.08 -

0.115 + 0.036 

0.273 + 0.097 -
1.85 + 0.21 

1.40 + 0.09 

Ki intercept 

21.71 + 4.41 

19.01 + 2.35 -

4.69 + 0.12 

18.16 + 3.79 

0.264 + 0.080 -

0.334 + 0.093 

11.26 + 1.43 

17.09 + 3.17 

Inter s ection 
point 

0.654 + 0.177 

6.56 + 1.21 

0.134 + 0.011 

18.15 + 5.32 

1.72 + 0.67 

1.10 + 0.26 

1.75 + 0.33 

4.45 + 1.18 
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under the conditions of the particular experiment (Cleland, 

1963c). In view of the comp lexity of the results, reference 

to calculations that have been made using these apparent 

constants will be made in t h e Discussion. 

Product inhibition by phosphoarginine 

From analysis of the substrate inhibition caused by 

higher concentrations of phosphoarginine (Chapter III) it 

would appear that phosphoarginine is able to form several 

dead-end complexes with arginine kinase, and therefore it 

might be expected that, if these comp lexes are important, 

product inhibition by phosphoarginine would be non - linear 

rather than linear. To eliminate or minimize this non- linearity 

the concentration of phosphoarginine used as an inhibitor did 

not exceed 4.5 mM which value is less than l/17th of the Kil 

value and less than l/3rd of the Ki 2 value. The linearity 

of the replots (Fig. IV.6c & d) and the good fit of the 

experimental data of Fig. IV.4 to the lines drawn assuming 

linear non-competitive inhibition both suggest that this 

non-linearity is, in fact, unimportant under t h e experimental 

conditions. It is possible to fit the slopes of Fig . IV.6c 

& d to the equation for a p arabola (Fig. IV.7}. The resulting 

parabolas, however, d eviate little from straight lines. 

Moreover, the first inhibition constants obtained fr om the 

J?ARA analysis (Table IV.2} do not d if f er marke d l y from the 

K. 1 values obtained on the assumption that the slopes ls ope 

are linear functions of the phosphoarginine concentration 

.......... 
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TABLE IV.2. APPARENT INHI BITION CONSTANTS FOR .PHOSPHOARGI NINE 

AS PRODUCT INHIBITOR ASSUMING SLOPE-PARABOLIC NON-COMPETITIVE 

I NH IBITION. 

The apparent inhibition constants K . 1 (l) and K. 1 (2 ) is op e is ope 

were obtained from the data of Fig. IV.7 and other similar 

experiments by analysis with the PARA computer programme of 

Cleland (1963b). The values with their standard errors are 

the weighted means of the number of experiments as shown, using 

the formulae listed in Chapter I, p .4 4 . 

as mM. 

Constants are expressed 

Variable No. of K. slope(l) 
K. slope(2) 

substrate experiments l l 

MgATP 2- 2 2.64 + 0.65 6.08 + 2.94 
- -

Arginine 4 1.66 + 0.05 8.88 + 4.18 
- -
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(Table IV .1) . 

Effect of substrate inhibition when phosphoarginine is used 

as the variable substrate 

Analysis of the data of Table IV.l in terms of Ping-Pong 

reaction mechanisms (see Discussion) indicated t h at the data 

do not fit completely any simple scheme. Moreover, it 

appeared that calculated constants consistently at variance 

with any rate equation were those derived from experiments 

in which phosphoarginine was the variable substrate. Dead-end 

enzyme-phosphoarginine complexes did not give rise to any 

marked non-linearity of the slopes or vertical intercepts of 

double reciprocal plots when p hosphoarginine was the product 

inhibitor, but it appeared that they may be of importance when 

phosphoarginine was used at a higher range of concentrations 

as the variable substrate. From a study of substrate inhi -

bition (Chapter III, Fig. III.6} it is known that reciprocal 

plots of velocity against substrate concentration become 

non-linear as the substrate concentration is increased. 

Therefore, true values for the a pparent inhibition constants 

will be obtained only when the substrate concentrations are 

sufficiently low for the slopes of the i n dividual lines of 

the experiment to be unaffected by the dead - end comp lex 

formation. This is true only if the slop es are asymptote 

values for the curve that would be obtained if phospho -

arginine were varied over a wide range. If phosphoarginine 

formed only one dead-end -complex, it would be possible to 

.......... 
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evaluate these asymptotes by using a wide range of phospho

arginine concentrations and analysing individual lines wi t h 

the SUBINH . computer p rogramme (p reface, e quation 9}, but in 

view of the complexity of the inhibition, as illustrated in 

Fig. III.7, this cannot be done. Instead, the experiment 

using MgATP as product inhibitor was repeated with phospho

arginine varied over the range 5 mM to 1 mM as comp ared with 

the range 10 mM to 2 mM which was used for Fig. IV.lb and 

for the initial velocity experiments of Chapter III, Fig. 

III.2 (Fig. IV.8). The apparent inhibition constants 

(Table IV.3) and the intersection points of the lines are 

different from those listed in Table IV.l. In addition, 

reanalysis of the experimental data obtained with arginine 

as product inhibitor and phosphoarginine as variable substrate 

(Fig. IV.2b) when the velocities obtained with 10 mM phos

phoarginine are omitted, alters the apparent inhib ition 

constants (cf. Table IV.l with Table IV.3). These results 

indicate that the apparent inhibition constants obtained with 

phosphoarginine as variable substrate are subject to error 

arising from substrate inhibition, so it is necessary to 

analyse the product inhibition data without reference to 

these experiments. 

DISCUSSION 

As a result of the experiments described in Chapter III, 

it was concluded tha~ the· reaction catalysed by the sea-crayfish 
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TABLE IV.3. PRODUCT INHIBITION CONSTANTS roR MgATP AND 

ARGININE INHIBITION WI TH RESPECT TO PHOSPHOARGININE. 

Apparent inhibition constants and intersection points were 

obtained from the analysis of the data of Fig. IV.8 and similar 

experiments as well as from a reanalysis of the data of Fig. 

IV.2b and similar experiments omitting velocity readings 

obtained with 10 mM pho s p hoarginine. Analysis was made using 

the NONCOMP comp uter programme (Cleland, 1963b). The values 

are the weighted means of three experiments and were obtained 

with their standard errors by using the formulae of Chapter I, 

p .44. All constants are exp ressed as mM. 

Product 
K. K. 

Intersection 
Inhibitor i slope i intercept point 

MgATP 2- 6.77 + 0.54 10.59 + 0.72 2.30 + 0.30 
- - -

' . 1.77 + 0.23 9.58 + 2.81 8.87 + 3.40 arginine 
- - -
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arginine kinase has a Ping-Pong mechanism. It follows, then, 

that if the reaction sequence were not complicated by the 

formation of dead-end complexes or by isomerization of stable 

enzyme forms, the complete velocity e quation could b e exp ressed 

as : 

V -

+ + 
V2K BO a ~ 

K. iq 
(1) 

where A, B, P and Q represent MgATP 2-, arginine, MgADP and 

phosphoarginine, respectively; Ka' Kb' KP and Kq represent 

Michaelis constants and K. , K. b , K. and K. represent ia i i p i q 

dissociation constants for A, B , P and Q (Cleland, 1963a). 

The product inhibition pattern expected for t h is velocity 

e quation is set out below and ma y be compared with the pattern 

actually obtained with arginine kinase for wh ich the results 

are given in brackets : 

l Variable substrate 
I 

Product l phospho-
inhibitor 

I MgATP arg inine MgADP 
. . 

. I 
arginine 

I I I 

I I 

I I 

MgATP I NC (NC) C (NC) 
I 

I 

arginine I C (NC) NC (NC) 

MgADP NC (NC) C (NC) 

phosphoarginine C (NC) NC (NC) 
I I 
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where NC and C represent non-competitive and competitive 

inhibition respectively. It is apparent that the results 

obtained are not consistent with the p attern for a basic 

Ping-Pong mechanism, as all product inhibitions are non- corn-

petitive. Thus it appears likely t hat either dead-end 

complex formation or isornerization of stable enzyme forms must 

occur, since either of these effects will yield a product 

inhibition patternconsisting only of non - competitive inhibi

tions. 

In order to distinguish between dead-end comp lex formation 

and isornerization of stable enz yme forms, it is necessary to 

consider the quantitative aspects of the results, and, in the 

first instance, the experimental data will be discussed in 

terms of dead-end complex formation. A dead-end complex may 

be formed by combination of a reactant with either : 

1. the stable enzyme form with which it does not combine as 

substrate; or 

2. one of the binary enzyme forms. 

1. Inhibition brought about by combination of a reactant with 

one of the stable forms of the enz yme. 

Inhibition ·resulting f rom reaction with a stable form of 

enzyme can be analysed kinetically since the d istribution 

e quations for theS2 forms are given by : 

+ K q VlP K - VlQ 
E K aV2B KbV2B 

K + - . F K 
Et eq ' - - e q 

Et 
denorn. of rate denom. of rate 

e q uation equation 
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where E and F represent the free form and the E-P form of 

the enzyme, respectively. It is necessary for the most 

general case to consider the reactions of A (MgATP) and Q 

(phosphoarginine) with~ and of B (arginine) and P (MgADP ) 

with E. Since the nucleotide and guanidino substrate are 

chemically dissimilar, it would seem reasonable to assume 

that there are separate binding sites on the enzyme for 

each type of reactant and that the formation of the ternary 

complexes FAQ and EBP could occur possibly by reactions of 

the type : 

Scheme 1. 

For the purposes of analysis, it is being assumed that the 

binding of one substrate does not affect the b inding of a 

second substrate to the same enzyme form. 

The dead-end complexes involving phosphoarginine ( Q ) 

have been considered in detail already (Chapter III, p .98) 

and it would appear that, in the p resence of relatively h igh 

concentrations of this substrate, a second molecule is able 

to combine with F and that at least one molecule is able to 

combine with one of the other forms of the enzyme. The 

combination of only one molecule is considered here because 



"' 

I 

I 

I 

I 

' 
I 

I 

I J ,: 
I• 

I I ,, 
II 

I 

11 

I 

126. 

the concentration of phosphoarginine used for product inhibi

tion did not exceed 4.5 mM . 

When allowance is made for the reactions illustrated in 

scheme (1), the complete rate e quation may b e written: 

v1v2AB v1v2PQ 

K 
V -

e q 
f Q + 

.I.~ + AQ 1 + V 2KaB f 1 
p B 

V2KbA l 1 + 
Kiq Kia KiaKiq 

+ - + 
l Kip Kib 

+ 
PB ? + V2AB + 

VlKqP ~ 1 p B PB ( 
KipKib ) K l + 

Kip 
+ 

Kib 
+ 

KipKib j e q 

VlKpQ ) 1 Q A AO 7 V1PQ V2KbAP 
+ K L 

+ 
Kiq 

+ 
Kia 

+ 
KiqKia ) 

+ + K. 
eq K ip e q 

+ 
V2KaBQ 

K. (2). 
i q 

where the additional kinetic constants, Kia ' Kib ' Kip and Kiq ' 

represent the dissociation constants for the reactions shown 

in scheme (1). To predict the type of product inhibition to 

be expected from a reaction conforming to t his rate e quation, 

the complete e q uation is modified by setting to zero the con-

centration of the product that is not p resent. The resulting 

equations may be rearranged in reciprocal form according to 

the substrate that is being varied to give the expressions 

as shown below: 

--
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(i) MgADP (P) as product inhibitor. 

arginine (B) as variable substrates : 

MgATP 2 - (A) and 

' 

1 
K [1 + B 

p K. KbP ~-
a + BP la 1 + 1 p 

- - + + t + 
V vl Kib Kip KibKip K K. B Kib Kip B 

a lp 

+ p TI 1 + 
KbA 

+ 1 Kb 
1 KbPJ [2(iJ] 

KibKip j A VlKiaB vl B + + K .. B l p 

1 Kb rl + A 
p r K . K. Pn. 1 Ka Bl? la la · 

- - + l l + --
+ KipAl_ 

+ 
VlKi bKTr?A V v1 Kia K. A B 

lp ·-

I :a K p K .. Kb;I? 
.... 2 

1 
K. ~l? 

+ + 1 + a + 
la + 

la [2 (ii)_] 
.v1 K A KipKTbA Ki pKipKTbA Ip 

(ii) Phosphoarginine (Q) as product inhibitor. ~ 9AT~
2

- (AI 

and arginine (B) as variable substrates : 

1 K B Q [ 1 + Ktb 
KibQ ~ 1 KbAQ a 1 + + + - - KiqBj A+ VlKiaKiqB V v1 Kib K. lq 

+ 1 u b 2 ~ 
KbQ K K.bO K K.bQ [2(III)] 

+ 1 + + 
a l - + a l 

v 1 B KiqB K. KI B K. KI KI B lq a l q q a 

1 Kb 
~ +A 

Q + 
AQ + 

KaKibQ ( 1 
+ 

1 + 
Q 

- - + 
L A KiqA V vl Kia Kiq KiaKiq KbK. Kla l q 

+ 0 TI K B 
I- K 

K 0~ 1 1 
. 

+ 
a + - ' a + 1 + 

a ,.. 
[2 (ivl] 

KiqKiaj B VlKibA v 1 L A K. A 
l q -
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Because the complete velocity e quation is symmetrical, similar 

equations may be written for the reaction with MgADP and phos 

phoarginine as substrates and MgATP and arginine as product 

inhibitors. 

All equations predict that substrate inhibition will be 

observed as the concentration of the variable substrate is 

raised. While there was no clear-cut evidence for sub strate 

inhibition (Figs. IV.l, IV.2, IV.3, IV.4), indications of 

substrate inhibition with phosphoarginine as the variab le 

substrate were found by repeating the experiment of Fig. IV.lb 

over a lower range of phosphoarginine concentrations (Fig. 

IV.8). This resulted in different values for the apparent 

inhibition constants (cf. Table IV.l & Table IV.3}. In 

addition, it is k nown (Chapter III} that phosphoarginine 

forms several dead-end complexes with arg inine kinas e, so it 

would seem that the concentrations used are sufficient for 

these complexes to affect the initial velocity. On t h e 

other hand, no sign of substrate inhibition has been found 

by increasing the concentration of MgADP to 2.0 n~1 in the 

presence of 2.0 :m..M phosphoarginine, by increasing t h e con

centration of arginine to 12 mM in the presence of 0.6 mM 

MgATP, or by increasing the concentration of MgATP to 8 mM 

in the presence of 0.6 mM arginine. (It was difficult to 

use higher concentrations of MgATP as the velocity was 

measured by assaying the ADP released and it was not possible 

to obtain ATP that contained less than 1% ADP). Therefore, 
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it would seem likely that, with the highest concentrations 

of the variable substrates MgATP (3.0 mM}, arginine (3.0 mM) 

and MgADP (1.0 mM) well below these levels, the experiments 

follow linear kinetics. It is appropriate, then, to con

sider as equal to zero those terms of equation (2) which 

express substrate inhibition solely as a function of the con

centration of one of these three substrates. 

From the rearrangements of e q uation (2), it can b e seen 

that substrate inhibition should arise also when the variable 

substrate and product inhibitor form a ternary dead-end com

plex, and that the inhibition observed will be a function of 

the products of the concentrations of the variable substrate 

and the product inhibitor. Therefore, inhibition should 

be observed in the presence of lower concentrations of sub

strate as the product concentration is increased. Since 

this effect is not observed in any of the experiments (Figs. 

IV.l to IV.4), it may be concluded that, at least under the 

experimental conditions, such ternary complexes are unimportant. 

The equations predict also that, even without ternary 

dead-end complex formation and substrate inhibition, the 

slopes of all and the vertical intercepts of four of the 

double reciprocal plots will be parabolic functions of the 

inhibitor concentration. Experimentally, there was no evi 

dence for non-linearity of the vertical intercept replots. 

The only possible evidence· for non-linearity of slope replots 

comes from the experiments in which phosphoarginine was used 
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as product inhibitor, and here, as shown in Fig. IV.7, the 

parabolas deviate so little from straight lines that this 

deviation could be within the range of experimental variation. 

Therefore, if the equation derived from a consideration of 

dead-end complexes is to fit the experimental data, terms 

expressing the parabolic nature of slope or vertical inter-

cept must be set equal to zero. When this is· done , the 

e q uations as rearranged in the manner of equations 2(i - ivl 

will predict linear non-competitive inhibition. 

Regardless of the number and nature of the dead-end 

complexes, the vertical intercept terms of four of the eigh t 

different rearrahgements of equation (2) are linear and from 

the apparent K .. t t values it is possible to calculate i in ercep 

values for the dissociation constants K. , K.b, K. and K. ia i ip iq 

(Table IV.4). These constants, along with the values for 

the Michaelis constants and maximum velocities (~hapter III, 

Table III.1), can be used to calculate the Haldane relation

ships applicable to a Ping-Pong reaction mechanism (Table 

IV. 5) • Such calculations show that there is a marked 

variation in the values for K and that only one is in eq 

agreement with the experimental value of 0.3. In this 

connection, it should be pointed out that the results obtained 

using Kib could be in error as this value was obtained from 

an experiment in which phosphoarginine was the variable 

substrate. Nevertheless, · it is clear that the Haldane 

relationship not involving Kib does not agree with the 
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TABLE IV.4. DIS SOCIATION CONSTANTS FOR A PING-PONG MECHANISM 

The dissociation constants have been calculated on the basis 

that arginine kinase has a b asic Ping-Pong mechanism by 

equating the relationships for K .. t t ob tained from the i in ercep 

four experiments in which non-competitive inhibition is expected 

for a Ping-Pong mechanism with theEKperimental values for these 

K .. t t constants as listed in Table IV.land Table IV.3. i in ercep · 

The values for the Michaelis constants are listed in Table . II I . l . 

The standard errors of the dissociation constants h ave been 

calculated with the formulae for the standard errors of p ro

ducts and quotients as given in Chapter I, . PP · 44 & 45. All 

constants are expressed as mM. 

Experimental Dissociation Calculated 
K. intercept value constant value l 

K. (K + Q) 21.71 + 4.41 K. 2.99 + 0.13 ia q 
- ia -

K q 

K.b(K + P) 18.16 + 3.79 
Kib 

4.63 + 0.98 
l p - -

K 9.58 + 2.81 , 2 . 44 + 0.21 p - -

K. (Kb + B) 0.264 + 0.080 K. 0.059 + 0.018 lp - l p -
Kb 

K. (K + A) 17.09 + 3.17 K. 2.99 + 0.57 i q a - i q -
K a 
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TABLE IV.5. THE HALDANE RELATIONSHIPS OF A PING-PONG MECHANISM 

The Haldane relationship s app licable to a Ping-Pong mechanism 

have been calculated using the values for the dissociation 

constants given in Tab le IV.4 together with the values for 

the maximum velocities and Michaelis constants as listed in 

Table III.l. The standard errors for the Haldane relation-

ship s have been calculated using the formulae for the standard 

errors of products and q uotients as given in Chapter I, pp . 44 

& 45. 

K 
e q 

0.024 + 0.003 

V1K. K l p q 
v2K. Kb - i a 

0.034 + 0.011 0.313 + 0.068 

-
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experimental value and therefore does not support the idea 

that equation (2) represents the mechanism of the arginine 

kinase reaction. 

While the same values for K. , K.b, K. and K. will be ia 1 ip iq 

obtained regardless of the number and nature of the dead-end 

complexes, it is not necessary to consider the formation of 

all four dead-end complexes in order to obtain an e quation 

for which all product inhibitions are non-competitive. 

Non-competitive inhibitions would be obtained also if there 

were only two dead-end complexes as long as one of these was 

formed by a reactant combining with form E of the enzyme 

while the other was formed by a reactant combining with form 

F. If either Kia or Kiq and either Kib or Kip are set equal 

to infinity, rearrangement of equation (2} will still predict 

non-competitive inhibition. Because phosphoarginine has 

been shown to form dead-end complexes, it would seem reasonable 

to retain Kiq and set Kia equal to infinity, but as neither 

MgADP nor arginine has been shown to exhibit substrate inhibi• 

tion it is not clear which of these should be retained to 

explain the non-competitive inhibition observed when arginine 

is used as product inhibitor with respect to MgADP and visa 

versa. Because of the resemblance between phosphoarginine 

and arginine it has been decided to set Kip e qual to infinity 

and examine the experimental data in terms of phosphoarginine 

and arginine dead-end complexes. 
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When Kia and Kip of equation (21 are set equal to infinity, 

the equation simplifies to : 

V -

v1v2PQ 

K eq 

This equation predicts that : 

( 3 ) 

1. all product inhibition experiments will show non-competitive 

inhibition; 

2. product inhibition by either B (arginine} or Q (phospho 

arginine) will be of a slope-parabolic, intercept-linear 

nature; 

3. when either B or Q is the variable substrate, higher con

centrations will give rise to substrate inhibition. 

As has been discussed, all inhibitiomfit the equation for 

slope-linear, intercept-linear non-competitive inhibition and 

there is no sign of substrate inhibition with B as variable 

substrate, but some effect of substrate inhibition when phos

phoarginine is the variable substrate in Figs. IV.lb and IV.2b, 

though this is not apparent on inspection of the figures. If 

equation (3) is rearranged in the manner shown for e quation (2) 

and terms containing the second power of the product inhibitor 

set equal to zero, then the relationships expressing the 
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values for the apparent inhibition constants and the inter

section points of the lines are as listed in Table IV.6. 

Because the same relationships hold for the apparent K .. t 
· i in er-

t 
constants, the values for the dissociation constants 

cep 

and for the Haldane relationship s will be the same (Tables 

IV . 4 and IV . 5 ) . Therefore the same criticism holds (p.131). 

With the use of the expe rimental K. , t t data and 
:;i.. J..n ercep 

the relationships of Table IV.6, the inhibition constants 

Kib and Kiq were calculated to be 0.65 + 0.03 mM and 2.53 + 

0. 3 4 mM, respect.i vely. The value for hib would not seem 

compatible with the linear kinetics observed with arginine 

as the variab le substrate over the rang-e 3. 0 tc O,. 6 mM 

used in all these experime nts a nd is d i f ficult to reconcile 

with the complete lack of substrate inhibition by arginine 

at a concentration of 12 mM. The value of 2.53 mM for Kiq 

lS very much lower than those calculated from t he experiments 

studying substrate inhibition (Chapter II:C) • If MgADP, 

rather than arginine, is considere d to form t he dead-end 

complex with E, Kip is calculated to be 0.058 mM , a value 

that would seem to be incompatib le with the linear kinetics 

observed when MgADP is used as the variable substrate at 

concentrations up to 1.0 mM . 

Since the same apparent K .. t t values and relation-J.. in ercep 

ships are used to calculate the dissociation constants for 

any mechanism involving dead-end constants, then if it is 

assumed that dead-end comp lexes are responsible for the 

---
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TABLE IV.6. APPARENT INHI BITION CONSTANTS FOR A PING - PONG 

REACTION MECHANISM WITH TWO DEAD-END COMPLEXES , ASS UMI NG 

LINEAR NON-COMPETITIVE I NH I BITION. 

The relationship s b etween t h e k inetic constants of e q uatio n (_3) 

and the apparent inhibition constants have b een d e r ived on t h e 

basis that all reactants g ive rise t o linear or non- competitive 

inhibition when used as product inhibitors and that substrate 

inhibition is not effective when the t wo reactants forming 

dead-end complexes (Band Q) are used as variable sub strates. 

Product Variable 
Inhibitor Substrate 

A p 

Q 

B p 

Q 

p A 

B 

Q A 

B 

K. 1 is ope 

K. K 0 ia p .... 
K K. 

q l p 

K. p 
ia 

(K. +P) . lp 

K K .bl?+KibK . K q l iq p 

K. K Kib ip a 
K. Kb ia 

K. A 
l p 

K. B (Ki b +B) i g 

KI Kb K . A q i q 

Ki intercep t 

K. (K +O) ia q,.... 
K 

q 

K. KI (K +P) ia q p 
K K. 

q l p 

Kib(Kq +Q} 

K 
q 

K.b(K +P) 
l p 

K 
p 

K. (Kb +B) lp 

K. Kib( K +A) i p a 
K . Kb ia 

K. ( K +A} i q · a · 
K 

a 

Intersection 
point 

K. 
i q 

K . (K . +O) l p i q ,-

K . 
l p 

KI (K. +P) q l p 

K K.b q l 

Ki b (K K . +K Q) p i q p 

K K . b P+Ki b K. K q l i q p 

K. 
ia 

KbK . i q 
KI (K K . b +K B) q a i a 

K KI a q 
KbK . A+K K . bK I i q a i q 
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non-competitive inhibition observed between MgADP and arginine 

and between MgATP and phosphoarginine the decision as to 

which complexes form must be made from the values for t h e 

inhibition constants. The feasibility of the values calcu-

lated from the experimental data must be judged from their 

relationships with the range of concentrations used as variable 

substrates. In addition, from the values for the dissociation 

and inhibition constants, it is possible to calculate theoreti-

cal v~iues for the a pparent K. 1 constants and the inter-
l. s op e 

section points of the lines of the double reciprocal plots, 

and these may be compared with the experimental values. When 

this is done for equation (3) and the resulting values are 

compared with those in Table IV.l - using a value o f 2.44 mM 

for Kib - the calculated values do not a gree with the experi-

mental for any one experiment (Table IV.7). Theref ore, it 

would seem reasonable to conclude that, in this c ase at least, 

the experimental data do not fit an equation for a Ping-Pong 

mechanism with dead-end complex formati on. 

2. T~rhary dead-end complexes formed by combination of reac-

tants with binary enzyme forms. 

The formation of ternary dead-end complexes was considered 

as a likely mechanism to explain the non-competitive nature 

of the inhibition when phosphoarginine was used as an inhibitor 

with respect to MgADP as the variable substrate (Chapter III, 

p. 98). If the four s ubstrates of the re action ~e able to 
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TABLE IV.7. CALCULATED VALUES FOR THE APPARENT INHI BITION 

CONSTANTS AND INTERSECTION POINTS DERIVED FROM EQUATION 3. 

Values for K. 1 , K .. t t and the intersection 
1 s ope 1 in ercep 

points have been calculated from the relationship s given 

in Table IV.6 using values of 2.99, 2.44, 0.059 and 2.99 

mM for K. , K.b, K . and K . respectively, and 0.65 and 
1a 1 1p 1q 

2.53 for Kib and Ki q respectively. Theoretical values 

have been calculated for those a pparent inhib ition constants 

and intersection points that were not used to derive the 

dissociation and inhibition constants listed above. All 

values are expressed as mM. 

Product 
Inhibitor 

MgATP 

MgATP 

arginine 

arginine 

MgADP 

MgADP 

phos pho
arginine 

phospho
arginine 

Variable 
Substrate 

MgADP 

phospho
arginine 

MgADP 

phospho
arginine 

MgATP 

arginine 

MgATP 

arg inine 

K. 1 1 s ope 

54.2 

2.7 

4.54 

0.56 

0.01 

2.31 

9.2 6 

2.24 

Ki intercept 

53.8 

0.054 

Intersection 
point 

3.42 

0 . 042 

4.40 

0.049 

0.06 

0.77 

0.2 9 8 

0.137 
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form such dead-end comp lexes, the reaction mechanism could 

be represented diagrammatically as : 

1 
p 

i 
B 

t 
Q 

Ji 
E EA ====== FP F 

li Kiq 1[ Kib 

EAQ FBP 

r Kip 
FBP 

EO 
"" 

E 
I 

It can be seen from inspection, and verified by derivation of 

the rate equation, that such dead-end complexes would result 

in a product inhibition pattern in which all product inhibi -

tions were non-competitive. However, as the distribution 

of enzyme among the binary forms cannot be expressed in kinetic 

terms, the velocity equation cannot be wri tten in kinetic 

terms, and the quantitative effects of the dead-end complexes 

cannot be compared with the experimental results. But it 

must be pointed out that such a mechanism predicts that all 

substrates will give rise to substrate inhibition. In addi-

tion, if we consider, for example, the experiment in which 

arginine (B) is product inhibitor with respect to MgADP (P) 

as variable substrate, (Fig. IV.2a) then the inhibitor (B) 

combines with Fas part of the normal reaction sequence and 

with FP as a dead-end inhibitor; at non-saturating concen

trations of MgADP (P) these two points of addition are connected 

along the reaction sequence, so that the inhibition should be 

of a slope-parabolic, intercept-linear nature, whereas the 

replots of both slope and intercept (Fig. IV,Sc) are linear. 
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Thus there is no quantitative evidence to suggest the idea 

that the non-competitive inhibitions by arginine with respect 

to MgADP (and vice versa), and by phosphoarginine with res

pect to MgATP (and vice versa) are due to the formation of 

dead-end complexes involving the binary enzyme forms. 

Because, then, the product inhib ition pattern obtained 

with arginine kinase c a nnot be explained in terms of dead-end 

comp lex formation, it becomes necessary to examine quanti ta 

tively a second Ping-Pong reaction mechanism whi ch will give 

rise to a product inhib ition pattern in which all product 

inhibitionsare non-competitive. This is a Ping-Pong mechanism 

in which both stable forms of the enzyme isomerize. 

Product inhibition for a Di Iso Ping-Pong reaction mechanism 

This mechanism assumes that each stable form of the enzyme 

exists in two different conformational states which are in 

e q uilibrium with each other, and that the change from one 

conformation to the other occurs as part of the reaction 

seq uence. Th e reaction mechanism can be represented dia-

grammatically as : 

A p B Q 

l 1 J l 
E' E'A " pp F ~ F' FIB " "EQ E ..... ' E' ., 

It will be noticed that the substrates A and Q, whi c h wi th a 

basic Ping-Pong mechanism comb ine with the same form of enzyme, 

now combine with different conformations of the same form, 
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viz. E' and E. Thus if O is used as a product inhibitor 

with respect to A, saturation with A, which combines with E', 

will not prevent Q from combining with E so that the inhibi-

tion will be non-competitive rather than competitive. 

larly, Band P become non-competitive inhibitors. 

Simi-

In order to translate the equation for a Ping-Pong mech

anism with two isomerizations of stable enzyme forms from 

rate constants into kinetic constants, additional kinetic 

constants must be defined. For conversion of the rate 

equation into kinetic terms only two constants need be defined, 

provided that one of these is associated with a reactant that 

combines with one of the E forms and that the other is associ 

ated with a reactant combining with one of t h e F forms. It 

is possible, however, to define four constants, one associated 

with each reactant, that satisfy the relationships : 

K .. V1K. K K. 
(1) iia ia a lp 

- K K. K .. V2K. 
llq iq p iq 

K. 'b VlKib KbK. 
( 2 ) ll i q - K K. K .. V2K. 

llp lp q l p 

from which it also follows that : 

K .. K .. K. K. 
iia llp ia ip 

-
K, . bK .. ll llq K.bK. 

l. iq 

K .. K. 'b KaKb 
and iia ii - K K K .. K .. 

llp iiq p q 
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When all four of the additional kinetic constants are used , 

in addition to those previously defined (Cleland, 1963a), 

the complete rate equation becomes : 

V 

+ 
V2KiaBP + V2KibAQ + V2KaBQ + v2ABP + v1APQ 

K.. K.. K. K.. K .. K iip iiq i q iip iia e q 

V2ABQ V1BPQ 
+ + 

K.. K .. bK iiq ii eq 
( 4) 

It should be noted that the constants K. , K.b , K. and K. ia i i p iq 

are no longer simple dissociation constants but represent 

the dissociation of substrate-enzyme complex into free sub

strate and two isomerizing forms of enzyme. 

Rearrangement of equation (4) in the manner of e quation 

(2) shows that, for a Ping-Pong mechanism in which t h e t wo 

stable forms isomerize, all product inhib itions are non-com-

petitive. Moreover, they are all linear non-competitive. 

Therefore, this mechanism agrees qualitatively with the 

experimental data in that it does not require that higher 

concentrations of the variable substrate give rise to inhibi 

tion, nor that slopes or vertical intercepts are p arabolic 

functions of the inhibitor concentration. The relationships 

exp ressing the values for the a pparent inhibition constants 
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and the intersection points of t he lines of the double reci 

procal plots are given in Table IV.8 for p roduct inhibition 

by MgATP and arginine (A & B) and in Table IV.9 for product 

inhibition by MgADP (P) and phosphoarginine (Ql. • 

From the relationship s of Table JV.8 and IV.9 with the 

data of Table IV.l, values have been calculated for the con-

stants K. , K.b, K. and K. as well as for K .. , K. 'b' K .. ia i ip i q iia ii iip 

and K .. (Table IV.10). In this connection, some further 
llq 

mention must b e made of the determination of t he constants. 

The experiments in which phosphoarginine wa s used as the 

variable substrate have not been used in these calculations 

for reasons previously outlined (p.122). The value for K . . i q 

should be given by the intersection po int of the experiment 

in which arginine is used as product inhibitor with respect 

to phosphoarginine (Table IV.8). When phosphoarginine i s 

used over the range from 10 rnM to 2 mM (Fig. IV.2b) the 

value for K. is found to b e 18.15 + 5.32 mM (Tab le IV.1). 
iq 

But when the velocities at 10 mM substrate are omitted and 

the experiments reanalysed, then t h e value for K. reduces i q 

to 8.87 + 3.40 mM; and it is possible that lower ranges 

of phosphoarginine concentrations would give even l ower 

values for K. . iq 
From these experiments it can only b e s aid 

that the value for K. is equal to or les s t h an 8.87 mM . iq 

However, K. can b e obtained from the K. 1 when phos-iq i s ope -

phoarginine is used as product inhibitor with respect t o 

MgATP and it i s this value that is recorded in Table IV.10. 
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TABLE IV.8. APPARENT INHIBITION CONSTANTS FOR A PING-PONG REACTION MECHANISM IN WH ICH 

BOTH STABLE FORMS OF ENZYME ISOMERIZE, WITH A AND BAS PRODUCT INHIBITORS 

The relationships between the kinetic constants of e q uation (4} and the apparent inhibition 

constants are given f or the experiments in which A and Bare used as product inhibitors 

while P and Qare variable substrates. The apparent inhibition constants are expressed 

as K. 1 , K .. t t and the intersection point of the lines of the double reciprocal 
1 s op e 1 in ercep 

plot K(Kiuintercept). 
i slop e 

Variable substrate 

p Q 

Product inhibitor A B A B 

K. K .. K 0 K.bO K. p K.bK .. bK P 
K. 1 

ia 11a p-- l -- ia l ll q 
1 s op e I K .. K. K +K. K. 0 K . +o K. +P K. (K K ... b+K.bP ) 

11a ip q ia ip - i q ~ l p iq . p ll l 

K. K .. (K +Q) K .. b (K +Q} K. . (K +P} K.bK .. b(K +P) 
K .. I 

ia 11a q ll q iia · p · l ll p 
1 intercept K. O+K .. K (K, +Q} (K. +P} K .. bK +K.bP ia-- 11a q iq . . l p . ll p l 

K K. 'b K K .. 
Intersection 

I 
K. 

I 
p ll q 11a 

I K. 
point ip Kib K. iq 

ia 

-
ii' ~ ----___?~ ..,,,,..: - _ . 

~ ~ 
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TABLE IV.9. APPARENT INHIBITION CONSTANTS FOR A PING-PONG REACTION MECHANISM IN WHICH 

BOTH STABLE FORMS OF ENZYME ISOMERIZE, WITH P AND Q AS PRODUCT I NHIBITORS . 

The relationships between the kinetic constants of e quation (4) and the apparent inhibition 

constants are given for the experiments in which P and Qare used as product inhibitors 

while A and Bare variable substrates. The apparent inhibition constants are expressed 

as K. 
1 

, K .. t t and the intersection point of the lines of the double reciprocal 
1 s ope 1 in ercep 

K .. 
plot K (_ 1u1ntercept1• 

i slop e 

Product Inhibitor 

K. 1 1 s ope 

K .. 1 intercept 

Intersection 
point 

-"~ 

p 

K BK . K .. a 1p 11p 

A 

K. (KbK. . +K. B} 1a - 11p 1p 

(Kb +B) K_ipKiip 
KbK .. +K. B llp l p 

K. 
1a 

- ~....,.. ~ ------- -

Variable substrate 

Q 

K. B _1q 
(Kib +B} 

K. . (Kb+B) 
11g_ ___ _ 

(Kib +Bl 

K .. . Kb 11q 

K. 
1q 

p 

K . A l p 
(K. +A} 
- 1a · 

K. . (Kb+B} 
11q --

(K. +A) 
1a 

K .. Kb llp 
K. l p 

B 

Q 

AK K .. Kb iq 11q 

K.b(K .. K +K. A) 1 11p a 1q 

(K +A)K. K .. a 1q 11q 
(K .. K +K. A ) · 11q a 1q 

Kib 

.._ rnc L-~ -e-e ~::::-;;!!:;- ~-=:-~ ~ ~ -C ~ 
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TABLE IV.10. I NH IBITION CONSTANTS CALCULATED FOR A PING-PONG 

MECHANISM WITH ISOME RIZATION OF STABLE ENZYME FORMS. 

The inhibition constants associated with e quation (4) have 

been calculated from the data of Table IV.land the relation

ships tabulated in Tables IV.8 and IV.9 using t he values for 

the Michaelis constants listed in Tab le III.l. The standard 

errors of the constants were calculated with the aid of the 

formulae for the standard errors of p roduct s and quotien t s 

given in Chap ter I, pp .44 & 45. All cons tants are expre ssed 

as mM . 

1.72 

K. 
ia 

+ 

K .. 

0.67 

11a 

7.05 + 3.04 

4.45 + 1.18 

10.80 + 1.40 

K. 'b ll 

3.49 + 0.98 

7.51 + 4.15 

0.65 

0.43 

K. 
l p 

+ 

+ 

K .. 

0.18 

0.14 

llP 

0.43 + 0.11 

0.39 + 0.29 

I 
I 

I 

I 

4.59 + 0.90 

K .. 
llq 

21.67 + 4.41 

12.66 + 3.4 9 
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As this value has been calculated using the experimental 

value for Kib it is dependent on the value for Kib' so that 

use of the ratio K.b/K. in a Haldane relationship tests the 
l iq 

correctness of the ratio rather than that of the individual 

values. 

The Haldane relationship s are not altered as a result 

of the isomerization of stable enzyme forme. Therefore the 

values for the various kinetic constants (Table IV.10) may 

be substituted into the relationships given in Table IV.5. 

The calculated values for the equilibrium constant so 

obtained agree reasonably well with the value calculated 

from the maximum velocities and Michaelis constants and with 

the experimentally determined value (Table IV.11). Other 

equalities defined by e quation (4) are also listed in Table 

IV.11 and, considering the number of calculations involved 

to derive first the constants and then their relationship s, 

the agreement would appear reasonable. Thus it may be 

concluded that the six experiments used to calculate the 

constants do indeed indicate a mechanism that can be repre-

sented by equation (4). Certainly, the values for the 

Haldanes are ih better agreement with one another and with 

the experimentally determined value when the data are ana

lysed on the basis of a Ping-Pong mechanism with isomeriza

tions of both stable enzyme forms than when they are analysed 

on the basis of a Ping-Pong mechanism with dead-end complex 

formation. The diffe~ence in the two series of calculations 



I ' 

I 

,· 
1i1' 

{ 
I 

I I 

'I 

I : 
I 

II 

I, 

TABLE IV.11. HALDANE RELATIONSHIPS AND OTHER EQUALITIES FOR 

A PING-PONG MECHANISM WITH ISOMERIZATIONS OF STABLE FORMS 

The Haldane relationships for a Ping-Pong mechanism have been 

calculated with the constants derived from the experimental 

data analysed in accordance with e quation (4}, i.e. that the 

mechanism of the reaction is Ping-Pong with isomerizations of 

both stable enzyme forms. In addition, the data of Table IV.10 

have been used to estimate the numerical values of the equalities 

connecting the additional constants defined for e q uation (4) 

with the constants K. , K.b, K. , K. , the Michaeli s constants la l lp lq 

and the maximum velocities. 

V 2K K v1K K. V1K. K K. K. 
K 1 p q p lq lp q lp l q 

- - -
V2KiaKb 

-
K. K.b eq V2KaKb V2KaKib la l 

0.30 0.41 + 0.05 0.26 + 0.09 0.66 + 0.32 0.39 + 0.23 

K .. v1K. K K. 
lla la a lp 

- - K K. K .. V2K. 
llq lq p lq 

0.33 + 0.16 0.36 + 0.16 0.53 + 0.18 

K. 'b ll VlKib KbK. l q 
- - K. K .. V2K. K 

llp l p q l p 

8.12 + 3.08 6.51 + 2.50 3 .. 84 + 1.32 

K . . K . . K. K. K .. K. 'b K aKb lla llp la lp lla ll 
- -

K .. bK .. K.bK. K . . K .. K K 
ll llq l lq llp llq p q 

0.040 + 0.024 0.055 + 0.032 2.64 + 1.61 2.03 + 0.16 
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the value determined for K, , as the 
~ 

K. do not differ by more than twoiq 

fold and such variation could arise from experimental error. 

The above analyses draw attention to the difficulties 

associated with quantitative differentiation between mechanisms, 

especially when it is not possible to use sensitive, continuous 

methods for the determination of initial velocities. Hence 

they emphasize the merits of using qualitative distinctions 

to determine reaction mechanisms. For this reason, it should 

be noted that equation (4) predicts that all product inhibi 

tions will be linear non-competitive inhibition, whereas 

equations (2) and (3) p redict that the reactants forming 

dead-end complexes will give rise to substrate inhibition and 

slope-parabolic, intercept-parabolic non-competitive inhibi 

tions. 

While the experimental data suggest t ha t the arginine 

kinase reaction involves isomerization of stable enzyme forms, 

it is apparent that additional experiments and alternative 

approaches will b e necessary to reach a definitive conclusion. 

It would be possible, for instance, to utilise the difference 

in the K .. t . t relationships for a ring - Pong mechanism 
i in ercep 

with dead-end complexes as opposed to one with isomerization 

of stable enzyme forms. In the former, the K .. i intercept 

relationship is a linear function of the concentration of t he 

second, non-varied substrate, while in the latter it is a 
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hyperbolic function. Therefore, if an experiment is carried 

out at a number of concentrations of t h e non-varied substrate 

and the values for the K .. t are p lotted as a function i in ercep t 

of this substrate concentration, the shape of the p lot should 

indicate whether the mechanism involves dea d-end comp lexes or 

isomerizations. 

An alternative a pproach to the p rob lem would b e t he direct 

determination of the values for K. , K. 1 , K. and K. f or ia io i p i q 

comparison with those obtained from product i nhibition studies . 

This can be done by measuring the initial velocity of the 

partial exchange reactions as a function of the concentrations 

of the two reactants since the e q uation exp ressing the initial 

velocity is : 

K. ia 
vl K a (5). V K. K. 
ia + 

i p + 1 -- ---=-
A p 

when A (MgATP) and P (MgADP) are t h e t wo reactant s . This 

e q uation is s i milar in form to t h e initial veloc i t y e q uatio n 

for the overall Ping-Pong reaction. I f , t hen, t h e initial 

velocity of the exchange is measured at varying concentrations 

of A at several fixed concentrati ons of P and the results are 

p lotted in reciprocal form, a series of parallel lines should 

result. Hence, K. and K. can be evaluated in a manner 
ia ip 

similar to that used to evaluate Ka and Kb from t h e data o f 

Fig. III.l. This p rocedure ma y b e used to determine t he 
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values regardless of whether the mechanism is a basic Ping-Pong 

or one with isomerizations of the stable enzyme forms. 

Finally, it is of some interest to compare the results 

of the product inhibition studies with arginine kinase with 

those obtained with other Ping-Pong mechanisms. Product 

inhibition studies on aspartic transaminase (Henson & Cleland, 

1964) clearly indicate that the enzyme has a basic Ping - Pong 

mecpanism and it is possible that alanine transaminase also 

has a basic mechanism (Bulos & Handler, 1965), although product 

inhibition by one keto acid with respect to the other keto 

acid has not been measured. Nevertheless, it is a pparent 

that in neither case do the reactants causing substrate 

inhibition at higher concentrations lead to an alteration 

of the product inhibition pattern to be expected for a basic 

mechanism. More complex results have been found with enzyme 

whose pairs of reactants are chemically dissimilar. For 

instance, studies with hexokinase from calf brain (Fromm & 

Zewe, 1962) show that ADP is an uncompetitive (rather than 

a competitive) inhibitor with respect to glucose. By assuming 

certain relationships between the rate constants, ADP inhibi

tion was expla~ned by the formation of a glucose-enzyme 

dead-end complex, although substrate inhibition by glucose 

was not demonstrated and other possibilities, such as a ternary 

ADP-glucose-enzyme complex or isomerization of the E-P form, 

have not been considered. Similarly, product inhibition by 

pyrophosphate of the riaction catalysed by adenine phospho-
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ribosyltransferase (EC. 2.4.2.7) appears uncompetitive with 

respect to 5-phosphoribosylpyrophosphate when sufficient Mg
2
+ 

is present to complex with b oth inhibitor and substrate 

(Hori & Henderson, 1966). Because a large variation in 

vertical intercept was found even in the p resence of high 

concentrations of the second, non-varied substrate, it h as 

been suggested that pyrophosphate forms a dead-end complex 

with one of the binary enzyme forms, rather than with one 

of the stable forms. As mentioned in discussing t he results 

with arginine kinase, this inhibition cannot be quantitated, 

and isomerization of the stable enzyme form with which product 

and substrate react has not been considered. 

Thus there has not been any previous consideration of 

isomerization of stable enzyme forms as part of the reaction 

sequence of an enzyme with a Ping-~ong mechanism (except in 

the theoretical analysis of kinetic theory by Cleland (1963a)1, 

soit is impossible to surmise the frequency of t his phenomenon. 

Good evidence has been p resented by Hsu , Cleland and Anderson 

(1966) for the isomerization of the E-r form of acid phos

phatase (EC. 3.1.3.2) from potatoes; in addition these authors 

have stated that analysis of the kinetic data of Hass and 

Byrne (1960) for glucose-6-phosphatase (EC . 3.1.3.9) leads to 

the necessity to postulate an isomerization of t h e enzyme-phos-

phate comp lex. But while t h e mechanism of these enzymes 

indicates that the first product leaves the enzyme before 

the second substrate, H2o, reacts so that such hydrolytic 

• 
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reactions could be considered of a Ping-Pong type, thermo

dynamic considerations of the isomerization suggests that it 

involves the hydrolysis of a covalent bond and a large free 

energy change. Hence it would be quite different from the - . 

isomerization of the E-P form of arginine kinase which would 

appear to be a change of a conformational nature since in 

one form it is able to phosphorylate MgADF and in the other 

it is able to phosphorylate arginine. The results with 

arginine kinase also suggest that the free enzyme exists 

in two different forms, one of which reacts with MgATP and 

the other with phosphoarginine. Although Monod, Wyman and 

Changeux (1965) postulated that allosteric enzymes exist in 

two different conformations, no kinetic evidence has been 

presented up till now to ind icate that free enzymes may 

undergo a conformational change as part of the normal reaction 

sequence. 

1. 

SUMMARY 

2-The four reactants , MgATP , arginine, MgADP and pho s -

phoarginine have been used, in turn, as p roduct inhibitors 

of the arginine kinase reaction with respect to each of 

the a ppropriate substrates. 

2. All product inhibition a ppear to be linear non-competitive. 

3. Experiments in which phosphoarginine is used as the vari

able substrate over the range of 10 mM to 2 mM are affected 

by substrate inhibition, and therefore cannot be used in 
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quantitative analysis of the data. 

The product inhibition pattern of all non-competitive 

inhibitions could be due either to dead-end comp lex 

formation or to isomerization of both stable enzyme 

forms. The qualitative evidence that all p roduct 

inhibition replots are linear and that there is no sign 

of substrate inhibition with substrates other t han phos 

phoarginine points to isomerization rather than dead-end 

complex formation. This tentative conclusion is rein -

forced by detailed quantitative analysis of the data. 
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ADDENDUM 

Consideration of the Inhibitions Recorded in Chapter II 
. in 

the Light of the Reaction Mechani sm. 

To find conditions suitable for detailed kinetic studies, 

the inhibition of the initial velocity of t he arginine kinase 

4- 3-
reaction by NaCl , MgC1

2
, ATP and ADP was measured and 

the results recorded in terms of a pparent inhibition con-

stants (Chapter II, Table II.2). It was mentioned then that 

true dissociation constants could not be calculated from the 

apparent constants because nothing was known of the reaction 

mechanism. The studies reported in Chapters III and IV have 

been directed towards the elucidation of that mechanism and 

it has been concluded that arginine kinase has a Ping-Pong 

mechanism. Furthermore, it appears likely that both stable 

forms of the enzyme isomerize. In t he light of this know-

ledge, it is of interest to re-examine the inhibitions 

recorded in Chapter II to see what additional information can 

be gained about the reaction of the inhibitors with the enzyme. 

The reaction seq uence for the arginine kinase reaction 

with isomerization of both stable enzyme forms can be repre-

sented diagrammatically as : 

E' E'A ~ FP ' . 

p B 

k: lk4 k7l 8 
F 'B-,--'EQ 

-
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where A, B, P and Q rep resent MgATE 2- , arginine, MgADP and 

phosphoarginine, respectively. With A and Bas substrates, 

in the absence of P and Q, the initial velocity equation is 

the same as that of a basic Ping-Pong reaction: 

v1AB v1 
V - -K B + KbA + AB K Kb a a + 1 - -+ A B 

However, as there are now two additional forms of enzyme, E' 

and F', t he equations expressing t he distribution of t he total 

enzyme, Et' among the various forms are different from those 

of the basic Ping-Pong and may be written as : 

EA-FB 
Et 

FB- EO ,.... 

k AB 1,3,5,7,9 

L 

k5,7,9,ll(k2 + k3)B 

L 

k AB + 1,3,7,9,11 

L 

k AB 1,3,5,7,11 

L 

-
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where 6 represents the denominator of the rate equation and 

is equal to the sum of all t h e numerator terms . Therefore, 

any one term in the denominator of the rate equation repre-

sents enzyme in at least two forms. 
K 

term, which becomes the Aa term when 

For instance, t he KB 
a 

the e q uations is put into 

reciprocal form, measures t he proportion of the total enzyme 

which is in the form E' together with part of the proportion 

which is in the form E. Therefore, if A is the variable 

substrate, the slope of the lines of a double reciprocal p lot 

will be affected by an inhibitor combining with either E or E', 

while the vertical intercep t wi ll b e affected by an inhibitor 

combining with E or with any of the other enz yme forms. Hence, 

in general, it can be said that the slope of the lines will 

be affected if an inhibitor is combining with either or both 

of the two conformations of the stable form (E or F} with 

which the variable substrate combines ; the vertical inter

cepts will be a function of the concentration of an inhibitor 

if the inhibitor is combining with any form of the enzyme 

excep t that particular conformation with which the variable 

substrate combines. Because the distribution equations 

cannot be expr~ssed in kinetic constants and because the 

inhibitory effects cannot be attributed to combination of an 

inhibitor with a specific form of the enzyme, true dissociation 

constants cannot be calculated from values for K. and i slope 

K. . t t· i in ercep 

-
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Values for K . slope and K~ intercept for inhibition of i J.. 
. . 

kinase by NaCl, MgC 1 2 , arginine ATP 4 .... and 3-ADP were recorded 

in Table II.2. It was stated in Chapter II (p . 78} that 

dissociation constants could not be calculated because the 

reaction mechanism was not known, implying that such constants 

could be found when the mechanism was elucidated. However , 

this is not possible for a mechanism as com lex as a Di Iso 

Ping-Pong one. All that can be said is that the non-com-

petitive inhibition of NaCl with respect to MgADP , which com

bines with F, and with respect to phosphoarginine , which com

bines with E, indicates that Cl is able to combine with at 

least one of the E forms and one of the F forms. Similarly, 

2+ the same conclusion can be drawn wi t h respect to Mg from 

the results of the inhibitions with respect to MgATP
2

- and 

MgADP-. At this point, it may be noted that Mg
2+ inhibition 

with respect to MgATP 2 - should be non-competitive, rather than 

competitive as it appears to be in Fig. II.4a. 

in vertical intercept, however , is a function of 

The variation 
Kb 
Band, 

because these experiments were carried out before the Michaelis 

constants were known, the concentration of arginine used was 

10 mM as compared with the Michaelis constant of 0.87 mM. 

Therefore, the expected variation in vertical intercept would 

4- 3-
be small. The free nucleotides, ATP and ADP , are non-com-

petitive inhibitors with their respective Mg-nucleotide com

plexes as variable substrates, indicating combination of the 

inhibitors with at least two of the four stable enzyme con-

-
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formations (ignoring combination with binary enzyme forms}. 

But apart from the fact that one of these forms must be a 

conformation of the stable form with which the Mg-nucleotide 

substrate combines, these forms cannot be delineated. 

If it were assumed that an inhibitor, such as ATP 4-, 

combines equally with both conformations of that stable form 

(E or F) with which the variable substrate combined, then it 

would be possible to equate the values for K . 1 (Tab le II.2) is ope 

with inhibition constant s for combination of the inhibitor 

with those forms. For examp le, 0.35 mM would represent the 

inhibition constant for combination of ATP 4- with the E forms 

of arginine kinase. Experimental evidence, however, points 

to the fact that MgATP 2- reacts only with E ' and not at all 

with E, so that there would not appear to be any good reason 

for making this assumption. 

-
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