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INTROI)UCTION 

Some properties of the enzyme creatine phosphokinase which catalyses the reaction 

ADP** b P C ~  ATP + Creatine 

have been described in a recent communication (ENYoR XND ROSENBERG1). 

Since then several papers have appeared on the subject. Thus KUBY, NOD\ XND 
L.¢RDY 2 and NOD& KuBY AND LXRO'~ a have described the isolation of the crystalline 
enzyme from rabbit muscle and some physicochemical properties of the protein, together 
with evidence of its homogeneity. While the work described below was in progress, two 
more communications from the same team appeared dealing with kinetic (KuBY et al?) 
and equilibria studies (NoDA el al)). 

R e c e n t l y  OLIVER 6 a n d  CHAPPEL AND PERRY 7 h a v e  c o n f i r m e d  ENNOR AND ROSEN- 

BERG'S x finding that AMP cannot accept phosphorus from PC, and that the occurrence 
of this reaction, as claimed by BANG.@, was probably due to the presence of myokinase 
in the system. 

The present communication deals with some aspects of the kinetics of the reactions 
catalysed by creatine phosphokinase, and with some studies on inhibition by sulphydryl 
reagents. 

EXPERIMENTAL 

Materials. Tile materials  used were as described in a previous communicat ion  (ENNOR AND 
ROSENBERG1), with the exception of the following: 

Lewisite. Requisite amoun t s  of lewisite were weighed out  and made up to volume with water. 
D.A. A stock solution (i- io  _2 M) was made up in ethanol,  and dilutions were made with water.  

When  this stock solution was diluted I : I o  the solution was slightly opalescent and a precipitate 
usually appeared after several hours;  dilutions were therefore made jus t  prior to use. A solution 
obtained as a result  of higher dilutions remained clear. In tests  involving D.A. appropr ia te  controls 
were set up to check on any inhibition which may  have been produced by the ethanol present.  
Neither  lewisite nor D.A. interfered wi th  creatine est imations at  the concentra t ions  employed. 

* Austral ian National  Universi ty  Research Scholar. 
** Abbreviations.  The following abbreviat ions  will be used: ATP, adenosine t r iphosphate ;  ADP, 

adenosine diphosphate ;  AMP, adenosine 5 ' -monophospha te ;  PC, phosphocreat ine;  CPK, creatine 
phosphokinase;  TRIS ,  tris (hydroxymethy l ) -aminomethane ;  D.A., diphenylchloroarsine;  lewisite, 
2-chlorovinyl dichloroarsine; versene, ethylene diamine tetra-acetic acid; CMBA, p-ehloromercuri-  
benzoic acid. 
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A T P  a n d  A I ) I '  w e r e  p r e p a r e d  as  d e s c r i b e d  p r e v i o u s l y  (ENNOR AND ROSENBERG1), a n d  were  
f u r t h e r  p u r i f i e d  as  d e s c r i b e d  b y  COHX !~, u s i n g  D o w e x - l - X  2 a n i o n  e x c h a n g e  res in .  All s a m p l e s  w e r e  
h o m o g e n e o u s  as  j u d g e d  b y  p a p e r  e l e c t r o p h o r e s i s .  

3 h ' H w d s .  T h e  a s s a y s  of  e n z y m i c  a c t i v i t y  ~ e r e  c a r r i e d  o u t  a s  d e s c r i b e d  e a r l i e r  (I{NNOR ANt) 
I{OSFNBFRG1), a n d  w h e n e v e r  t h e  su l )s t l -a te  c o n c e n t r a t i o n  w a s  v a r i e d  spec i f ic  m e n t i o n  is m a d e  ii~ 
t h e  t e x t .  In  a l l  c a s e s  l i n e a r  r e a c t i o n  r a t e s  w e r e  m e a s u r e d .  

T h e  r e a c t i o n  w a s  s t o p t ) e d  n o t  b y  t h e  a d d i t i o n  of  t r i c h h ) r o a c e t i c  a c i d  as  b e f o r e  b u t  1)v t h e  a d d i t i ( m  
of  ~.o ml  of  a m i x t t t r e  c o n t a i n i n g  20 ml  of o . -  M x e r s e n e ,  20 ml  of 4 " ~ o  a C M B A  a n d  io  ml  of  5 , \ '  
N a O H .  T h i s  r e s u l t e d  in c o m t ) l e t e  i n h i b i t i o n  ¢)f e n z y m i c  a c t i v i t y  a n d  a v o i d e d  a n y  t )oss i l ) i l i ty  ()f I 'C 
h y d r o l y s i s  a s  m a y  h a v e  o c c u r r e d  h a d  t h e  s o l u t i o n  been  a c i d .  M o r e o v e r ,  e v e n  in t h e  c a s e  of  t h e  rex e rse  
r e a c t i o l l  w h e r e  r e l a t i v e l y  l a r g e  a l n o u B t s  of  p r o t e i n  w e r e  p r e s e n t ,  f l l t ra. t iol l  w a s  llt)t n e c e s s a r y  a l ld  
t h e  a m o u n t  of  p r o t e i n  he ld  in sol t l t i (m d id  n o t  i n t e r f e r e  w i t h  t h e  e s t i m a t i o n  o f  c r e a t i n e .  

In t h e  i n i t i a l  e x p e r i m e n t s  w i t h  MI1 "2 d i f f i c u l t y  w a s  e x p e r i e n c e d  w i t h  t h e  m e a s u r e m e n t  of 
c r e a t i n e ,  s ince  in t h e  a l k a l i n e  m e d i u m  t h e  lXln ~ ion w a s  c o l o u r e d  a n d  r a p i d l y  t ) r e c i p i t a t e d .  T h i s  
w a s  c o m l ) l e t e l y  a v o i d e d  b y  t h e  add i t i~m ()f at 5 M o l a r  e x c e s s  of  vel-Sel}e to  t h e  s a m p l e s  b e f o r e  the  
a d d i t i ( m  of  t h e  r e a g o n t s .  

Results 

Effect ol cations on the lorward reaction. In the previous communica t ion  it was 
s ta ted tha t  the ac t iv i ty  of the enzyme showed an op t imum at a definite ratio of Ca~2/ 
enzyme. This view has now been revised on the basis of the present work, in which the 
enzymic act ivi ty  was determined in the presence of a range of Ca +" concentra t ions  and 
at different enzyme levels. 

Fig. I shows that  the observat ions on the relat ionship between the ini t ial  reaction 
velocity and Ca +2 concentrat ion,  at all enzyme levels, conform to a simple Michaelis- 
Menten relation, viz. ,  to  the equat ion:  

~, - -  V x / K x  ! x 
w h e r e  v - -  i n i t i a l  v e l o c i t y  a t  a s t a n d a r d  c o n c e n t r a t i o n  of  s u b s t r a t e  a n d  , \ l ) l ' ,  

I" - m a x i i n u m  v e l o c i t y ,  
A: - (?a 12 c ( m e e n t r a t i o n ,  

A x  - d i s s o c i a t i o n  c o n s t a n t  of t h e  e n z y m e - C a  ~'-) c o m p l e x  f o r m e d  a c c o r d i n g  to  t h e  e q u a t i ¢ m  
OllZyllle : C a  f 2 @ enzvn le_ ( -a  4 2. 

This result may be in terpre ted as indicat ing that  CPK reacts with Ca +2 in the ratio 
of one Ca +-° ion for each active centre of the enzyme. Thus the Ca+Z-enzyme complex 

may be considered as an active 
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Fig .  t. D i s s o c i a t i o n  c o n s t a n t  fo r  Ca +2. C o n d i t i o n s :  0 .o  5 3 l  
T r i s  bu f fe r ,  p H  7.2,  PC a n d  A D P ,  - ' .5" lo  a M .  2 m i n u t e s  
a t  3 7 ° ;  Ca+~ c o n c e n t r a t i o n  as  s h o w n ,  a n d  C P K  c o n t e n t  a s  
f o l l o w s :  O - -  O 5 / t g  l y o p h i l i s e d  e n z y m e / m l ;  x × 
7 - 5 / * g  l y o p h i l i s e d  e n z y m e / m l ;  ~ ~ i o . o / * g  l y o p h i l i s e d  
e n z y m e / m l ;  ~ ~ 1 5 . o l t g l y o p h i l i s e d e n z y m e / m l .  V o i n  

a r b i t r a r y  u n i t s .  

lee~eremites p .  2 6 7 .  

form of CPK. 

T A B L E  [ 

l ) i s s o c i a t i o n  c o n s t a n t  fo r  ( ' a  ''-'. 

I n c u b a t i o n  a t  37 ~, i n i t i a l  c o n c e n t r a -  
t ion  of b o t h  A D P  a n d  I 'C 2. 5 • lo  4 M .  

E~periment [CPK],/~,~ "Kin"  
protein ml  

5 . o  r . 3  ' I o 1 

7.5 i.  3 .  1o t 
1().o I. 3-  l o  4 
15.o 1 . 2 . 1 o  4 

" 7 - 5  1 , 4 " J o  4 
15.o 1 . 3 . i o  4 

Table I shows the calculated 
values for the dissociation con- 
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s tan t  at  four enzyme levels. The dissociat ion cons tan t  represents  the  amoun t  of Ca+2 
requi red  to form half  the  m a x i m u m  concent ra t ion  of act ive enzyme complex.  The fact 
t ha t  the  same dissociat ion cons tan t  is found, i r respect ive  of the  amount  of enzyme 
present ,  indica tes  tha t  the  absohl te  ( 'a  .2 concent ra t ion  is of impor tance  ra ther  than  
the ( 'a  ~2 enzyme rat io .  

I t  was found prev ious ly  (ENNOR =~ND ROSENBERG 1) tha t  no difference could be 
de tec ted  between the ac t iva t ing  effect of Ca+2 and Mg +~ on the react ion.  This  finding 
has now been confirmed on the  basis  of the dissociat ion cons tan ts  and m a x i m m n  
velocities.  The dissociat ion cons tan t s  for bo th  Ca +2 and Mg+2 were de te rmined  s imul ta-  
neously under  ident ica l  condi t ions  nsing s tock solut ions conta in ing PC, T R I S  and 
CPK for each metal .  The resu l tan t  d a t a  were too close to pe rmi t  plots  on one figure, 
and  are shown in Figs. 2 and  3. As seen from the figures the  values of Vmax. at  cor- 
responding enzyme concent ra t ions  are not  s ignif icant ly  different and  s imilar  values 
were ob ta ined  for the  dissociat ion cons tan ts  (Ca +2 and Mg+2- I .  3. IO 4 M ,  2 . I O  ~ :1[ 

respect ively) .  
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I:ig. 2. Dissocia t ion  c o n s t a n t  for Ca+ 2. For  incuba t ion  
condi t ions  see Fig. I. E n z y m e  concen t r a t i on :  O - - O  
5 /Ig lyophi l i sed  C P K / m l ;  [] U_ ]o /*g  lyophi l ised 

CPK/ml .  

5 - = / ~ /  

Io-ff .9 " q -' 

Iqg. 3. Dissocia t ion  c o n s t a n t  for Mg~2. Subs t r a t e  and  
enzyme  concen t r a t ion  as in Fig. 2. 
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Vig. 4. Dissocia t ion c o n s t a n t  for ~Ii1 ~2. 
1;or condi t ions  see Fig. [. E n z y m e  con- 
cen t ra t ions :  U V 7.5 /*g C l ' K / m l ;  
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Fig. 5, Michael is  c o n s t a n t  for creat ine.  
0.05 M T R I S  buffer, pH  io.2, ATP 
2. 5. lO _4 3/ .  Molar ratio,  Ca+2/ATP -- 
0. 4 th roughou t .  E n z y m e  concen t ra t ion :  
125/*g CPK/ml .  Incuba t ion  : z rain, 3 o°. 
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Effect o / M n  ~,a. Mn ~ 2 was found to act ivate the forward reaction giving high initial  
velocities. As shown in Fig. 4, when the reciprocals of the ini t ial  reaction velocities arc 
plot ted against  the reciprocals of the Mn ~2 concentra t ions  according to the method of 
LINI'WI.;AVF.R AND Bt:Rid °, a straight line is obtained.  This indicates that  a Michaelis- 
Menten relat ionship exists between Mn ~2 concentrat ion and  ( 'PK activity.  Thus Mn ~" 
can replace Ca ~ 2 and Mg ~ 2 to form an active enzyme complex. 

The dissociation constant  calculated from the plot is t). ~o ~ 3I (mean wtlue) and 
is significantly lower than  the corresponding constants  for Mg +'~ and ( 'a ~" 

Figs. 2, 3 and  4 are plotted on the same scale, and the lower line in each plot 
corresponds to the same enzyme concentra t ion in each case (Io ffg/ml). From these 
figures the relative m a x i n m m  init ial  velocities obta ined with each metal  may be cal- 
culated;  these are in the ratio i : i : 2  for (;a +2, Mg +2 and Mn'  2 respectively. 

Effect o~ suSstrate concenlratlo11, on initial velocity. The effect of increasing concentra-  
t ions of creatine and  ATP in the reverse reaction and of phosphocreatilae in the forward 
reaction is shown in Figs. 5, 6 and 7 respectively. A Michaelis-Menten relation wets 
obtained with these substrates.  

The K,, value of CPK for creatinc was found to be 7.o" IO l M and for PC, 2" ro -e M. 
In the case of ATP the LINICWE.\VF.R-IIuRld ° plot (lid not give a straight line when 

the concentrat ion of ATP was wtried and the concentra t ion of Ca ~-" held constant .  This 
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Fig. 6. Michae l i s  c o n s t a n t  for  A T P .  0.05 BI 
T R I S  buffer ,  p H  io.  e. C rea t ine ,  e. 5" to l 
M .  M o l a r  ra t io ,  Cae ' - ' /ATP --  o. 4 t h r o u g h -  
out .  E n z y m e  c o n c e n t r a t i o n :  1 2 5 / i g  C P K /  

ml.  I n c u b a t i o n :  , m i n u t e s ,  3 o ' .  

was presumably  due to the co-ordination effect 
of ATP, bu t  as seen from Fig. 8 ma x i mum act ivi ty 
under  the experimental  condit ions was obtained 
when the ATP/Ca ~2 ratio was about  2.5. 
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Fig.  7. Michae l i s  c o n s t a n t  for  PC. 0.0 5 ,1l TR1 S ,  p l [  
7.2; Ca +~, 5 '  l o  4 31; A D P ,  2.5" lo ~ M. t n c u l m t i o n :  

2 m i n u t e s ,  37 '. 

Using ATP and Ca +2 at this ratio in subsequent  reactions, it was possible to obtain 
a straight line plot (Fig. 6 above), and  the K~ value of CPK for ATP was calculated 
to  be  3 . 3 " z o  4 M .  

In  our system the effect of ADP differed from tha t  of other substrates  in that ,  
with concentra t ions  of zo-a-zo -a M,  ADP showed a marked inhibi t ion of the init ial  

Re/erem'es  p. -'6 7. 
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velocity. At first this was thought to be due to co-ordination of the Ca +" necessary for 
enzyme action. The inhibition, however, persisted when this possibility was eliminated. 
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Fig .  8. E f f e c t  of  A T I '  o n  t h e  r e v e r s e  
r e a c t i o n  in  t h e  p r e s e n c e  of  a c o n s t a n t  
a m o u n t  of Ca+e ( I .  IO 4 3 I ) .  o .0  5 M T R I S  
bu f fe r ,  p H  io .2 ,  c r e a t i n e  2. 5 . i o  -a  M .  
E n z y m e  c o n c e n t r a t i o n :  I2 5 [~g C P K / m l .  

v0 
IC & 

104 ~ADPJ 

F i g .  9. E f f e c t  o f  A D P  o n  C P K  a c t i v i t y .  F o r w a r d  
r e a c t i o n :  0 . 0 5 : 1 I  T R I S ,  p H  7.2,  1 . 2 5 . 1 o  a M PC.  
C P K ,  4 /2g]rnl.  I n c u b a t i o n :  2 m i n . ,  3 o° .  ~ - - - - ~  
C o n s t a n t  [Ca+a~ = 5 . 1 o  -4 M .  O . . . .  O C o n s t a n t  

ECa+2~/EADP~ = 4.0. 

Fig. 9 shows the effect of ADP concentration on the initial velocity both at constant 
Ca+2 concentration and at constant Ca+2/ADP concentration ratio. The experiment was 
repeated several times with different batches of ADP in order to eliminate the possibility 
of an extraneous inhibitor, but in every case the pattern was similar to that shown in 
Fig. 9. 

A decrease in the reaction velocity with decreasing concentration of ADP was 
finally obtained at considerably lower concentrations of ADP and with a Ca+2/ADP 
ratio of 4 : I. A plot of the inverse of the reaction velocity against the inverse of the ADP 
concentration failed, however, to show a Michaelis-Menten relation because apparently 
at the lower ADP concentrations initial velocities were no longer measured. It was not 
practicable, however, to test this by using lower enzyme concentrations or shorter 
incubation times, for both procedures would have resulted in the release of amounts 
of creatine too small to permit accurate estimation. 

Effect o/ sulphydryl reagents 

Lewisite. It was found that lewisite produced no inhibition in concentrations up 
to 2.5" lO -4 M. 

Diphenylchloroarsine. The inhibitory effect of varying concentrations of D.A. and 
the complete reversal of the inhibition by cysteine is shown in Table II. 

D I S C U S S I O N  

There is some disagreement between the present data and published work. Thus 
the dissociation constant for Ca +2 and Mg +2 in the forward reaction were 1. 3 and 2- Io-4M 
respectively, whilst KUBY et al. 4 found a value of 2- IO -a M for Mg+2. The value for Ca +2 
was not quoted by these authors. More marked divergence between the results is found 

References p. 267. 
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' I ' I IE  I ' ; V F E C T  O F  L E \ V I S I T E  A N I )  D I P H E N Y I . C I I L O R O A R S I N I C  ( I ) . A . )  ( )N (~[J[x[  A ( ' T I V I I " , ' ,  

A N D  T | t F ;  R I ' ;VER~ ,AI .  ()1: "I'IIF; I N H I B r I ' I f ) N  B V  ( V N T E I N I .  

( o t l t t 'H/ral lo; t  (.1/) " I ~ d l d , m , m  
l~dl[S thJr  r,[ l'II/td~llnt" " 

l.ewisite -'.5' I O  4 () 

1).A. _!.o. io :' 2~ 
]).A. I 5,1o 4 ¢~1~ 
1).A. ".5"~o * S2 
l).A. i cvsteine 

1 . 2 5 . 1 0  3 ] ]  2.  5 ' I o  1 O 

with Mn +~, which in the present work gave a dissociation constant  of 6. Io 5 .'1/, whereas 
the value found by Kum" el al. was 2" IO a M. The data  on relative maximal  velocities 
are also in disagreement.  Unlike l¢uJ~v el al. a who found that  (~a 12 would give only 
one-half the initial  velocity which was obtained with Mg ~', we have not found any  
signiticant difference hetween these metal  actiwttors. 

These discrepancies are tot) great to be accounted for by experimental  error, partic- 
ularly since the I.INEWE.\VER AND BURIal ° plots, in all cases, are plotted on a significant 
number  of points. I t  would seem likely that  the explanat ion lies in the nature  of the 
buffering systems employed in the experiments.  Of the systems tested Ku1~v el al. ) 

found tha t  T R I S  gave the lowest reaction velocity, and NoD,v  el al.:' haw~ expressed 
the opinion that  interact ion between buffer and metal  act ivator  might affect the cal- 
culated wthles of dissociation constants.  The large differences between the vahles 
quoted in the present communica t ion  (using TRIS) and those of  K u m "  el al. ) (using 
glycylglycine) might  then be due to such interaction.  

Because of the fact that  the CPI( tlsed ill the present experiments  was not a pure 
protein, it is not t)ermissil)le to corot)are the absolute initial velocities with those 
obtained by Ktmv cl al. 4. 

The high initial  velocities, together with the apparent ly  greater affinity of the 
enzyme for Mn ~ 2, suggest that  this metal might be the true " i n  rive'" act ivator  of CPIZ. 

The experimental  results obtained with the arsenicals, lewisite and I).A., arc of 
interest  for they give some indication of the proximity  of t h e - S H  groups on the enzyme 
molecule. CPK is not sensitive to the action of lewisite, and it may thus be inferred 
that  the - S H  groups which are known to be essential for enzyme action (t£NN~)~ .\Xl) 
I{OStCNI',IcRG )) cannot  form a stable >- As-ring (c/. I.{)'I'SI'EICH AND Pt'.'TICRS)~). I).A., on 
the other hand,  prow'd to be an effective inhibitor,  presumal)ly giving a st,tl)h' mono- 
thioarsenite,  and the inhibi t ion could be quan t i t a t ive ly  reversed by the addit ion of 
cysteine in a molar ratio of 5:1. On the basis then of the work of the Oxford school 
(IqcTVA~S v-') it may be presunwd that  this is a monothiol  attack. 

.X(" K N ()WIA,; I)(;VAM ENTS 

It  is a pleasure to express our thanks  to .'-;ir I~UDOLI,It A. PETERS, F.R.S.,  for a gift 
of diphenylchloroarsine,  and to tilt'. Director-General of Munitions for a sample  of 
lewisite. We are also grateful to Dr. J. F. MORRISON of this Depar tment  for his criticism, 
and to Miss I). I~OI',ERTS for t( 'chnical assistance. 
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S U M M A R Y  

I. Some aspects  of the ldnet ics  of the  CPK  ca ta lysed  reac t ion  1)C + A D P , ±  :VI'] ) q c rea t ine  
and the  effects of cer ta in  arsenical  inh ib i to r s  have  been s tudied.  

2. CPK is a c t i v a t e d  by  Ca +2, Mg 42 and Mn ÷2, and  the  reac t ion  ve loc i ty  is g rea te s t  in the  presence 
of the  l a t t e r  ion. 

3. The effects of lewisi te  and  d ipheny lch lo roa r s ine  sugges t  t h a t  CPK is a " m o n o t h i o l "  enzyme.  

RI;;S1,M 1:: 

1. Quelques  aspec ts  c indt iques  tie la rdact ion ca ta lvs6e  pa r  la CPK, PC + A I ) I ' ~ -  ATI '  t- 
crdat ine,  e t  les effets de cer ta ins  inh ib i t eu r s  a r sdn icaux  on{ 6t6 6tudids. 

2. La  C P K  est  activ(,e pa r  Ca ~, Mg +~ et  Mn +2, e t  la vi tesse  de la rdact ion est  plus g rande  en 
prdsence de ce dern ier  ion. 

3. Les effets de la lewisi te  et  de la d iphdnylch lo roars ine  suggbrent  que la C P K  est  un enzynle  
"n l (moth io l " .  

Z U S A M M E N F A S S U N G  

I. Einige,  m i t  der K ine t ik  der  durch  C P K  k a t a l y s i e r t e n  R e a k t i o n  PC + A D P ~ - : \ T P +  
K r e a t i n  in Ve rb iudung  s tehende  Fragen,  sowie die W i r k u n g  gewisser  hen lmenden  Arsenve rb indungen  
wurden  erforscht .  

e. C P K  wird durch Ca 42, Mg42 und Mn +°- I(men a k t i v i e r t  und (lie R e a k t i o n s g e s c h w i n d i g k e i t  
ist  in Gegenwar t  des l e t z t g e n a n n t e n  Ions  am grOssten. 

3 - D i e  W i r k u n g  von Lewis i t  und Dipheny lch lo roa r s in  l~isst ve rmuten ,  dass  es sich um ein 
" M o n o t h i o l e n z y m "  handel t .  
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