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Summary 

1. The dimeric enzyme creatine kinase (ATP:creatine N-phosphotransferase, 
EC 2.7.3.2) from rabbit muscle was reacted with three separate reagents, each 
of which specifically modifies one thiol group per subunit. 

2. The reactions of the enzyme with these reagents (4-chloro-7-nitrobenzo- 
furazan, 5,5'-dithiobis-(2-nitrobenzoic acid) and iodoacetate) all behave as nor- 
mal second-order processes. This indicates that  the thiol groups on the two sub- 
units of the enzyme react at the same rate as each other in all three cases. 

3. The effects of various ligands (Mg 2+, ADP and creatine, and combinations 
of  these) on the kinetics of the reactions were studied. In all cases the reactions 
behave as normal second-order processes. 

4. In the presence of the ligand combination Mg 2+ plus ADP plus creatine 
plus nitrate, which has been postulated to form a "transition state analogue" 
complex with the enzyme, the reactions of the th£ol group show considerable 
deviation from second-order kinetics. This indicates that the thiol groups on 
the two subunits react at different rates from each other. A similar effect is also 
noted in the presence of the combination ADP plus creatine plus nitrate. 

5. The binding of ADP to the enzyme (studied by equilibrium dialysis) is 
hyperbolic in the absence of  other ligands or in the presence of Mg 2÷ or Mg 2+ 
plus creatine. The dissociation constant is similar in all three cases. 

6. In the presence of creatine plus nitrate (with or without  Mg 2+) the binding 
of ADP to the enzyme is tightened considerably and the binding plots indicate 
the presence of either negative interactions between the subunits or two dis- 
t inct types of binding sites. 

7. Possible causes for the observed non-identical behaviour of the two sub- 
units of the enzyme are discussed. 

Abbreviations: tricine, N:tris(hydroxymethyl)methyl glycine; Nbs 2, 5,5'-dithiobis-(2-nitrobenzoic 
acid); Nbf-Cl, 4-chloro-7-nitrobenzofurazan (this compound has been abbreviated as NBD-chloride 
elsewhere: the name and abbreviations here follow C.B.N. recommendations); ANS, 8-anilino-1- 
naphthalene sulphonate. 
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Introduction 

Creatine kinase (ATP:creatine N-phosphotransferase, EC 2.7.3.2) from rab- 
bit muscle occurs as a dimeric enzyme of molecular weight 82 000 [1]. The 
two subunits, which are very similar, if not  identical, each possess a reactive 
thiol group, modification of  which by  a variety of  reagents leads to inactivation 
of the enzyme [1]. As a result of  a careful s tudy of  the effects of  various 
anions on the properties of  the enzyme in the presence of  combinations of sub- 
strates, it has been postulated that a complex resembling the transition state of  
the reaction can be formed when various small planar anions (e.g. nitrate and 
formate) are added to a mixture of  enzyme with Mg 2÷ plus ADP plus creatine 
[2]. This view has been supported by other studies involving magnetic reso- 
nance techniques [3,4] and fluorescent probes [5]. 

Until recently, little evidence had been presented to show that the two sub- 
units of the rabbit  muscle enzyme might not  behave identically. However, using 
a fluorescent probe technique, McLaughlin [5] has reported that  the binding of 
ADP to the enzyme in the presence of  creatine plus nitrate (with or wi thout  
Mg 2+) displayed features similar to negative cooperativity. The reactions of  crea- 
tine kinase isolated from other sources (e.g. chicken heart, dogfish muscle and 
bovine brain) with thiol-modifying reagents display some unusual features 
[6--8] and an explanation has been proposed which involves interactions 
between the subunits of  these enzymes [1]. 

In this paper we show that  under conditions in which the "transition state 
analogue" complex is formed there is strong evidence for the non-identical 
behaviour of  the two subunits of  rabbit muscle creatine kinase. This shown in 
(i) studies of  the reactivity of  the thiol groups on the two subunits towards 
three reagents, and (ii) studies of  ADP binding by equilibrium dialysis. 

Materials and Methods 

Creatine kinase was isolated from rabbit  skeletal muscle as described previ- 
ously [2]. Enzyme concentrations were determined spectrophotometr ical ly 
using the published extinction coefficient [2]. The enzyme activity was assayed 
in the forward direction (phosphocreatine synthesis) by  a coupled assay proce- 
dure involving pyruvate kinase and lactate dehydrogenase as coupling enzymes 
[9]. Under conditions chosen to provide more nearly saturating substrate con- 
centrations (5 mM magnesium acetate, 4 mM ATP, 40 mM creatine in the pres- 
ence of  100 mM sodium acetate at pH 9.0, T = 30°C) the specific activity of  
the enzyme was 130--150 pmol  ATP consumed/min per mg protein, in agree- 
ment  with previous determinations performed under these conditions using a 
pH-stat assay procedure [2]. The enzyme was tested for homogenei ty  by per- 
forming electrophoresis on polyacrylamide gels at pH 8.3 [10],  and at pH 7.2 
in the presence of  sodium dodecyl  sulphate [11]. In each case more than 90% 
of  the total protein stained by Coomassie Blue migrated as a single band. 

Tricine, Nbs2, iodoacetic acid and the assay components  were purchased 
from Sigma. The iodoacetic acid was recrystallised from light petroleum (b.p. 
60--80°C) before use [12]. Iodo[2-14C]acetic acid {specific activity 48 Ci/mol) 
was purchased from the Radiochemical Centre, Amersham, Bucks. Nbf-C1 was 
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purchased from Regis Chemical Co., Morton Grove, Ill., U.S.A. The reactions 
of Nbs2 and Nbf-C1 with the enzyme were monitored spectrophotometrical ly 
by  methods analogous to those previously described [13]. The reaction of  
iodoacetate with the enzyme was monitored in a number  of  ways: (i) by incor- 
poration of radioactivity from iodo [ 2 -14C] acetate after aliquots of  the reaction 
mixture had been quenched at known times in a 1% (v/v} solution of  formic 
acid followed by dialysis [14],  (ii) by observing the loss in enzyme activity 
[15],  and (iii) by titrating the remaining thiol groups of  aliquots withdrawn 
and diluted at known times, using excess (250 pM) Nbs2. The third method was 
found to be the most convenient, but  all three methods gave the same rate con- 
stant for the reaction of  the enzyme with iodoacetate under standard condi- 
tions. The third type of  method was also used to monitor  the reaction of  gluta- 
thione with iodoacetate. 

Binding of  ADP to creatine kinase was studied by equilibrium dialysis 
according to the previously published method [16]. ADP {sodium salt: Grade 
I) was purchased from Sigma. [8-14C]ADP {specific activity 57 Ci/mol) was 
purchased as the ammonium salt from the Radiochemical Centre, Amersham, 
Bucks. During the period of  equilibrium, there was a slight {~< 5%) breakdown 
of ADP, as measured by the pyruvate kinase-lactate dehydrogenase coupled 
assay system. No a t tempt  was made to correct the results for this. 

The results of  these studies were analysed by Scatchard plots, according to 
the equation which characterises the binding of  a ligand to equivalent and inde- 
pendent  sites on a macromolecule [17]: 

r n r 
[A] g g 

Where r equals the number of  moles of  ligand bound per mole of macromolecule,  
[A] equals the concentration of  free ligand, n equals the number of  ligand 
binding sites on the macromolecule and K equals the dissociation constant  char- 
acterising the interaction of ligand and macromolecule.  

If the plot  of ~ against r is linear, the sites are shown to be equivalent and 
independent.  The intercept on the abscissa gives the value of  n and the slope of 
the plot  equals --~.  Non-linearity of the plot  of  ~ against r indicates that the 
sites are either not  independent  or are non-equivalent. 

Results 

The site of  reaction of  Nbf-Cl and Nbs2 with creatine kinase 
The reaction of  iodoacetate with creatine kinase has been investigated in 

detail. Reaction of one thiol group in each subunit  leads to inactivation [1,15]. 
It is not  possible to check whether Nbf-C1 and Nbs2 react at the same thiol 
group by standard peptide mapping techniques, because of  the instability of  
the products of  reaction especially towards disulphide interchange reactions 
[ 18]. However, a check on the site of  reaction was performed by studying the 
effect of  pre-treatment of the enzyme with iodoacetate on the subsequent  reac- 
tion with Nbf-C1 and Nbs2. The results of  this type of  experiment are shown in 
Fig. 1. Fig. l a  shows the data obtained when samples of enzyme which had 
been incubated with different amounts of  iodoacetate were then assayed for 
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Fig. 1. Th e  e f fec t  of  p r e - t r e a t m e n t  of  creat ine  kinase  wi th  i o d o a c e t a t e  on  the  s u b s e q u e n t  r eac t i on  of  t h e  

e n z y m e  wi th  Nbf-C1 and  Nbs  2. (a) E n z y m e  i n c u b a t e d  at  2 m g / m l  in 50 m M  s o d i u m  tr icine bu f f e r  at pH 

7.5 (T = 25°C )  w i th  var ious  concen t r a t i ons  of  i odoace ta t e .  Af t e r  dialysis to r e m o v e  u n r e a c t e d  i o d o a c e t a t e  
t h e  samples  were  assayed for  r ema in ing  e n z y m e  ac t iv i ty  and thiol  g roup  reac t ion  using an excess of Nbf-Cl 
(o)  o r  Nbs2 (e) .  The  values are expressed  relat ive to  a sample  of  e n z y m e  which  had b e e n  i n cu b a t ed  
u n d e r  similar  condi t ions  wi th  no  iodoace ta t e .  (b) E n z y m e  inc uba t ed  u n d e r  the  condi t ions  of Fig. l a  w i t h  
i o d o [ 2 J 4 C ] a c e t a t e .  Af t e r  dialysis samples  were  assayed for  i n c o r p o r a t i o n  of  [14C]caxboxymethy l  groups  
and  for  thiol  g roup  reac t ion  wi th  Nbf-Cl (o)  and  Nbs~(e).  

remaining activity and remaining reaction with Nbf-C1 and Nbs~. Fig. l b  shows 
the result of an experiment in which the incorporation of [ 14C]carboxymethyl 
groups from iodoacetate was measured and compared with the loss of subse- 
quent  reaction with Nbf-C1 and Nbs2. The proportionality of the plots shown in 
Fig. 1 suggests very strongly that  the two reagents react at the same thiol group 
on each subunit as does iodoacetate. It should be noted that  in the one-well 
documented case in which a reagent (2-chloromercuri-4-nitrophenol) has been 
shown to modify a different thiol group in the native enzyme [19], prior reac- 
tion of the enzyme with iodoacetate has no effect on the subsequent modifica- 
tion reaction {Price, N.C., unpublished observation}. 

Reaction of  Nbf-Cl with creatine kinase 
As previously observed, Nbf-C1 reacts almost completely specifically with 

thiol groups at near neutral pH to give rise to a new absorption maximum near 
420 nm [13]. Using the published value for the extinction coefficient of  the 
product [13], a stoichiometry of 1.8 thiol groups reacted per creatine kinase 
dimer was calculated. This value was observed in all cases. There was no eviden- 
ce from the absorption spectrum of the product  for reaction of Nbf-Cl with 
any other amino acid side chains of the enzyme under the conditions used 
[13]. 

The reaction of  Nbf-C1 with the enzyme was too rapid to analyse satisfactori- 
ly when carried out  under pseudo first-order conditions (i.e. when Nbf-C1 was 
present in 15-fold excess over an enzyme concentration sufficient to yield a 
suitable increase in absorbance at 420 nm on reaction}. Second-order condi- 
tions were thus routinely employed: the enzyme concentration in various 
experiments being in the range 10--25 pM (subunits) and the Nbf-Cl concentra- 
tion being around 50 pM. The buffer in these experiments was 50 mM sodium 
tricine at pH 7.5 (T = 25°C). 
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Under these conditions the reaction of  Nbf-C1 with the enzyme could be 
analysed as a second-order process (Fig. 2). The linearity of  the plot (for at 
least 90% of the total reaction) shows that the two thiol groups react at the 
same rate with the reagent. From the slope of the second-order plot, the rate 
constant for the reaction is calculated to be 3 .8-  104 M -1, compared with a 
value of  5.7 • 105 M-1 . min-, for the reaction of  glutathione with Nbf-C1 under 
similar conditions. 

The reaction of  Nbf-C1 with the enzyme was also carried out in the presence 
of  a variety of ligands, with the results shown in Table I. ADP (0.94 mM) 
causes a 20% increase in the rate constant; higher concentrations are without 
further effect. Mg 2÷ plus ADP cause an approximate doubling in the rate con- 
stant. When included separately in the reaction mixture magnesium acetate (2 
mM), creatine (30 mM) and NaNO3 (10 mM) have no significant effect on the 
rate constant. In all these cases, the reactions could be analysed as normal 
second-order processess for at least 90% of the total reaction. When the reac- 
tion is carried out in the presence of  Mg 2÷ plus ADP plus creatine plus nitrate, 
however, two distinct effects are observed (Fig. 3). Firstly the reaction is 
slowed substantially compared with that observed in the presence of  Mg2+plus 
ADP plus creatine. Secondly, the second-order plot now shows distinct curva- 
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Fig. 2. The reaction of Nbf-Cl (54 ~M) with creatine kinase (25 /~M subunits) in 50 mM sodium tricine 

buffer at pH 7.5 (T = 25°C) analysed as a second-order process. The data cover 90% of the total reaction. 

On the ordinate. [A] refers to the initial concentration of Nbf-Cl, [B] to the initial concentration of thiol 

groups reacting (determined by the final absorbance change at 420 nm), and [x] to the concentration of 

product formed at time t. 

Fig.  3. T h e  e f f e c t  o f  l igands  o n  the  reac t ion  of  Nbf-C1 w i t h  creat ine  kinase,  o,  r e a c t i o n  p e r f o r m e d  in the  
p r e s e n c e  o f  Mg 2+ plus  A D P  plus  creat ine  p lus  ace ta te ;  e ,  r e a c t i o n  p e r f o r m e d  in the  p r e s e n c e  of  Mg2*p lus  
A D P  plus  creat ine  p lus  ni trate  (s imilar data  w e r e  o b t a i n e d  w h e n  Mg :+ was  o m i t t e d ) .  T h e  s ign i f i cance  o f  
the  ord inate ,  a n d  o t h e r  c o n d i t i o n s  are as in Fig.  2.  T h e  c o n c e n t r a t i o n s  o f  l igands,  w h e n  a d d e d ,  are as in 

Table  I. 
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T A B L E  I 

T H E  R E A C T I O N  OF R A B B I T  MUSCLE C R E A T I N E  K I N A S E  WITH Nbf°C1 

T h e  c o n c e n t r a t i o n s  o f  Nbf -Cl  and  e n z y m e  ( s u b u n i t s )  w e r e  5 4  and  25 ~M, re spec t ive ly ,  in  50 m M  s o d i u m  

tr ic ine  b u f f e r  at  pH 7.5 (T = 25°C) .  T h e  c o n c e n t r a t i o n s  o f  l igands  w h e n  a d d e d  w e r e :  ADP,  0 .94  raM; mag-  
nes ium a c e t a t e ,  2 raM; creat ine ,  30  mM ;  s o d i u m  ni trate ,  10 m M ;  s o d i u m  acetate~ 10 raM. 

A d d i t i o n s  S e c o n d - o r d e r  rate c o n s t a n t  
(X 10 -4 )  (M -1 • m i n  -1 )  

N o n e  3.8 
ADP 4.8 
Mg 2+ + ADP 7.8 
Creat ine  3.7 
ADP + crea t ine  5.0 
Mg 2+ + ADP + c rea t ine  7.0 
Mg 2+ + ADP + creat ine  + ace ta t e  6.8 

ture, which is especially apparent when the data from the later stages of  the 
reaction are considered (Fig. 3). This shows that the two thiol groups are no 
longer reacting at the same rate with Nbf-C1. These effects were also observed 
when the reaction was carried out  in the presence of  ADP plus creatine plus 
nitrate. In all other cases (i.e. with all other combinations of  the ligands Mg 2+, 
ADP, creatine and nitrate, except  the combinations in which ADP, creatine and 
nitrate were simultaneously present) the second-order plots were linear for at 
least 90% of  the total reaction. The inclusion of  sodium acetate had no effect 
on the reaction of  the thiol groups with Nbf-C1 in the presence of  Mg 2÷ plus 
ADP plus creatine (Table I and Fig. 3). 

Reaction of  Nbs2 with creatine kinase 
Using the published value for the extinction coefficient of  the thionitrophe- 

nolate anion at 412 nm [20] ,  Nbs2 was shown to react with 1.8 thiol groups 
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Fig. 4. T h e  r e a c t i o n  o f  Nbs2 (9 /zM) w i t h  creat ine  k inase  (4 .5/~M s u b u n i t s )  in 50 m M  s o d i u m  tr ic ine  b u f -  

fer  at  p H  7.5 (T  = 11°C )  a n a l y s e d  as a s e c o n d - o r d e r  process .  T h e  data  c o v e r  90% o f  the  t o t a l  r e a c t i o n .  On 
the  ord inate ,  [ A ]  refers  to  the  init ial  c o n c e n t r a t i o n  o f  Nbs2,  [B] to  the  init ial  c o n c n ,  th io l  g r o u p s  react -  
ing,  and [x ]  to  the  c o n c e n t r a t i o n  o f  p r o d u c t  f o r m e d  at t ime  t. 
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T A B L E  I I  

T H E  R E A C T I O N  O F  R A B B I T  M U S C L E  C R E A T I N E  K I N A S E  W I T H  N b s  2 

T h e  c o n c e n t r a t i o n  o f  e n z y m e  ( s u b u n i t s )  w a s  4 . 5  p M  in  5 0  m M  s o d i u m  t r i c i n e  b u f f e r  a t  p H  7 . 5  ( T  = 

l l ° C ) .  T h e  c o n c e n t r a t i o n  o f  N b s  2 w a s  9 # M ,  e x c e p t  in  t h e  r e a c t i o n  in  w h i c h  t h e  e f f e c t  o f  A D P  waS 

s t u d i e d ,  w h e n  t h e  c o n c e n t r a t i o n  w a s  9 0  p M .  T h e  c o n c e n t r a t i o n s  o f  l i g a n d s  w h e n  a d d e d  w e r e  as  in  T a b l e  I. 

A d d i t i o n s  S e c o n d - o r d e r  r a t e  c o n s t a n t  
( M - !  . m i n  - l  × 10  -4  ) 

N o n e  9 4  
A D P  2 
Mg  2+ + A D P  60  

C r e a t i n e  76  
Mg  2+ + A D P  + c r e a t i n e  46  

M g  2+ + A D P  + c r e a t i n e  + a c e t a t e  45  

per  creat ine  kinase d imer  in all cases s tudied.  In o rde r  to  faci l i tate  an analysis 
o f  the kinet ics  o f  the  react ion,  it  was necessary to  lower  the  Nbs2 c o n c e n t r a t i o n  
to 8 - -10  #M, the creat ine  kinase c o n c e n t r a t i o n  to a round  5 pM (subuni ts) ,  and 
the t em pe r a tu r e  o f  reac t ion  to  11 ° C. 

Under  the  condi t ions  emp loyed ,  the  reac t ion  o f  Nbs2 with the e n z y m e  could  
be analysed as a second-order  reac t ion  (Fig. 4). As before ,  the  l inear i ty  of  the  
p lo t  ( for  at  least 90% of  the  to ta l  reac t ion)  shows tha t  the  two thiol  groups  
reac t  at the  same rate  wi th  Nbs2. The  rate cons t an t  for  the  reac t ion  is 9.4 • 10 s 
M -1 • min -1 c om pa r ed  wi th  a value o f  2.6 • 104 M -~ • min -~ for  the  reac t ion  o f  
g lu ta th ione  with Nbs2 unde r  these condi t ions .  

The  ef fec ts  o f  inclusion of  ligands on  the  reac t ion  are summarised  in Table  
II. Mg 2÷ plus ADP cause a 35% decrease  in the rate cons tan t ;  ADP alone has a 
much  more  p r o n o u n c e d  effect .  Creat ine causes a small (20%) decrease  in the 
rate cons tant .  Magnesium aceta te  (2 raM) is w i t h o u t  e f fec t  on the  rate  con- 
stant.  All the  react ions  summar ised  in Table  II fo l low second-order  kinet ics  for  
at  least 90% of  the  to ta l  react ion.  

In the presence  o f  ADP plus creat ine  plus n i t ra te  (with or  w i t h o u t  Mg2÷), the  
reac t ion  of  Nbs2 wi th  the e n z y m e  was much  s lower  than  in the  absence o f  
ligands, and the  second-order  kinet ic  plots  showed  very  marked  curvature  (Fig. 
5). I t  was possible in these cases to pe r fo rm  the  react ions  unde r  pseudo first- 
o rde r  condi t ions .  This enables the  d i f ferences  in reactivit ies o f  the  two thiol  
groups  to  be analysed in more  detai l  [21]  than  is the  case unde r  second-order  
condi t ions  [14] .  Semi- logari thmic plots  for  these pseudo f i rs t -order  react ions  
p e r f o r m e d  in the presence  and absence o f  Mg 2÷ are shown in Fig. 6. In each case 
the analysis [21]  showed  0.85 -+ 0.05 th iol  group per  d imer  in the  fast phase o f  
the  reac t ion  and 0.95 -+ 0.05 th iol  g roup  per  d imer  in the  slow phase. The  rate 
constants  der ived f rom the analysis were:  (Mg :÷ present) ,  fast phase 1.2 • 10 s 
M -~ • min -1, slow phase 2.3 • 104 M -~ • min-~; (Mg2÷absent),  fast phase 2.3 • 104 
M -~ • min -1, slow phase 5.2 • 103 M -1 • min -~. 

As in the  case o f  Nbf-C1, there  was no  e f fec t  of  sod ium aceta te  on  the  reac- 
t ion  o f  the  thiol  groups  with Nbs2 in the presence  of  Mg2÷plus ADP plus crea- 
t ine (Table II). 
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Fig. 5. Th e  ef fec ts  of  l igands on  the  r eac t ion  of  Nbs 2 (40  pM) wi th  crea t ine  kinase (5 pM subuni t s )  u n d e r  
the condi t ions  of  Fig. 4. o, r eac t ion  p e r f o r m e d  in the Presence of  Mg 2. plus ADP plus cxeatine plus 
n i t ra te ;  e, r eac t ion  p e r f o r m e d  in the  presence  of  ADP  plus  crea t ine  plus n i t ra te .  The  da ta  refers  to 90  and 
80% of the  to ta l  reac t ions ,  respect ive ly .  The  s ignif icance of  the  o rd ina te  is as in Fig. 4, and  the  concen t r a -  
t ions  of  l igands, w h e n  added ,  are as in Table  I. 

Reaction o f  iodoacetate with creatine kinase 
The reaction of iodoacetate with rabbit muscle creatine kinase has been inves- 

tigated in some detail by a number of workers [1,15,22]. In agreement with 
this work, it was found that  the reaction follows second-order kinetics until at 
least 85% of the total reaction is completed (Fig. 7). The rate constant for the 
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Fig. 6. Semi- logar i thmic  plots  for  the  r eac t i on  of  Nbs 2 (90  ~tM) wi th  crea t ine  kinase  (5 /~M subuni t s )  in the  
presence  of ligands, o, r e ac t i on  p e r f o r m e d  in the  presence  of  Mg2+plus ADP plus c rea t ine  plus  n i t r a t e ;  e, 
r e ac t i on  p e r f o r m e d  in the  presence  of  ADP plus crea t ine  plus n i t ra te .  O th e r  reac t ion  condi t ions  are as in 
Fig. 5. On the  o rd ina te ,  Eoois the  final abso rbanee  change at  412  n m,  E t i s  the  abso rbance  change  a t  t ime  
t. 
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Fig. 7. The  r eac t ion  o f  i o d o a c e t a t e  ( 2 7 5  pM) wi th  crea t ine  kinase (105  pM subuni t s )  in 50 mM sod ium 
tr icine b u f f e r  a t  pH 7.5 (T  = 25°C)  ana lysed  as a s econd -o rde r  process.  The  da t a  cover  85% of the  to ta l  
reac t ion .  On the  o rd ina te ,  [A ] refers  to the  init ial  c o n c e n t r a t i o n  of  i odoace t a t e ,  [B] to the  ini t ial  concen-  
t r a t ion  of  thiol  groups  reac t ing ,  and Ix ]  to the c o n c e n t r a t i o n  of  c a r b o x y m e t h y l a t e d  thiol groups  f o r m e d  
at t i m e  t; d e t e r m i n e d  by back- t i t r a t ion  wi th  Nbs 2 as descr ibed  in the  text .  

Fig. 8. The  e f fec t  of  l igands on  the  fac t ion  of  i o d o a c e t a t e  (760  pM) wi th  crea t ine  kinase  (120  pM sub- 
units) .  The  reac t ion  was p e r f o r m e d  in the  p resence  of Mg 2+ plus ADP plus c rea t ine  plus n i t ra te  (similar  
da ta  were  ob t a ined  w h e n  Mg 2+ was omi t t e d ) .  The  da ta  cover  85% of the  tota l  reac t ion .  O th e r  condi t ions ,  
and the  s ignif icance of  the  o rd ina te  are  as in Fig. 7. The  concen t r a t i ons  of  l igands, w h e n  added ,  are  as in 

Table  I. 

15~ 

reaction of  the two thiol groups is 180 M -1 • min -1, compared with a value of  
1 M -1. min -1 for the reaction of  glutathione under these conditions. The 
effects of  ligands on the reaction between iodoacetate and creatine kinase are 
summarised in Table III, and are substantially in accord with previous observa- 
tions [15,22] .  All these reactions fol lowed second-order kinetics for at least 
85% of the total reaction. 

In the presence of  ADP plus creatine plus nitrate (with or without Mg2÷), the 
second-order plots showed distinct curvature (Fig. 8), again showing that the 
two thiol groups of  the enzyme react at different rates with the reagent in these 
cases. The reactions in the presence of these combinations of  ligands are slower 

T A B L E  II I  

T H E  R E A C T I O N  OF R A B B I T  MUSCLE C R E A T I N E  K I N A S E  W I T H  I O D O A C E T A T E  

The  c o n c e n t r a t i o n  of  e n z y m e  (subuni ts )  was 100  ~M in 50 mM s o d i u m  tr icine b u f f e r  at p H  7.5 (T = 
25°C).  The  i odoace t a t e  c o n c e n t r a t i o n s  var ied f r o m  200  to 500 /zM for  the d i f f e ren t  expe r imen t s .  Th e  

c o n c e n t r a t i o n s  of  l igands w h e n  a dde d  were  as in Table  I. 

Add i t ions  Second-o rde r  ra te  cons t an t  
(M- I  . r a i n - l )  

None  180 
ADP 35 
Mg 2+ + ADP 370 

Creat ine  190 
Mg 2+ + ADP + crea t ine  300 
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F i g .  9.  Scatchard  p lots  for the  b inding  o f  A D P  to  creat ine  kinase  in 50  m M  s o d i u m  tric ine b u f f e r  at p H  
7 . 5  ( T  = 1 8 ° C ) .  r represents  the  tool  A D P  b o u n d  per too l  creat ine  kinase d imer ,  ~% binding  o f  A D P ;  e ,  

binding o f  A D P  in the  presence  o f  5 m M  m a g n e s i u m  ace ta te ;  o, b inding  o f  A D P  in the  presence  of  5 m M  
m a g n e s i u m  ace t a t e  plus 3 0  m M  creat ine .  The  e n z y m e  c o n c e n t r a t i o n  used was  2 m g / m L  

than in the absence of  ligands (compare Figs. 7 and 8), but this decrease in rate 
is not  as pronounced as in the case of  reaction of  iodoacetamide with the 
enzyme [2].  

Binding of  ADP to creatine kinase 
The results of  the studies of  binding of  ADP to creatine kinase are shown in 

Figs. 9 and 10 in the form of  Scatchard l~lots [17].  Fig. 9 shows the data for 
ADP binding (i) in the absence of  other ligands, (ii) in the presence of  5 mM 
magnesium acetate, and (iii) in the presence of  5 mM magnesium acetate plus 
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F i g .  10 .  Scatchard  p lots  for  the b inding  o f  A D P  to  creat ine  kinase.  (a) Binding of  A D P  in the  presence  o f  
5 m M  m a g n e s i u m  ace ta te  plus 3 0  m M  creat ine  plus 10  m M  NaNO~. (b)  Binding o f  A D P  in the  presence  o f  
3 0  m M  creat ine  plus 1 0  m M  N a N O  3. The  e n z y m e  c o n c e n t r a t i o n  used  was  0 .4  m g / m l .  Other  c o n d i t i o n s  
and the  s igni f icance  o f  the  a x e s  are as in F i g .  9 .  
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30 mM creatine. The binding characteristics are very similar in these three 
cases, as previously noted [5]. In each case the linearity of the plot shows that 
the binding is hyperbolic with a stoichiometry of 1.7 sites per creatine kinase 
dimer, and a dissociation constant of  55 pM. This latter value is in good agree- 
ment with other estimates made under comparable conditions [4,5]. 

In the presence of creatine plus nitrate (in the presence or absence of Mg2*), 
two main effects are observed (Fig. 10). Firstly, the binding of ADP to the 
enzyme is considerably tightened. Secondly, the two binding sites are no longer 
equal and independent. From the plots shown in Fig. 10, the following dissoci- 
ation constants can be estimated [23] : (Mg 2÷ present), Kt = 1.5 pM, K2 = 18 
pM; (Mg 2÷ absent), K, = 3.5 pM, K2 = 28 pM. These results are comparable with 
those obtained using a fluorescent probe technique under slightly different con- 
ditions [ 5 ]. 

Discussion 

The results reported here show that  under conditions in which rabbit muscle 
creatine kinase forms the postulated "transition state analogue" complex [2] 
(i.e. enzyme plus Mg ~÷ ADP plus creatine plus nitrate), the two subunits of the 
enzyme behave non-identically, both in terms of ADP binding and thiol group 
reactivity towards a number of reagents. If the complex does indeed represent a 
model of the enzyme in the transition state of the phosphoryl transfer reaction, 
this non-identical behaviour of the subunits could well have implications for 
understanding the catalytic and possible regulatory mechanisms of the enzyme. 

The non-identical behaviour of the subunits of creatine kinase has been re- 
ferred to in a previous study of ADP binding to the enzyme using ANS as a fluo- 
rescent probe [5]. It is important  to note that the interpretation of the ANS 
fluorescence experiments can be equivocal when the binding is studied in the 
presence of creatine plus nitrate, since it is necessary to assume that  the change 
in the fluorescence of ANS bound to the enzyme is a linear function of the 
fractional saturation of the ADP sites. {This point is particularly difficult to 
establish in those cases where there may be interactions between the subunits 
of the enzyme). The technique used in this paper (equilibrium dialysis) is free 
from these difficulties of interpretation, since a direct separation of free from 
bound ligand is made, and the concentrations of ligands are determined directly 
from measurements of radioactivity. 

This paper also presents clear evidence that the thiol groups on the two sub- 
units of rabbit muscle creatine kinase can, under certain conditions, react at 
different rates with various modifying reagents. This possibility has also been 
referred to in a recent paper by Milner-White and Kelly [24]. It is important  to 
analyse as wide a range of the total reaction as possible in order to detect  this 
differential reactivity. If data from only the first portion (e.g. 30%) of the total 
reaction in the presence of ADP plus creatine plus nitrate are analysed, the 
reactions may not  appear to depart significantly from second-order processes. 
However, the curvature of the second-order plots becomes clearer as a greater 
proportion of the total reaction is analysed. 

The specificity of nitrate in causing the differential reactivity of the thiol 
groups towards Nbf-C1 and Nbs2 was shown by the fact that  sodium acetate 
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(even at concentrations as high as 50 mM) has no effect on the linearity of the 
second-order kinetic plots when the reactions were performed in the presence 
of Mg 2+ plus ADP plus creatine. This difference between the effects of  nitrate 
and acetate is consistent with previous studies using magnetic resonance and 
kinetic techniques [2--4]. 

In the case of  the reaction of  the enzyme with Nbs2 in the presence of  ADP 
plus creatine plus nitrate it was possible to estimate the actual difference in 
reactivity of the two thiol groups, since the reactions could be conveniently 
carried ou t  under pseudo first-order conditions (Fig. 6). The results show that 
the differences in reactivity are 5.2-fold in the presence of Mg2+and 4.4-fold in 
the absence of Mg 2+. These differences in reactivity are not  sufficient, however, 
to permit the preparation of  enzyme specifically modified in only one subunit  
by reacting the dimeric enzyme with one equivalent of  Nbs2 in the presence of 
Mg 2÷ plus ADP plus creatine plus nitrate. Using the method outlined previously 
[14] it can be calculated that under these conditions, 15% of the total protein 
would be unmodified, 15% would be modified at both  thiol groups and 70% 
would be modified at one thiol group. 

The observed non-identical behaviour of the subunits of the enzyme could 
arise from two possible causes: 

(i) In the complex of the enzyme with ADP plus creatine plus nitrate (in the 
presence or absence of Mg~+), the two subunits have identical tertiary struc- 
tures. However, on dissociation of ADP from one subunit,  or one modification 
of the thiol group on one subunit,  the resulting conformational  change is 
relayed to the second subunit.  This would correspond to the type of  subunit  
interactions proposed in the "sequential" model of Kohsland et al. [25],  which 
allows negative cooperativity of ligand binding. 

(ii) In the complex of  the enzyme with ADP plus creatine plus nitrate (in the 
presence or absence of  Mg2*), the two subunits have different tertiary structures 
and behave as different types of  subunit  in. the experiments described. 

From the results presented here it is not  possible to decide between these 
two possibilities. A choice could be made if data on the symmetry  of the 
enzyme in the presence of ADP plus creatine plus nitrate were available (e.g. 
from X-ray crystallographic studies). Thus, the presence of  a 2-fold axis of  sym- 
metry in this complex would indicate the first possibility was correct. 

Levitzki [26] has made a detailed s tudy of  a related problem in rabbit  mus- 
cle glyceraldehyde-3-phosphate dehydrogenase. This tetrameric enzyme has a 
rapidly reacting thiol group (Cys-149) in each subunit. With some modifying 
reagents (e.g. 4-iodoacetamido-salicylic acid) reaction of  two out  of  the four 
thiol groups leads to complete inactivation of  the enzyme whereas with other  
reagents (e.g. iodoacetamide) all four groups must be modified to cause com- 
plete inactivation. From these and related spectroscopic studies [27] it was 
concluded that the different behaviour was related to the differing abilities of 
the various modifying groups introduced at Cys-149 to interact with part of  a 
neighbouring subunit.  In the case of  creatine kinase it would clearly be of  value 
to examine the behaviour of  modifying reagents which introduce only a small 
perturbation at the reactive thiol groups [28],  since this might help to distin- 
guish between the two possible causes of  the non-identical behaviour of  the 
enzyme under "transition state analogue" conditions. 
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