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Summary 

1. The lag time before maximum velocity of ATP hydrolysis is reached upon 
mixing ATP with F~ is much greater than can be explained by a simple 
Michaelis-Menten mechanism, and must be due to an activation reaction. The 
lag time is dependent on the concentration of MgATP (half-maximal at 30/~M) 
and is equal to 30 ms at infinite MgATP concentration. The initial rate of 
hydrolysis by nucleotide-depleted F~ is much greater than with normal Ft. It is 
tentatively suggested that the activation reaction with normal preparations 
is due to replacement of firmly bound ADP by MgATP. 

2. After the initial time lag, the reaction follows very closely first-order 
kinetics provided that the concentration of MgATP is much less than the Km 
and the reaction is completed within 2 s. This is not expected if the dissocia- 
tion constant of the enzyme-MgADP complex, an intermediate in the enzymic 
reaction, is much lower than the K m as has been reported in the literature. The 
value of V/Km, calculated from the exponential decay, is very close to that cal- 
culated from independent measurements of V and Kin. 

3. The low values for Ki(ADP) reported in the literature were found to be 
due to a slow (in the order of seconds) formation of an inhibited MgADP- 
enzyme complex. Dissipation of this inhibited complex by ATP requires 
seconds. The dissociation constant of the MgADP-enzyme complex that is an 
intermediate in the enzyme reaction was found to be 150 pM. 

4. ADP but not ATP becomes firmly bound to nucleotide-depleted FI in the 
absence of Mg ~÷. 

* Present address: Cen~o  de es tudios  fotosint~tieos y Bioquimicos  (Consejo Naeional de Investigaciones, 
Fundacfon M. Lillo0 Universidad Nacional de Rosario), Suipacha 531, 2000 Rosario, Argentina. 
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Introduction 

It is widely accepted that the terminal reaction of oxidative phosphoryla- 
tion, the synthesis of ATP from ADP and Pi, is catalysed by the mitochondrial 
ATPase F1, first extracted and purified by Racker and coworkers [ 1 ]. Although 
the isolated enzyme catalyses only the reverse reaction, the hydrolysis of ATP, 
it is highly likely that the catalytic centre involved in this reaction is also 
involved in the synthesis. Studies of the mechanism of hydrolysis of ATP are, 
therefore, relevant for that of its synthesis. 

Despite its importance, we know much less about the mechanism of this 
enzyme than that of, for example, myosin. In the latter case the kinetic and 
equilibrium constants of the partial reactions of a simple sequential mechanism 
involving a single catalytic site and 6 intermediates are for a large part known 
[2]. Of particular interest is the fact that the dephosphorylation of myosin- 
bound ATP to ADP and Pi, both still bound to the protein, proceeds with little 
change of Gibbs energy and is demonstrably reversible. Boyer [3] and Slater 
[4] have postulated that the same is true for F~, but the necessary evidence for 
or against this proposal from kinetic studies is lacking. 

Recently we have proposed that FI contains 7 ADP- and/or ATP-binding 
sites, classified into 4 types [5]. Wagenvoord et al. [6,7] have brought forward 
evidence that 2 of these sites (Type I I I [  5] ), one on each of the two j3-subunits 
[8], are catalytic sites, which in the ATPase reaction at least act independently 
of one another. It is postulated that the other sites have a regulatory function 
[5]. This has been shown directly to be the case for an anion-binding site that 
can also bind ATP [9,10]. It has been suggested [5] that there are two such 
sites, one on each of the a-subunits. 

In the present paper it is shown that three phases in the course of the hydro- 
lysis of ATP may be d~stinguished: a lag phase much longer than can be 
accounted for by formation of the Michaelis-Menten intermediate by reaction 
between free enzyme and ATP, a steady-state phase, and an inhibitory phase 
due to the slow formation of an inhibited ADP-enzyme complex. The results 
give further confirmation of the presence of regulatory sites, but, although 
they reveal a close resemblance between the mechanism of myosin and F1 
ATPase, they give no information on the question whether, like myosin, the 
dephosphorylation-phosphorylation reaction between enzyme-bound com- 
ponents is close to equilibrium. 

Materials and Methods 

FI was prepared according to Knowles and Penefsky [11] and taken up in a 
solution containing 250 mM sucrose, 10 mM Tris, 2 mM EDTA and 4 mM 
ATP. The pH was brought to 7.5 with acetic acid or H2SO4. Samples were stored 
in liquid nitrogen. After thawing, the protein was washed three times by 
precipitation with 50% satd. (NI-L)2SO4 and dialysed for 3--4 h, changing the 
buffer each hour, against a buffer that will be specified in the legends. After 
the dialysis the specific activity of the preparation was 100--130/~mol • rain -1 • 
mg -1, measured as described by Wagenvoord et ai. [6] but in the presence of 
I0  mM HCO~. 
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Preparation of  nucleotide~lepleted F~ 
F~ was treated by  the method  of  Garrett and Penefsky [12] with some 

modifications. The e n z y m e ,  washed three times by  ammonium sulphate 
precipitation, was suspended in a buffer  containing 50% glycerol, 50 mM Tris- 
H2SO4 buffer  and 10 mM sodium pyrophosphate  at pH 8.0, and dialysed 
against the same medium for 3 days, twice replacing the dialysis buffer. In 
order to remove the pyrophosphate  the preparation was then dialysed for 
4 days against the glycerol buffer  in which the pyrophosphate  was omitted.  
All operations were carried out  at about  20°C. After this t reatment,  the 
enzyme was stable for several weeks at this temperature.  The specific activity 
was 140--150 pmol  • min -1 • mg -1. The preparation contained less than 0.6 mol 
ATP and less than 0.2 mol ADP per mol enzyme, as measured by  the method 
of  Harris et al. [13].  

Determination of the release of protons during the A TP hydrolysis 
The release of  protons that  accompanies the hydrolysis of  ATP was followed 

spectrophotometr ical ly in a Durrum stopped-flow apparatus, by means of  a 
pH indicator, essentially as described by Bagshaw and Trentham [14].  Phenol 
red (pK 7.9) was used, the pH changes being followed at 560 nm (/kA = 54 
cm -1 • mM-~). The solutions were depleted of  CO2 with a vacuum pump and 
the pH was adjusted with NaOH under a flow of  CO2-free N2. The buffer 
capacity was determined by measuring the changes in absorbance, with an 
Aminco-Chance DW-2 at 560 nm, produced by  the addition under N2 of  
known amounts  of  oxalic acid. The H+/ATP ratio was assumed to be 1.0 at 
pH 8.0. The maximal change in the pH during the experiments was less than 
0.1 unit  different from the pK of  the indicator, in which region there is a linear 
relationship between the absorbance and the proton concentration. 

Determination of the inorganic phosphate production during A TP hydrolysis 
In some experiments ATP hydrolysis was followed by measuring the appear- 

ance of  32P i from [~,-32P]ATP. The reaction was s topped by the addition of  
HC104 and after centrifugation 0.10 ml 12 M HC1, 0.85 ml water, and 0.75 ml 
60 mM ammonium molybdate  in 0.1 M HC1 were added to 0.8 ml supernatant.  
The phosphomolybda te  complex was extracted by 4 ml isobutanol/benzene 
( 5 0 : 5 0 ,  v/v) saturated with water. The 32P i was determined in the super- 
natant. The organic phase was reextracted by adding, 3 ml to 4 ml 7.5 M 
NH4OH and the radioactivity was determined by  Cerenkov counting of  the 
aqueous layer. For  reaction times between 0.2 and 1.5 s the following experi- 
mental procedure was employed:  0.3 ml of  the enzyme was added to the same 
volume of  the reaction medium containing the ATP and Mg with continuous 
and vigorous stirring and at the same time an electronic s topwatch was started. 
The reaction was stopped with 0.3 ml of  2 M HC104 at the same time as the 
stopwatch.  

Determination of the protein concentration 
The protein concentrat ion was determined by the method  of  Lowry e ta l .  

[15] using as standard bovine serum albumin, the concentrat ion of  which had 
been determined spectrophotometr ical ly (A279 = 6.67 cm -I for 1% solution 
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[16] ). The molar concentration of the enzyme is expressed in terms of active 
sites assuming a molecular weight of 319 000 [17] and two catalytic sites per 
enzyme molecule [6--8]. 

Kinetic study o f  the time course o f  the reaction 
The kinetics of the reaction were studied with a Durrum stopped-flow 

apparatus. The photomultiplier output signal was stored via a log-converter in 
a Datalab 905 transient recorder as a 1024 points data file, which was stored 
in a Hewlett~Packard 2100 A computer. The original trace was subjected to a 
five-points smoothing procedure, as described by Savitsky and Golay [18]. A 
selected part of the smoothed trace was fitted to an exponential function by 
means of a linear least-squares procedure, applied to the logarithm of the dif- 
ference between experimental values and (estimated) final level. With the 
results of this linear regression method the theoretical curve could be calculated 
and subtracted from the original trace. This residual could be treated sub- 
sequently as described above to reveal any second exponential that might be 
present. 

Determination o f  the kinetic parameters o f  F, 
The calculations of the turnover number (calculated per active site) and the 

K m for MgATP were done by means of a computer programme essentially as 
described by Roberts [19]. This programme carries out a weighted linear least- 
squares regression analysis of the data using the Lineweaver-Burk equation. The 
results from the linear regression are used to determine the experimental point 
with the greatest deviation which is discarded. This procedure is repeated until 
two consecutive sets of values do not differ significantly. The kinetic param- 
eters and the slope of the Lineweaver-Burk plot are calculated with their respec- 
tive standard deviations.. 

Determination o f  the concentration o f  ATP and ADP 
The ATP and ADP solutions were freshly prepared and the concentrations 

determined in the assay solutions by enzymatic assays according to Refs. 20 
and 21 for ATP and ADP, respectively. The concentration of ADP in the stock 
ATP solution was always less than 0.5% of the total nucleotide concentration. 

Results 

Pre.steady-state kinetics 
As pointed out by G u t ~ u n d  [22], an initial acceleration of the formation 

of product must occur during the first milliseconds after mixing enzyme and 
substrate, and the determination of the lag ~ e  (~), defined as the intercept on 
the time axis of the extrapolation of the steady state, and its dependence on 
the substrate concentration can, in general, give some information on the rate- 
limiting step in the formation of the active enzyme-substrate complex. The 
time course of the hydrolysis of A T  measured after mixing F, With ATP and 
Mg 2÷, shown in Fig. 1, follows qtm~atively the predicted pattern. At low 
concentrations of MgATP (<0.1 raM), r - '  is a linear function of the substrate 
concentration (Fig. 2), extrapolating to T - '  = 8 s -~ at zero substrate. This 
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Fig.  1. P r e - s t e a d y - s t a t e  k i n e t i c s  o f  A T P a s e  a c t i v i t y  o f  F I . T h e  F I s o l u t i o n  was  d i a l y s e d  a g a i n s t  0 . 2 5  M 
s u c r o s e ,  2 m M  T r i s - H 2 S O  4 b u f f e r  a n d  1 m M  E D T A ,  p H  8 ,0 .  B o t h  sy r inges  o f  t h e  s t o p p e d - f l o w  a p p a r a t u s  
c o n t a i n e d  0 . 2 5  M s u c r o s e ,  2 0  m M  N a 2 S O  4 a n d  0 . 0 2  m M  p h e n o l  r ed .  O n e  s y r i n g e  c o n t a i n e d  in  a d d i t i o n  
6 .6  #M F | ,  5 0  # M  E D T A  a n d  0 . 2  m M  T r i s - H 2 S O  4 b u f f e r  ( p H  8 .0 ) ,  a n d  t h e  o t h e r  s y r i n g e  2 m M  MgCI 2 
a n d  0 . 0 4  m M  (A)  o r  0 .4  m M  (B)  ATP.  T h e  p H  va lues  o f  b o t h  s o l u t i o n s  we re  a d j u s t e d  t o  8 . 0  as d e s c r i b e d  
in  M e t h o d s .  T h e  t w o  s y r i n g e s  de l ive red  e q u a l  v o l u m e s ,  so  t h a t  t h e  f ina l  c o n c e n t r a t i o n s  o f  F 1 a n d  M g A T P ,  
a f t e r  m i x i n g ,  a re  h a l f  t h o s e  g iven  above .  T h e  t e m p e r a t u r e  waS k e p t  a t  2 0 ° C .  T h e  d i s t a n c e  o n  t h e  t i m e  
scale  b e t w e e n  t h e  t i m e  o f  m i x i n g  a n d  t h e  i n t e r s e c t i o n  o f  t h e  d o t t e d  Hnes gives t h e  lag  t i m e  ~'. 

value of  r -i is much smaller than to be expected from a simple Michaelis- 
Menten mechanism, which predicts 1";1= o > k2 (turnover number) [22] which 
is about 180 s -1 per catalytic site for FI. In other words, the lag is much greater 
than predicted by Michaelis-Menten kinetics. Also in contrast to such a predic- 
tion the relationship between ~-1 and substrate concentration departs greatly 
from a straight line. Indeed, Fig. 3 shows that the relation between r and sub- 
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Fig.  2. D e p e n d e n c e  o f  t h e  t i m e  lag  (I") o n  t h e  M g A T P  c o n c e n t r a t i o n ,  a t  l o w  c o n c e n t r a t i o n  o f  MgATP.  The  
e x p e r i m e n t a l  c o n d i t i o n s  w e r e  t h e  s a m e  as  i n  Fig .  1.  T h e  c o n c e n t r a t i o n  o f  M g A T P  w a s  c a l c u l a t e d  a c c o r d i n g  
t o  R o l d n g  a n d  Sli t ter  [ 3 5 ] .  T h e  p o i n t s  s h o w n  a re  t h e  m e a n s  o f  a t  l ea s t  t h r e e  d e t e r m i n a t i o n s  c a r r i e d  o u t  
a t  a s ingle  c o n c e n t r a t i o n  o f  M g A T P  w i t h  t h e  s a m e  c o n c e n t r a t i o n  o f  F I . T h e  d i f f e r e n t  p o i n t s  r e f e r  t o  
d i f f e r e n t  e x p e r i m e n t s  w i t h  F 1 c o n c e n t r a t i o n s  ( f ina l  a f t e r  m i x i n g )  v a r y i n g  b e t w e e n  1 . 6 5  a n d  3 .3  #M. 
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Fig. 3. D e p e n d e n c e  of  t he  t i m e  lag ( r )  on  M gATP  c o n c e n t r a t i o n  over  a wide r  range  of  MgATP concen t r a -  
t i on  than in Fig. 2. O the rwise ,  the  cond i t i ons  were  t he  same.  

stmte concentration is hyperbolic, the half maximal being found with 30 pM 
MgATP. At infinite MgATP concentration r is equal to about 30 ms. 

Results similar to those shown in Fig. I were obtained when ATP splitting 
was followed by the formation of inorganic phosphate measured by a rapid- 
mixing and quenching procedure [23]. 

Steady-state kinetics 
The time course of the reaction was followed at relatively high enzyme 

(about 3/zM) and low ATP (0.03--0.1 raM) concentrations. After the lag 
phase the reaction follows first-order kinetics for 1--2 s (Fig. 4) which is to be 
expected if the enzyme follows Michaelis-Menten kinetics with negligible 
product inhibition. The integrated form of the Michaelis-Menten equation for 
an enzyme that catalyses an irreversible reaction in which the product is a 
competitive inhibitor is shown in Eqn. 1 

Vt= K m in soSO Km (S So __p) (1) -P+P+--~i ° In s0 -------P 

where V is the maximum velocity, So the initial substrate concentration and P 
the product concentration. This equation reduces to a single exponential when 
the substrate concentration is smaller than the Kin, and the latter is smaller 
than the Kl for the product, or at all substrate concentrations when Km is 
equal to Kl. But a single exponential would not be found if Ki were only one 
tenth of the Km, as has been reported for F, by several authors [24,25,9]. 
The slight departure from first-order kinetics shortly after the end of the lag in 
Fig. 4B is to be expected since the ATP concentration (0.1 raM) was not much 
smaller than the Km (0.24 raM). 

Since the low values for Ki (ADP) reported in the literature have been 
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Fig. 4. Reso lu t ion  o f  the  t ime course  o f  the ATPase  react ion at l o w  concentra t ion  into  a single exponen-  
tial. The  F 1 so lu t ion  used in this exper iment  was dialysed against 0 . 2 5  M s u c r o s e ,  2 m M  Tris-HCl buffer  
and 20  mM NaC1. Both  syringes conta ined  0 . 2 6  M s u c r o s e ,  2 0  m M  NaCl ,  0 .3  m M  Tr is -HCl  buffer  and 
0 . 0 3  m M  pheno l  red. One syringe conta ined  in addi t ion  5.7  # M  F 1, the other  4 m M  MgC12 a n d  0 . 0 3  m M  
(A)  or  0.1 mM (B) MgATP. The  line represents  the  exper imenta l  trace and the  points  the theoret ical  
value calculated for  the  exponent ia l  that gives the  best  fit (see Methods) .  The  straight l ine in the  l o w e r  part 
o f  each figure s h o w s  the value o f  AA s 6 0  at inf inite  t ime,  as used in the s imulat ion ,  and the curve s h o w s  
the dif ference b e t w e e n  the  exper imenta l  and theoret ical  curves. 

obtained at lower enzyme concentrations than used in the experiment shown in 
Fig. 4, the time course o f  the reaction was studied at different protein con- 
centrations. To facilitate comparison, the time scales in Fig. 5 have been 
adjusted proportionally to the protein concentration. According to the inte- 
grated Michaelis-Menten equation, curves plotted in this way should be super- 
imposable if the only  variable in the second term of  Eqn. 1 is the product con- 
centration. In Fig. 5, it is shown that this is not  the case, the kinetics deviating 
from first order at low protein concentration. Since no inactivation was 
observed when the enzyme was preincubated under similar conditions for 
periods longer than the longest reaction times shown in Fig. 5, it may be con- 
cluded that the deviation at low concentration is not  due to denaturation o f  
the enzyme.  The time course of  the reaction at the low protein concentration 
is compatible with a value for Ki (ADP) similar to that found by Philo and 
Selwyn (Fig. 1 of  Ref. 25). Since the initial velocity o f  the reaction was found 
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Fig.  5. T i m e  c o u r s e  o f  t h e  A T P a s e  r e a c t i o n  over  a l o n g e r  p e r i o d ,  m e a s u r e d  a t  d i f f e r e n t  F 1 c o n c e n t r a t i o n s .  
C o n d i t i o n s  a re  u i n  F ig .  4 ,  e x c e p t  t h a t  1 m M  Tr i s -HCl  b u f f e r  w a s  used ,  a n d  t h e  f ina l  c o n c e n t r a t i o n s  o f  
F 1 w e r e  0 . 5 5  , M  ( l o w e r  t r a c e  in  e a c h  f igu re )  o r  0 . 1 1  , M  ( u p p e r  t r aces ) .  In  A,  0 . 0 3  m M  M g A T P  a n d  in  
B 0 . 2  m M  M g A T P  w e r e  u s e d .  T h e  t i m e  sca le  h a s  b e e n  c h a n g e d  in  p r o p o r t i o n  t o  t h e  p r o t e i n  c o n c e n t r a t i o n  
in  o r d e r  t o  b e  ab le  diLrectly t o  c o m p a r e  t h e  t w o  t i m e  cou r se s .  

to be proportional to the protein concentration both in the presence and 
absence of ADP (not shown), the possibility that the kinetic constants are 
dependent on protein concentration is excluded. 

Fig. 6 shows the effect of varying both the ATP and ADP concentrations on 
the 'initial velocity'. The Lineweaver-Burk plots were constructed with a curve- 
fitting procedure as described in Methods. As is to be expected with a com- 
petitive inhibitor, ADP has no effect on the maximum velocity and its effect 
on the apparent Km fits a KI equal to 149 ± 17/~M (Figs. 6B and 6C). 

When FI is preincubated in the reaction mixture for 2min  before starting 
the reaction with ATP, ADP and MgC12 in the appropr~te concentrations, 
the trace (A in Fig. 7) follows the same c o m ~  as ur~der the co - -po in t ing  con- 
ditions illustrated in Fig. 4. When, however, ADP was p ruen t  d ~  the  pre- 
incubation in the same concentration as the final concen_t~ation in this experi- 
ment, and ATP, ADP and MgCI2 were added in such amounts tlmt the final 
concentrations of these components were the same as in the previous experi- 
ment, a very long lag (2 s) was apparent before the hydrolysis of ATP reached 
its maximum rate. Moreover, this maximum rate was less than ~ that  reached 
in the other experiment, co r r e spond i~  to a Ki for ADP of much leu than 
150 ~M. 
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Fig. 6. D e t e r m i n a t i o n  o f  the  initial K i for  MgADP.  The  ve loc i ty  o f  the  ATPase  r eac t i on  i m m e d i a t e l y  a f t e r  
the  lag phase was d e t e r m i n e d  wi th  d i f f e r en t  c o n c e n t r a t i o n s  o f  MgADP and  MgATP.  E x p e r i m e n t a l  condi-  
t ions  were  the  s a m e  as in Fig. 4, e x c e p t  t h a t  2 .2 - -2 .85  #M FI  (f inal  c o n c e n t r a t i o n )  was used.  The  p a r a m -  
eters  p l o t t ed  were  ca lcu la ted  as descr ibed  in Methods .  The  c o n t i n u o u s  lines were  ca lcu la ted  using a 
w e i g h t e d  l inear  leas t -squares  m e t h o d .  
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Fig. 7. E f fec t  of  p r e i n c u b a t i o n  o f  F 1 wi th  MgADP.  A. F l (2 .2  #M) was p r e i n c u b a t e d  fo r  2 m i n  in a 
r e a c t i o n  m e d i u m  con ta in ing  0 .25  M sucrose ,  20  m M  Tris-HCl buf fe r ,  0 .03  r a m  p h e n o l  red  an d  0.2 m M  
MgCI 2. T he  r eac t i on  was t h e n  s t a r t e d  b y  m i x i n g  in the  s t o p p e d - f l o w  ap p a ra tu s  wi th  t h e  s ame  sucrose-  
Tr l s -phenol  red  m e d i u m  con ta in ing  0 .4  raM M s A T P ,  0 .12  m M  MgADP an d  4 raM MgCI2. B. In  this  
e x p e r i m e n t ,  F 1 was P r e i n c u b a t e d  u n d e r  the  s a m e  cond i t ions  b u t  0 .06  m M  MgADP was  also presen t ,  an d  
the  r e a c t i o n  was s t a r t ed  b y  m i x i n g  wi th  0.4 raM MgATP,  0 .06  raM MgADP a n d  4 r a m  MgCI 2, so t h a t  the  
final c o n c e n t r a t i o n s  were  the  s a m e  in the  t w o  traces.  
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Fig. 8. Time course of hydrolysis  of [3"-32p]ATP catalysed by nucleot ide-depleted (A) and normal (B) 
F I. The react ion medium contained 50 mM Tris-H2SO 4 bu l l e t ,  8.6% glycerol, 18.5/~M [3,-32p]ATP, 
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fugation the  amoun t  of 32P i was determined in the  supernatant .  The nucleot ide-depleted F 1 preparat ion 
contained 0.05 tool t ight ly  bound  ATP and 0.17 tool t ight ly  bound ATP per mol. 

Fig. 9. Appearance of ' t lght ly  bound '  nucleot ide during hydrolysis  of ATP catalysed by nucleotide- 
depleted F I. Nucleot ide-depleted F 1 (5.1 ~M containing 0.6 mo |  t ight ly  bound ATP (ATPb) and 0.15 
mol  t ight ly  bound ADP per mol)  ~vas incubated in a medium containing 98 #M [3H, 3,-32p]ATP, 1 mM 
MgCI2, 4 mM EDTA, 10% glycerol and 50 mM Tris-H2SO 4 buffer  (pH 8.0). The react ion was stopped at  
the t imes indicated by the addi t ion of (NH4)2SO 4 to  50% $atn. and, after  centr lfugation,  the supenla tant  
was acidified by adding an equal volume of 2 M HClO4, and the 32P i determined.  The pellet  was washed 
3 t imes  with satd. (NH4)2SO 4 and then taken  up in 0.5 ml of a solut ion contal~Ing 0.25 M sucrose, 
10 mM Tr~-H2SO 4 buffer  (pH 7.5) and 2 mM EDTA, and the prote in  determined.  A neutzaUzed HCIO 4 
extract  was then  prepared (see Ref. 13) and 32p and 3H measured in order to determine firmly bound 
ATP and (ATP + ADP), relpect lvely.  The radioactively labelled ATP was preincubated with phosphoeno|- 
pyruvate,  pyruvate  kinase and MICI 2 for 20 rain in order to convert  any ADP present into ATP and the 
react ion s topped with e x c e u  EDTA in order to  remove free Mg 2+. 

When F1 is depleted by glycerol treatment [12] of practically all the firmly 
bound ADP and ATP, the initial rate of hydrolysis of ATP is greatly enhanced 
(Fig. 8). Glycerol treatment had little effect on the turnover number or Km 
when measured under steady~tate conditions in the normal ATPase assay. In 
the absence of Mg 2+, the ADP that is slowly formed becomes bound to the 
glycerol-treated FI but little ATP is rebound (Fig. 9). This suggests that the 
sites responsible for tight binding of ATP (Type-I sites [5])  are modified in 
some way by glycerol treatment. That firmly bound ADP cannot be replaced 
by ATP in the absence of  Mg 2÷ is consistent with the finding of ADP bound to 
Type-II sites in isolated Fi kept in the presence of ATP. However, it is clearly 
dangerous to extrapolate the results obtained with glycerol-treated Fl to intact 
F I .  



251 

Discussion 

Pre-steady state k inet ics  
Since the initial lag in the hydrolysis of  ATP is much greater than expected 

from the turnover rate in the steady state, it must be concluded that the 
enzyme as isolated is in an inactive conformation,  that  MgATP in the presence 
of  Mg 2÷ induces a transformation from an inactive to an active conformation,  
and that the relaxation to an inactive form is so slow that the enzyme remains 
in the active state during steady-state hydrolysis. Recktenwald and Hess [26] 
and Carmeli et al. [27] have drawn the same conclusion for yeast and chloro- 
plast F1, respectively. In apparent disagreement with Recktenwald and Hess 
[26] ,  we find that the lag is dependent  on the MgATP concentrat ion (Fig. 3), 
with half-maximum activity at 30 pM ATP. This apparent disagreement can 
possibly be explained by the higher magnesium concentrat ion used by  the 
latter authors (5 mM compared with 2 mM), since under these conditions we 
find a lag close to 100 ms that is largely independent  of  MgATP concentrat ion 
between 20 and 200/~M. 

Since initial binding of  MgATP to an empty  binding site on F~ would be 
expected to be very rapid (diffusion controlled), the slow relaxation from the 
enzymically active to the inactive conformat ion indicates that  at least two 
reactions are involved in the activation. Although conclusions from the 
glycerol-treated enzyme must be drawn with caution, the rapid initial activity 
with this preparation suggests the possibility that  the activation by MgATP of 
normal F1 is brought about  by  replacement of  the firmly bound ADP (to 
Type-II sites [5] ) by  MgATP. If this is the case the activation reaction could be 
written 

k~ 
E • ADP ~---]_~ ADP + E 

E +  MgATP~22 E .  MgATP kk~--~_ 3 E "  MgATP 

where E represents the catalytically active and E the catalytically inactive 
conformat ion of  the enzyme. 

According to this scheme, V/e  of  the activation reaction 

_ klk_____3_3 _ 1_  33 s- ' .  
k, +k3 r 

The dissociation constant  of  ADP bound to Type-II sites is, according to 
Wielders et al. [28] ,  equal to 0.5 pM, in the absence of  Mg :÷. If it is assumed 
that  Mg 2÷ has little effect  on this dissociation constant,  we may write k~/k_ 1 = 
5 • 10 -7 M and if we may assume (cf. [2] ) that  the binding reaction (k-l)  is 
diffusion controlled (10 s M -l • s-X), then kl = 50 s -1, which is close enough to 
Vie of the activation reaction to suggest that, if this model  is correct, the 
slow step in the activation reaction is the dissociation of  ADP. It is possible, 
however,  as suggested by  Tondre and Hammes [29],  that  the binding of  ADP 
is also a two-step reaction, in which case the rate-limiting step could be in the 
isomerization reaction. The rate-limiting rate constant  in the relaxation of  
active to inactive conformat ion would presumably be k-3. 
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The existence of this lag and also of  slowly developing inhibitory reactions, 
combined with the fact that  the turnover number  of F1 in the steady state is 
three orders of  magnitude higher than that  of  myosin ATPase [2],  makes it 
very difficult to study the kinetics of  the formation of active intermediates of 
the ATPase reaction• 

Steady-state kinetics 
Taking into account  competitive inhibition by MgADP, the minimum reac- 

t ion sequence for the ATPase reaction may be writ ten 

kl 
T + E  --~ T . E  (1) 

• E + H 2 0 ~  D . E . P i  (2) T 

D "E • Pi k~33 D ' E + P i  (3) 

k4 
D . E  --~- D + E  (4) 

k- 4 

where T and D represent MgATP and MgADP, respectively. 
The equilibrium constant  of  the  first reaction (K1 = k ~/k-1) is equal to 

I" 1 + k - 2  ~ " 
k3 

This can be simplified to 

k2 

if k_2 (the rate constant  of  the esterification reaction) is small compared with 
k3 (dissociation of  phosphate).  This is very likely the  case, since the  dissocia- 
t ion constant  of  phosphate is of  the  order of  raM, and k-s, a binding reaction, 
is probably diffusion¢ontroUed.  This yields a value of  k3 of the order of  
104--10 s s -1. KIn~V, calculated from the half-decay time of the exponential 
given in Fig. 1, is equal to 1.3 • 10 -4 M • s. Since kl is the reaction constant  of  
a diffusion-controlled reaction, 1/k1 (10-v--10-SM • s) may be neglected. 
Putting k2/> 182 s -~ (the turnover  number  of  the enzyme),  Kx becomes ~4.1 • 
103 M -1. Making use of  Penefsky's [30] data for the binding of phosphate, 
that  given in this paper on the  competitive inhibition by ADP, and the  free 
energy of the overall hydrolysis reaction, the  --AGo values for  partial reactions 
may be calculated. These are assembled in Table I and compared with data 
for myosin. 

The agreement between the  two enzymes is, at first sight, quite striking. 
However, data are lacking concerning the  most  important  point relating to 
the mechanism o f  hydrolysis,  and of  the  reverse reaction in oxidative phos- 
phorylation,  namely to which of  the partial reactions of  which Reaction 2 is 
the  sum should be ascribed the  large value of  --AGo. In the  case of  myosin, this 
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~ G  ° 

F i  a M y o s i n  b 

k J / m o l  k c a l / m o l  k J / m o l  kca l f lno l  

(1)  T + E ~ T • E ~ - - 2 0 . 2  ~---4.8 - - 2 0 . 5  ---4.9 

(2)  T • E + H 2 0  ~ D • E • P ~ - - 5 4 . 2  ~ - - 1 2 . 9  - - 5 8 . 6  - - 1 3 . 9  
(3)  D "  E . P  ~- D . E + P  20 .2  4 . 8 "  12.2  2.9 

(4)  D • E ~- D + E 21 .3  5.1 34 .0  8.1 

T + H  2 0  ~ D + P  - - 3 3  - -7 .8  - - 3 3  - -7 .8  

a Ca lcu la ted  f r o m  Fig.  5 o f  Ref .  30  a s s u m i n g  no  e f f e c t  o f  A D P .  

b F r o m  Ref .  2. 

is an isomerisation of  the  ATP-myosin complex and not  the hydrolysis reaction 
[2] .  

ZIG ° (kcal/mol) 
T • M ~ T • l~I --11.0 

T .  l~I + H20 ~ D .  M .  P --1.3 

D. i.P 
where M, ~I and M represent identifiable conformations of  myosin. 

P o s t  s t e a d y . s t a t e  k i n e t i c s  
Provided that  the ATP concentrat ion is sufficiently below the Km (less than 

one tenth)  and the concentrat ion of  the enzyme is sufficiently high so that  the 
reaction is virtually finished within about  2 s, the hydrolysis follows first- 
order kinetics with a half decay time corresponding to a value of  V / K m  " e equal 
to 7.7 • 105 M -1 • s -l. This is in good agreement with the value (7.5 • 10 s M -1 • 
s -1) calculated from independently determined values of  the Km (0.243 raM) 
and the turnover number  (182 s -I per catalytic site). These f i rs t~rder  kinetics 
are not  compatible  with a Ki for product  inhibition of  the order of  15--30 #M, 
which has been reported in the literature [9,24,25].  Indeed, the Ki calculated 
from rates measured immediately after the lag period, with different concen- 
trations of  ADP, was found to be about  150 #M. Since this value is consistent 
with the first-order kinetics, which persists for about  60 turnovers in the 
experiment  shown in Fig. 5A (lower trace), we consider that  it represents the 
dissociation constant  of  the  enzyme-ADP complex in the catalytic mechanism. 
The lower Ki obtained after a much longer period (e.g. 300 turnovers in the  
experiment  shown in Fig. 5A (upper trace)), must represent a slowly develop- 
ing inhibitory side reaction. In principle, this could be due to either conversion 
of  the enzyme-ADP complex that  is an intermediate in the enzymic mechanism 
into a more tightly bound complex,  or  to slow binding of  ADP, formed by  the 
enzymic reaction, to a second site, resulting in inhibition of  the enzymic 
activity. The competi t ive inhibition found even after pre-incubation can be 
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explained by competition between ADP and ATP for this second site. 
Judging by the slow reactivation by ATP shown in Fig. 7, ADP dissociates 

very slowly from this second site. 
The time-dependent inhibition of the ATPase has previously been reported 

by Mitchell and Moyle [31] with submitochondrial particles and by Harris 
et al. [32] with F,. The latter authors showed that preincubation of F1 with 
ADP causes partial inhibition of the ATPase activity and that this inhibition is 
relieved by pre-incubation with ATP in the absence of Mg 2÷. They proposed 
that the inhibition is caused by the replacement by ADP of the two ATP 
molecules found in F, tightly bound to what Slater et al. [5] term Type-I 
sites. It is difficult to compare our experiments which were carried out in the 
presence of Mg :÷ with those carried out by Harris et al. [32] in the absence of 
Mg :+ and at a lower pH. If the slowly developing inhibition by ADP during the 
course of ATP hydrolysis is due to replacement by ADP of ATP bound to 
Type-I sites, the affinity of ADP relative to that of ATP for this site must be 
much higher in the presence of Mg 2+ than in its absence, since according to the 
experiments of Harris et al. [32], ATP has a much higher affinity than ADP. 

In any case, our experiments support the suggestions made by Hockel 
et al. [33] for Micrococcus membrane F, and by Cantley and Hammes [34] 
for chloroplast F, that ADP bound to high-affinity sites different from the 
catalytic site inhibits the ATPase activity at low ATP concentration. 
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