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Summary 

1. Dinitrophenol and maleate anions increase V ATP on the 'washed',  isolated, 
mitochondrial ATPase. Hydrolyses of iso-GTP and 2 '-deoxy ATP are also 
stimulated, while hydrolyses of  other nucleoside triphosphates (ITP, GTP etc.) 
are not. 

2. Preincubation with ATP, iso-GTP or 2 ' -deoxy ATP results in a metastable 
enzyme form with a raised V and a reduced Kin. Dinitrophenol stimulates both 
ATP and ITP hydrolyses by this form. 

3. The Arrhenius plot  of  ATP (but  not  ITP) hydrolysis by the isolated ATP- 
ase shows a break at about  18°C, apparently because the rate limiting step of 
hydrolysis changes as the temperature rises. 

4. Adenylyl  ~,7-imidodiphosphate (AdoPP[NH]P) inhibits ITP hydrolysis 
in a pseudofirst  order reaction. Its binding is competitive with ITP. If the 
enzyme is preincubated with ATP, the rate of AdoPP[NH]P binding increases. 
It is concluded that AdoPP[NH]P inhibits by binding to the hydrolyt ic  site of 
the enzyme. 

5. We conclude that ATP hydrolysis is limited by diphosphate release and 
ITP hydrolysis by bond splitting. Energy release during ATP hydrolysis is maxi- 
mal at the ATP binding step, and during ITP hydrolysis at bond splitting. 

* Supplementary data to this article are deposited with, and  can be obtained from, Elsevier/North-Hol- 
land B i o m e d i c a l  Press B.V., BBA Data Deposition, P.O. Box 1345, 1000 BH A m s t e r d a m ,  The  N e t h e r -  
lands.  Reference should be made to No. BBA/DD/172/48038/635  (1981) 412--428.  

The supplementary i n f o r m a t i o n  i n c l u d e s  the effect of d ini t rophenol  on ITP hydrolysis  by the isolated 
ATPase and inhibi t ion of A T P  h y d r o l y s i s  by ADP. The results are p lot ted  according to Dixon (Biochem. 
J. 55, 170--171 (1952)). 
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Introduct ion 

Dinitrophenol interacts with several enzymes that handle nucleotides. 
Various kinases and dehydrogenases are inhibited by dinitrophenol [1], the 
myosin ATPase is stimulated [2], and in ATP phosphoribosyltransferase (EC 
2.4.2.17) dinitrophenol can replace ATP as a 'parasite' substrate [3]. The mito- 
chondrial ATPase, F~, is also stimulated by dinitrophenol [1,4--6] in an inter- 
action unrelated to its uncoupling activity [ 5--7 ]. Covalent dinitrophenyl deriv- 
atives of ATP have been used to probe the nucleotide binding sites of F~ [8]. 

We show here that dinitrophenol stimulation of  F~ hydrolyt ic  activity is 
limited to certain nucleotides (ATP, dATP iso-GTP) above 20°C. Hydrolysis of 
other ATP analogues, such as ITP, GTP, Nl-oxido ATP and Nl~r6-etheno ATP, 
is inhibited by dinitrophenol, as is the hydrolysis of ATP below 20 ° C. Maleate 
[9] and methanol [10] have also been shown to stimulate ATP hydrolysis at 
30°C, but  not  ITP hydrolysis. 

The simplest explanation for these results is that the rate limiting step of 
ATP hydrolysis at 30°C is different from that of  ITP (cf. Ref. 9). From the 
temperature dependence of  hydrolysis, and other kinetic data, we conclude 
that during ATP hydrolysis at 30°C, product  release limits ATPase turnover, 
and that this is the step stimulated by dinitrophenol. Using ITP as substrate, 
however, the rate limiting step of  the untreated enzyme occurs earlier, prob- 
ably at the bond-splitting step. 

The first step in hydrolysis, the ATP-binding step, was investigated using 
AdoPP[NH]P as an ATP analogue. AdoPP[NH]P inhibits F1 in a time-depen- 
dent  manner, forming a very tight F1-AdoPP[NH]P complex [11,12].  We show 
here that this complex is due to AdoPP[NH]P binding at the active site of the 
ATPase, and not  due to interaction at one of  the other nucleotide binding sites 
[13]. 

Using these data, and a simple kinetic model for triphosphate hydrolysis, it is 
possible to derive all the individual rate constants of  the ATPase reaction from 
the data given herein. 

It is interesting that those nucleotides whose hydrolysis is stimulated by 
dinitrophenol are also those that  fit into the 'tight nucleotide'  binding sites of 
the ATPase [12]. The explanation for this is unknown. 

Materials and Methods 

Nucleotide triphosphate hydrolysis was measured at pH 8 either by the con- 
t inuous assay of Rosing et al. [14],  in which an ATP-regenerating system was 
present, or by monitoring H ÷ release essentially as described by Van de Stadt 
et al. [15]. The ATPase was prepared by the method of  Knowles and Penefsky 
[16], and was 'washed' by repeated precipitation [14] before use. Assay of  the 
unwashed enzyme yielded confusing results since a mixture of two different 
forms of the ATPase (containing different levels of  'tight' ATP) were present 
(see below). 

The nucleotide analogues were prepared as described [12]. Inhibitor- 
depleted submitochondrial  particles were prepared as described by Racker and 
Horstmann [17]. Dinitrophenol and dicoumarol were obtained from Merck 
Biochemicals. 
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Results 

Effect o f  dinitrophenol on ATP hydrolysis 
Fig. 1 shows the rate of  ATP hydrolysis at saturating ATP concentrations 

(>7  Kin) in the presence of  varying amounts of  dinitrophenol. An ATP regener- 
ating system was used in the assay so no product inhibition (by ADP) occurred. 
Dinitrophenol, at low concentrations, increased the maximum rate of  the ATP- 
ase by up to 60--70% at 30°C. Half maximal stimulation was at about 0.15 mM 
dinitrophenol. This value did not  change when ATP concentration was reduced 
from 2 mM to 200 pM, suggesting that ATP and dinitrophenol do not  compete 
for a c o m m o n  site. Higher concentrations of  dinitrophenol inhibit the enzyme, 
but may not  eliminate its activity completely (see Fig. 2). 

The effect of  stimulatory amounts  of  dinitrophenol on KAm TP, V ATP an d  
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Fig. 1. The effect of dinitzophenol on ATP hydrolysis by the isolated ATPase. 2/~g 'washed' isolated ATP- 

ase [25] or 20 Ng 'AS' particles [17] was added to i ml buffer I (250 mM sucrose, 50 mM KCI, 50 mM 

Tris, 3 mM MgCl2, 1 mM EDTA brought to pH 8.0 with HCI) containing 2 mM Mg-ATP, 0.17 mM NADH, 

2 mM phosphoenolpyruvate, 3 U/ml pyruvate kinase and 3 U/ml lactate dehydrogenase, and dinitrophenol 
as indicated. ATP hydrolysis at 30°C was followed by monitoring absorbtion at 340 nm. The path length 

was 0.2 cm and a double beam spectrophotometer (Pye-Unicam SP 1800) was used with a solution con- 

taining dinitrophenol in the reference beam to eliminate the absorption due to dinitrophenol alone. 100% 

activity for the isolated enzyme = 89 ~tmol • •_in -I •mg -I protein, and for the membrane-bound enzyme, 

100% activity = 11.3 ~mol. •in -1 •mg -I protein, o o, isolated ATPase; a a membrane- 

bound ATPase. 

Fig. 2. The effect of dinitrophenol on hydrolysis  of various nucleoside triphosphates. 'Washed' ATPase 
was dissolved in 100 mM Trls, 1 mM EDTA brought to pH 8.0 by HCL A portion of this solution con- 

taining 6/~g ATPase was added to 4~5 ml of assay buffer (1 mM Tris, 50 mM NaCl, 100 ~M EDT'A and 

1 mM MgCI2) containing Mg-NTP and dinitrophenol as indicated and adjusted to pH 8.0 with HCI or 

NaOH in the reaction chamber. NTP hydrolysis at 30 ° C was monitored by measuring H + release in a con- 

tinuously recording pH meter [15]. The system was calibrated by addition of known amounts of succinic 

acid. Initial rates (2--15 s) for those substrates where the rate decreased with time. o o, 2 mM Mg- 

ATP; • •, 2.5 mM Mg-dATP, ~ ~, 6 mM Mg-ITP. /so-GTP gave a curve identical to ATP, and 

GTP, N 1,N6-etheno ATP gave curves identical to ITP when plotted in this way. The V values for the last 

two nucleotides, however, were around 45 ~zmol • •in -I • mg -I , i.e. about 50% of that observed with the 

other nucleotides. 
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T A B L E  I 

K I N E T I C  P A R A M E T E R S  O F  T H E  M I T O C H O N D R I A L  A T P a s e  

T h e  r a t e  o f  h y d r o l y s i s  o f  A T P  b y  F 1 w a s  m e a s u r e d  as  in  F ig .  2 e x c e p t  t h a t  A T P - M g  l eve l s  w e r e  v a r i e d  

b e t w e e n  0 .1  a n d  2 rnM,  a n d  A D P  leve l s  b e t w e e n  0 . 0 1 2 5  a n d  1 . 2 5  m M .  D i n i t r o p h e n o l ,  w h e r e  p r e s e n t ,  w a s  

a d d e d  t o  a f i n a l  c o n c e n t r a t i o n  o f  0 . 8  rnM. K r n  e t c .  w e r e  e s t i m a t e d  g r a p h i c a l l y .  

KATP vATP KADP 

(raM) (prnol • rnin -I - rng -! ) (#M) 

No dinitrophenol 0.29 86 28 

+ d i n i t r o p h e n o l  0 . 2 6  1 4 6  6 5  

g ADP is shown in Table I. In contrast to Cantley and Hammes [5], we find that 
the major effect of dinitrophenol is to increase V (by about  70% at 30°C) and 
that its effect on Km is negligible. The reason for the discrepancy is uncertain, 
but  it may well reflect an effect of ADP on enzyme activity in their case. 

ADP binds strongly to the ATPase, inhibiting it both  by competi t ion at the 
active site (Ki ~ 100 pM) (instantaneous) and by (slower) binding to an allo- 
steric inhibitory site ( K  i <~ 1 pM) [12,18].  Thus, ADP inhibition observed 
varies with the length of  time taken for measurement. We obtain an apparent 
K i value of 30 pM (cf. Ref. 20) when initial rate measurements are taken over 
2--15 s as here (data deposited with BBA), but  a value of  10 ~M using the 
(slower) procedure of Van de Stadt et al. [15]. The method employed by Cant- 
ley and Hammes [5,19] allows the initial rate to be measured only after a 15-s 
period has elapsed, a period during which some ADP inhibition would have 
developed. Despite its two sites of  action, ADP appears in kinetic plots to act as 
a simple competitive inhibitor ( [20] ,  data deposited with BBA), probably 
because it competes  with ATP at both sites of  action. 

Dinitrophenol, at stimulatory concentrations, decreases inhibition of  the 
ATPase by ADP, K i rising from 27 to 65 /~M (Table I). Since we can demon- 
strate no effect  of  dinitrophenol on ADP binding to the tight ADP binding site 
([ 5]; our unpublished results), this appears to represent an effect on ADP bind- 
ing to the catalytic site(s) of the enzyme. In agreement with Cantley and Ham- 
mes [5], we find no effect  of  dinitrophenol on the uncoupled, membrane 
bound ATPase at saturating ATP levels (Fig. 1). This supports the view that the 
stimulation of  hydrolysis on the isolated ATPase is not  the cause of  the un- 
coupling action of  dinitrophenol [5--7].  

Effect of dinitrophenol on hydrolysis of other triphosphates 
At 31°C, ITP is hydrolysed with a V about  equal to that  of  ATP (90 pmol  • 

min -1 • mg -1) (see Fig. "3). In contrast, however, ITP hydrolysis is inhibited by  
dinitrophenol. The K i value for dinitrophenol (0.7 mM) is independent  of  ITP 
concentration over the range 3Krn to 0.1 Kin, indicating non-competitive 
inhibition, and the inhibition appears to involve only one class of  dinitrophenol 
binding site, Dixon plots for the inhibition being linear (data deposited). Iso- 
GTP and 2'-dATP show a pattern of  stimulation and inhibition like ATP (Fig. 2 ) .  
In contrast  N ~ - e t h e n o  ATP, Nl-oxido ATP and GTP behave like ITP and 
show simple inhibition. At low concentrations (approx. 0--0.3 mM)therefore ,  
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Fig.  3. T e m p e r a t u r e  d e p e n d e n c e  o f  N T P  h y d r o l y s i s .  H y d r o l y s i s  was  m e a s u r e d  as in  Fig .  2 u s i n g  2 m M  Mg- 

A T P  or  6 m M  M g - - I T P  as s u b s t r a t e .  T o  e n s u r e  t h a t  t he  e n z y m e  was  s a t u r a t e d  w i t h  s u b s t r a t e  a t  al l  t e m P e r -  

a t u r e s ,  m e a s u r e m e n t s  were  m a d e  in  w h i c h  t h e  s u b s t r a t e  c o n c e n t r a t i o n  was  h a l v e d .  A t  n o  t e m p e r a t u r e  d i d  

t h i s  c h a n g e  cause  a d r o p  in  r a t e  o f  m o r e  t h a n  1 5 %  • • ,  A T P a s e ,  o o,  ITPase .  The  i n s e r t  s h o w s  

a p l o t  o f  l og  Cl/2 vs. 1 / T  fo r  d i n i t r o p h e n o l  i n h i b i t i o n  o f  I T P  h y d r o l y s i s .  The  Cl/2 v a l u e s  were  o b t a i n e d  
f r o m  Fig .  4a. 

dinitrophenol increases V for hydrolysis of  ATP and iso-GTP, but not  of  ITP 
and GTP, etc. For an agent to raise V for a reaction, it must of  necessity 
increase the rate of  the limiting step. A simple model  for these effects, there- 
fore, suggests that dinitrophenol stimulates one of  the steps of  the enzyme 
catalysed reaction which is rate limiting to ATP hydrolysis but not  to ITP hy- 
drolysis (for example), i.e. that ATP and ITP hydrolyses are limited by differ- 
ent chemical steps. 

This view is supported by the finding that other agents which are chemically 
distinct from dinitrophenol can stimulate ATP hydrolysis without stimulating 
ITP hydrolysis. These agents include maleate (Ref. 9, Table II) and methanol 
[10] .  These agents presumably bind to different sites on the enzyme from dini- 

T A B L E  II 

E F F E C T  O F  M A L E A . T E  A N D  D I N I T R O P H E N O L A T E  A N I O N S  O N  N U C L E O T I D E  H Y D R O L Y S I S  BY 

F l 

T h e  r a t e s  o f  h y d r o l y s i s  o f  A T P  (2  m M )  a n d  ITP  (6 raM)  were  m e a s u r e d  as i n  F ig .  2, e x c e p t  t h a t  m e l e a t e  (as 

t h e  p o t a s s i u m  sa l t )  o r  d i n i t r o p h e n o l  were  a d d e d  as i n d i c a t e d .  The  r e s u l t s  axe e x p r e s s e d  r e l a t i v e  t o  t he  ra te  
o f  A T P  h y d r o l y s i s  in  t h e  n o r m a l  assay b u f f e r .  1 0 0 %  = 86  # t o o l .  r a in  -1 . m g  -1 ± 1 .8  (S.E.  o f  t e n  read-  

ings) .  O t h e r  r e a d i n g s  axe t he  ave rage  o f  t w o  or  t h r e e  d u p l i c a t e s ,  n .d . ,  n o t  d e t e r m i n e d .  

T e m p e r a t u r e  Ma lea t e  a d d e d  A T P a s e  r a t e  ITPase  ra te  

(° C) 

- -  d i n i t r o -  + 0 .5  m M  - -  d i n i t r o -  0 .5  m M  

p h e n o l  d i n i t r o -  p h e n o l  d i n i t r o -  

p h e n o l  p h e n o l  

31 n o n e  1 0 0  1 8 0  1 0 0  52 

2 5  m M  1 3 3  1 9 0  n .d .  n .d .  
75  m M  or  1 0 0  m M  1 5 9  1 9 4  91  n .d .  

6 n o n e  17 .4  <(0.3 0 . 8 6  < 0 . 0 3  

4 0  m M  16 .4  n .d .  n .d .  n .d .  
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trophenol,  maleate certainly does since an enzyme fully stimulated with maleate 
can be further stimulated by dinitrophenol (Table II). 

Temperature dependence of hydrolysis 
The Arrhenius plot  (log V vs. l/T) for ATP hydrolysis by the isolated ATP- 

ase shows a break at about  18°C (Fig. 3). Above this temperature,  V increases 
only very slightly with temperature (Ea low, approx. 3 kcal .  mo l .  K-l),  while 
below this temperature V increases very sharply (Ea high, approx. 30 kcal .  
mo1-1' K -I). This is consistent with previous results [36].  Control experiments 
showed that substrate concentrations used in the experiments of Fig. 3 were 
sufficient to saturate the enzyme at all temperatures used here. 

Lenaz and coworkers [22] also find a break in the Arrhenius plot  of  the 
mitochondrial ATPase, bu t  in its membrane-bound form. They interpret this 
phenomenon as indicating a phase change in this enzyme at about  18°C. This 
interpretation is not  consistent with the other results given in Fig. 3. First, an 
Arrhenius plot of  ITP hydrolysis, while curved, does not  show an obvious break 
(if present at all, a break would be upwards of  25°C). Second, when the binding 
of dinitrophenol to its inhibitory site (measured as in Fig. 4) is used as a probe 
of enzyme conformation,  a Van't  Hoff  plot (Fig. 3, insert) (log Kd vs. l/T) is 
linear. This shows that  AH for binding is constant over the range 6--36°C, indi- 
cating that  no phase change is likely to occur in the enzyme between these 
temperatures. 

A more likely interpretation of  the sharp break in the Arrhenius plot for 
ATP hydrolysis is a change in rate limiting step of  the reaction. At 30°C, for 
example, ATP hydrolysis would be limited by one step and at 10°C by another. 

Effects of  dinitrophenol on hydrolysis also vary with temperature (Fig. 4). 
Over the entire range, ITP hydrolysis is simply inhibited by dinitrophenol. The 
cl/~ for dinitrophenol, however, varies strongly with temperature,  binding 
becoming much stronger as the temperature is lowered. Assuming the cl/2 value 
corresponds to the Kd for dinitrophenol, as it should for a simple, noncompeti-  
tive inhibitor, AH for the binding of dinitrophenol to its inhibitory site on F~ 
can be calculated (Fig. 3) to be --40 kcal/mol. This is a surprisingly high value 
which may indicate (a) specific, binding site(s) for this probe. 

Below about  18°C, both ATP and ITP hydrolysis are simply inhibited by 
dinitrophenol (Fig. 4). Above 18°C (the 'transition' temperature for ATP hy- 
drolysis) the stimulatory effect  of  dinitrophenol becomes noticeable, increasing 
as the temperature increases. This is consistent with the model proposed (below 
18°C, both  ATP and ITP hydrolysis are limited by the same step) that  one 
inhibited by dinitrophenol. Above 18°C, the rate limiting step for ITP hydro- 
lysis remains the same (high temperature sensitivity, inhibited by dinitrophenol) 
while that  of ATP hydrolysis changes (low temperature sensitivity, stimulated 
by dinitrophenol). 

Maleate behaves in a manner similar to dinitrophenol, stimulating ATP hy- 
drolysis above the transition temperature,  but  not  below it (Table II), as it 
must on this model. 

It is interesting, though apparently fortuitous,  that  hydrolysis of  ATP and 
ITP by the isolated enzyme occurs at approximately equal rates at 30°C (90 
~mol • min -1 • mg -~) in spite of  having different rate limiting steps. This is a 
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F i g .  4 .  T e m p e r a t u r e  d e p e n d e n c e  o f  d i n i t r o p h e n o l  e f f e c t s  o n  F 1. M e a s u r e m e n t  of  h y d r o l y s i s  rates  in the  
p r e s e n c e  o f  vary ing  a m o u n t s  of  d i n i t r o p h e n o l  w a s  as in F i g .  2 ,  e x c e p t  that  t h e  t e m p e r a t u r e  o f  the  reac t ion  
m e d i u m  was  varied as i n d i c a t e d .  The  resul ts  are p l o t t e d  as a series  o f  % r e s p o n s e  vs. log  d o s e  curves.  The  
1 0 0 %  values  are those  r e c o r d e d  in F i g .  3 .  I n  the  case o f  ITP h y d r o l y s i s ,  all curves  are i d e n t i c a l  in shape  
b u t  re la ted  b y  trans lat ion  a long  the  abscissa,  (a) ITP h y d r o l y s i s .  (b)  A T P  h y d r o l y s i s .  

result of  the much higher affinity of  the ATPase for ADP than for IDP. Above 
30°C ITP is hydrolysed faster than ATP, while below 30°C the opposite is true 
(Fig. 3). 

Preincubation of the enzyme with nucleoside triphosphates 
We have shown previously that preincubation of  F1 with ADP leads to an 

enzyme in which V is reduced to about 50%. This form of  FI is stable for 
several minutes in an ATP regenerating system [ 12, 21].  

Preincubation with certain triphosphates (ATP, dATP and iso-GTP) results 
in an enzyme with an increased V (Table III) (cf. Ref. 14). The effect is most  
marked with dATP in the preincubation. The triphosphate-treated enzyme is 
somewhat less stable than the diphosphate treated enzyme, and declines in 
activity, towards the control level, during a 2--3 min period (Fig. 5). 

The triphosphate-treated enzyme is characterised by another remarkable 
property. That is, hydrolysis of  both ATP (not shown) and ITP (Fig. 6) by this 
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T A B L E  I I I  

F 1 A C T I V I T Y  A F T E R  P R E I N C U B A T I O N  W I T H  N U C L E O S I D E  T R I P H O S P H A T E S  

F 1 w a s  f r e e d  of  a m b i e n t  nuc l eo t i de s  by  r e p r e c i p i t a t i o n ,  and  p r e i n c u h a t e d  w i t h  10 m M  N T P  as i nd i ca t ed ,  

in 250  m M  sucrose ,  10 m M  Tris  ace ta te ,  2 m M  E D T A ,  p H  7.5,  a t  a p r o t e i n  c o n c e n t r a t i o n  of  1--2  m g / m l .  
T h e  resu l t s  are  e x p r e s s e d  re la t ive  to  t h e  h y d r o l y s i s  b y  t h e  u n t r e a t e d  e n z y m e  (100%)  viz. 90 ± 2 ~ m o l -  
ra in  -1 • m g  -1 for  ATP,  91 ± 1 . 5 p m o l . m i n  -1 . r a g  - l  fo r  ITP  and  51 ± 1 . 5 p m o l ' m i n  -1 " r a g  -1 for  N 1- 

ox ido  ATP.  n.d. ,  n o t  d e t e r m i n e d .  

H y d r o l y s i s  o f  P r e i n c u b a t e d  w i t h  (% u n t r e a t e d  ra t e )  

A T P  d A T P  iso- ITP  G T P  N 1 -ox ido  A T P  No 

G T P  A T P  a d d i t i o n  

A T P  110  164  n.d.  96 106  94 94  100 

ITP  129 168 129 94 103 94 94  100 
N l - o x i d o  A T P  121 n .d .  n.d.  n.d.  n.d.  n.d.  n.d.  100 

form of F1 is stimulated by low concentrations of  dinitrophenol. On the un- 
treated enzyme, hydrolysis of  ATP but not ITP is dinitrophenol stimulated. 
Similar effects are seen when N'-oxido  ATP is being hydrolysed; the untreated 
enzyme is inhibited by dinitrophenol, while the ATP-preincubated enzyme is 
stimulated. 

Table III also shows that the only triphosphates capable of  eliciting these 
effects are ATP, dATP and iso-GTP. ITP, GTP, N' -oxido  ATP and N1,N6-etheno 
ATP show no such effects. The specificity of  this site is thus identical to that of  

dATP , ~  

" ~  100 

0 - -  
0 

A 
1 2 V 4 

Dinitrophenol concentration (mM) 
Fig. 5. E f f e c t  o f  d A T P  i n c u b a t i o n  on  t i m e  course  of  t r i p h o s p h a t e  hyd ro ly s i s .  F 1 (100 /~g)  w a s  f r e e d  f r o m  
a m b i e n t  n u c l e o t i d e s  [ 2 5 ] ,  and  i n c u b a t e d  in  0 .2  ml  250  m M  sucrose ,  20 m M  Tris  su lpha te ,  0 .2  m M  E D T A  
pH 7.5,  w i t h  ( lef t  h a n d  curve)  or  w i t h o u t  ( r ight  h a n d  cu rve )  5 m M  d A T P  p resen t .  A f t e r  3 rain,  5 ~tl o f  th i s  
so lu t i on  was  t a k e n  fo r  a s s a y  o f  Mg-ITPase  ac t iv i ty  at  30°C,  us ing  a r e c o r d i n g  p H  m e t e r  [ 1 5 ] .  A s m a l l  
a m o u n t  (5 ~M) d A T P  was  a d d e d  to  the  c o n t r o l  assay m i x t u r e  so t h a t  t he  f inal  d A T P  c o n c e n t r a t i o n s  in  t h e  

a s s a y  w e r e  t h e  s a m e  in  b o t h  cases .  

Fig. 6.  E f f e c t  o f  d i n i t r o p h e n o l  on  I T P  h y d r o l y s i s  in  the  p r e i n c u b a t e d  e n z y m e ,  F l w a s  t r e a t e d  and  a s s a y e d  
as in  Fig.  5 e x c e p t  t h a t  A T P  rep laced  d A T P  in the  p r e i n c u b a t i o n ,  and  the  i n d i c a t e d  a m o u n t s  of  d in i t ro -  

pheno l  were  a d d e d  to t h e  a s s a y  m i x t u r e .  • • ,  F I p r e i n c u b a t e d  w i t h  5 m M  A T P ;  ~ a un- 

t r e a t e d  F I.  
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T A B L E  IV 

K I N E T I C S  O F  H Y D R O L Y S I S  BY F 1 A F T E R  P R E I N C U B A T I O N  W I T H  N U C L E O T I D E S  

P r e i n c u b a t i o n s  w i t h  A D P  [ 1 2 ] ,  o r  A T P  (Tab le  I I I )  were  p e r f o r m e d  as d e s c r i b e d .  K m v a l u e s  we re  t a k e n  

b e t w e e n  1 0 0  # M  a n d  4 m M  M g - A T P  (10  m M  Mg- ITP)  o v e r  w h i c h  r ange  the  p l o t  was  l inea r .  C o n t r o l  v a l u e s  

were  as in  T a b l e  III .  +, s t i m u l a t i o n  a t  l o w  c o n c e n t r a t i o n s ;  --, i n h i b i t i o n .  

T r e a t m e n t  A T P  h y d r o l y s i s  ITP  h y d r o l y s i s  P r o p o s e d  

s t r u c t u r e  

K m V D i n i t r o -  V D i n i t r o -  

( # M )  (% c o n t r o l )  p h e n o l  (% c o n t r o l )  p h e n o l  

e f f e c t  e f f e c t  

N o n e  3 0 0  1 0 0  + 1 0 0  - -  E ( A T P ) 2  ( A D P )  

A T P  p r e i n c u b a t i o n  1 2 0  1 1 0  ( 1 6 5 )  * + 1 3 0  ( 1 6 8 )  * + E ( A T P )  3 

A D P  p r e i n c u b a t i o n  3 2 0  4 5  + 4 0  - -  E ( A D P )  2 ( A T P )  

* P r e i n c u b a t e d  w i t h  d A T P .  

the 'tight binding' sites of  the ATPase [ 12], which suggests that  the interaction 
involved occurs at these 'tight binding' sites. 

It appears, therefore, that  'loading' the tight binding sites of F1 changes the 
rate limiting step of  hydrolysis to the dinitrophenol stimulated step even when 
ITP and Nl-oxido ATP are being hydrolysed. This feature explains why equiv- 
ocal results may be obtained if the 'unwashed'  enzyme (presumably a mixture 
of  forms) is used in the assays. 

Table IV summarises the kinetic properties of  the ATP-pretreated, ADP-pre- 
treated and 'washed'  enzyme. The nucleotide specificity, persistance and pH- 
dependence of  these effects are characteristic of the tight binding sites of  F1. 
Since the nucleotide composit ion of washed F~ is E(ATP)2(ADP)~ we propose 
E(ATP)3 and E(ADP)2(ATP) as possible results of  preincubation with ATP and 
ADP, respectively, although it must be emphasised that these assignments are 
only tentative. Notably,  however, the ATP-pretreated enzyme has a 2.5-fold 
lower KAm wP, a raised V and a different dinitrophenol stimulation pattern from 
the 'washed'  enzyme. 

Inhibition of F1 by AdoPP[NH]P 
AdoPP[NH]P is a powerful  (K i ~ 1 #M) inhibitor of FI, which can bind to 

both the catalytic and the 'tight binding' sites of the ATPase [20,23].  The 
kinetics of  AdoPP[NH]P inhibition of  FI can be measured as in Fig. 7. In the 
presence of  AdoPP[NH]P, the rate of  ITP hydrolysis by F~ falls off  in time, 
while in its absence, the rate is constant. By drawing tangents to the product- 
time curve obtained in the presence of  AdoPP[NH]P, the hydrolysis rates at 
various times can be measured (cf. Ref. 15). 

Fig. 8 shows the results of  such an experiment. A plot of log rate vs. time for 
ITP hydrolysis is linear. The linearity of  this plot suggests a single type  of  site 
on F1 for inhibition by  AdoPP[NH]P. The inhibition rate (the slope of  such a 
line) is first order in AdoPP[NH]P concentration between 0.25 and 5 pM. Above 
5 /~M the rates become too  fast to measure by this technique. 

The rate of  inhibition is decreased by increasing substrate (ITP) (Fig. 7), sug- 
gesting a competi t ion between AdoPP[NH]P and ITP at the site of action. 



421 

20C 

10C 

~ 5 C  
> 
~d 
o 

20 

10 

6rnM ITP 

i i i 
0 5 0  100 1gO 

Time (sec) 

10 

0 6 0  100 140 
seconds 

Fig .  7. T i m e  c o u r s e  o f  I T P  h y d r o l y s i s  in  t h e  p r e s e n c e  o f  AdoPP[NH]P. F 1 w a s  f r e e d  f r o m  a m b i e n t  n u -  
c l e o t i d e s  [ 2 5 ]  a n d  I T P a s e  ac t iv i ty  m e a s u r e d  u s i n g  a r e c o r d i n g  p H  m e t e r  [ 1 5 ] .  T h e  l i n e s  are  d e r i v e d  f r o m  a 
s e r i e s  o f  ( c u r v e d )  p r o d u c t - t i m e  g r a p h s  m e a s u r e d  at  1 pM AdoPP[NH]P b u t  v a r i o u s  M g - I T P  c o n c e n t r a t i o n s  
as i n d i c a t e d .  T h e  ac t iv i ty  at  t 1, t2,  etc .  ( a rb i t r a ry  u n i t s )  is  t h e  t a n g e n t  t o  a c u r v e  at  t 1,  t 2, etc .  T h e  h a l f -  
t i m e s  c a l c u l a t e d  f o r  t h e  i n h i b i t i o n  axe, a t  t h e  g i v e n  I T P  c o n c e n t r a t i o n s :  0.5 m M ,  37 s; 1 mM,  50 s; 2 m M ,  

60 s; 4 raM, 78 s; 6 m M ,  84 s. 

Fig .  8 .  E f f e c t  o f  A T P  p r e i n c u b a t i o n  o n  AdoPP[NH]P i n h i b i t i o n .  I T P a s e  a c t i v i t y  in  t h e  p r e s e n c e  o f  2 pM 
AdoPP[NH]P a n d  4 m M  Mg-ITP w a s  m e a s u r e d  as  in  F i g .  7, e x c e p t  t h a t ,  in  t h e  c a s e  o f  t h e  f i l l e d  s y m b o l s ,  
t h e  e n z y m e  w a s  i n c u b a t e d  w i t h  5 m M  A T P  f o r  3 m i n  p r i o r  t o  assay.  A smal l  a m o u n t  o f  A T P  w a s  a d d e d  t o  
t h e  c o n t r o l  e n z y m e  a s s a y  ( o p e n  s y m b o l s )  so  t h a t  t h e  f i n a l  c o n c e n t r a t i o n  o f  A T P  in  b o t h  a s s a y  m i x t u r e s  
w a s  1 #M. T h e  h a l f - t i m e s  f o r  i n h i b i t i o n  are 40 s f o r  t h e  u n t r e a t e d  e n z y m e ,  a n d  25 s f o r  t h e  p r e t r e a t e d  
e n z y m e .  E ( A T P ) 3  s lowly d i s s o c i a t e s  in  t h e  a s s a y  m i x t u r e  ( F i g .  5 )  a n d  s o  t h e  l i n e  c o r r e s p o n d i n g  t o  t h e  pre-  

i n c u b a t e d  e n z y m e  c u r v e s  s l i g h t l y .  

Since ITP is known to be unable to bind to the 'tight' nucleotide binding sites 
[12,18] ,  these results suggest that AdoPP[NH]P is an active site inhibitor of  
the ATPase. 

Further evidence for this view is obtained from studies on the ATP-loaded 
enzyme. If AdoPP[NH]P acted by binding to the 'tight' sites of  the ATPase, 
preincubation of the enzyme with ATP would block its action, at least for 
several minutes, since the tight nucleotide sites are now stably filled. However, 
Fig. 8 shows that the preincubated enzyme is inhibited by AdoPP[NH]P faster 
than the untreated enzyme. This suggests that the preincubated enzyme has 
developed a higher affinity for AdoPP[NH]P. Taken in conjunction with the 
lowered Km for ATP, this finding again suggests that AdoPP[NH]P binds to the 
active site of  the enzyme. 

Although AdoPP[NH]P is a powerful ATPase inhibitor, it nonetheless binds 
non-covalently. If F1 is preincubated with AdoPP[NH]P, and the F1-AdoPP- 
[NH]P complex thus formed is diluted into an I.TPase assay mixture, an 
increase in activity is observed as AdoPP[NH]P dissociates from the enzyme. 
By following the increase in rate in time, the rate of  dissociation of  F~-AdoPP- 
[NH]P can be determined (Fig. 9). 

Effect of Mg 2+ on AdoPP[NH]P interaction 
From Fig. 7 we see that, when added to the assay mixture AdoPP[NH]P 

inhibits with a half-time of  a few seconds, while previously we have shown that, 
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Fig. 9. Release  of  AdoPP[NH]P f r o m  F 1. ITPase  ac t iv i ty  was  m e a s u r e d  as in  Fig.  8, e x c e p t  t h a t  F 1 was  
p r e i n c u b a t e d  w i t h  5 #M AdoPP[NH]P, and  AdoPP[NH]P was  o m i t t e d  f r o m  the  assay m e d i u m .  

in a preincubation, far higher concentrations of  AdoPP[NH]P require several 
minutes to act [12].  This is due to an effect of  Mg 2+ on the FI-AdoPP[NH]P 
interaction, leading to an increase in affinity (or on-rate) for nucleotide at the 
active site. This is shown in Fig. 10. The rate of  inhibition due to preincubation 
with AdoPP[NH]P increases very markedly if Mg 2÷ is also present in the incu- 
bation. Similar results were found with the membrane-bound ATPase. It is not 
clear whether this effect is due to Mg 2+ binding to F1 or to AdoPP[NH]P, 
although we have previously demonstrated an effect of  Mg 2÷ on the conforma- 
tion of  F1 in the absence of  nucleotide [31].  
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Fig. 10. Effect of Mg 2+ on AdoPP[NH]P inhibition of F 1. F1 was preincubated with 10 ~M AdoPP[NH]P 

in the presence (e e) or absence (D u) of i mM free MgCl 2. Samples were taken for assay at 

various times, as previously [32] except that 0.8 pM AdoPP[NH]P was added to the assay mixture to 

slow down the dissociation of bound AdoPP[NH]P. (Similar results were obtained if AdoPP[NH]P were 
omitted from the assay medium). The rates shown are the initial rates of hydrolysis. 100% activity = 88 

~mol • rain -I • mg -I for the enzyme pretreated in the absence of Mg 2+, and 53 ~zmol • min -I • mg -I for 

that preincubated with Mg 2+. Note that, in the absence of Mg 2+, inhibition is zero order, suggesting that 

a conformationai change in the enzyme precedes AdoPP[NH]P binding in this case. 
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Discussion 

Dinitrophenol binding to the A TPase 
Figs. 1 and 2 suggest that  dinitrophenol can bind to 2 types of  'effector '  site 

on the coupling ATPase. At 30°C, binding to the high affinity site (K,/2 ~ 0.15 
mM) leads to a stimulation of  hydrolysis of  ATP and some other triphosphates. 
Binding to the low affinity site ( K  i = 0.7 mM) leads to inhibition. The effects 
are noncompeti t ive (data deposited),  and therefore both  sites are likely to be 
separate from the active site of the enzyme. Studies of  the binding of dinitro- 
phenol to the ATPase are consistent with there being one site per enzyme of 
each type, although the data on the lower affinity site are not  sufficiently pre- 
cise to rule out  a larger number [5,6]. 

The rate limiting step of triphosphate hydrolysis 
At 30°C, ATP hydrolysis is stimulated by low concentrations of dinitro- 

phenol, and by maleate, while ITP hydrolysis is not  (Fig. 2, Table II). If we 
assume the dinitrophenol and maleate binding site(s) to be always present, then 
the rate limiting steps for ATP and ITP hydrolysis must be different,  i.e. in the 
case of ITP hydrolysis, these effectors stimulate a step which is not  a rate limi- 
ting one, and no effect is observed. The proposal that the rate limiting steps for 
ATP and ITP hydrolysis differ at 30°C is supported by a consideration of  the 
temperature dependence of the hydrolysis. 

What, then, is the rate limiting step for ATP hydrolysis? Several lines of evi- 
dence suggest that  this is the release of  ADP from the enzyme. First, dinitro- 
phenol increases the K~ DP about  2-fold (Table I). This can be simply explained 
if it increases the ADP-off rate by a factor of 2. If this step were rate limiting, 
V would also increase by a factor of  about  2, and Km would be unaltered, as is 
indeed the case (Table I). 

Secondly, the low activation energy for the ATPase reaction (Fig. 3) suggests 
that the rate-limiting step is not  a chemical transformation, i.e. that  it probably 
involves an enzyme-binding step. 

Thirdly, at very low ATP concentrations, it is deduced that product  release is 
rate limiting from the H~sO-Pi exchange experiments of  Choate et al. [24].  
Although rate of product  release increases with ATP concentration, it is quite 
likely that this rate still limits substrate turnover at saturating substrate concen- 
trations. 

Finally, the myosin ATPase, which seems to be closely analogous to the F1- 
ATPase in mechanism (i.e. hydrolysis does not  involve a phosphoryl  enzyme) 
also has the ADP-off rate as the rate-limiting step [29].  Incidentally, this hy- 
drolysis is also stimulated by dinitrophenol [2]. 

We would thus propose that  ADP release limits ATP hydrolysis by F1 at 
30°C. ITP hydrolysis must be limited by some other step and, since we are deal- 
ing with changes in V (i.e. at saturating substrate), the bond splitting step is a 
likely candidate, and is consistent with the high values for Ea (Fig. 3). Dinitro- 
phenol, at high concentrations, inhibits this step completely (or nearly so) and 
thus can also inhibit ATP hydrolysis at high concentrations. 

Over a range of  nucleotides, we find that  the hydrolysis of  some, like ATP 
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and iso-GTP, are stimulated by low concentrations of dinitrophenol, while 
others are not. This reflects a difference in the rate limiting steps of the reac- 
tion, ATP and iso-GTP being limited by product release and ITP etc. by the 
bond splitting step. dATP is an intermediate case (Fig. 2), in this case we 
expect bond splitting and product release steps to be similar in rate. Dinitro- 
phenol thus provides a useful probe to show either the rate limiting step in hy- 
drolysis of an unknown nucleotide analogue (which may be useful in assessing 
its ability to energise the membrane-bound ATPase [12]), or in assessing 
whether in modifying the ATPase (chemically or by changing its nucleotide 
content),  its rate limiting step has altered. 

Mode o f  action o f  AdoPP[NH]P 
AdoPP[NH]P is a very powerful inhibitor of the F,-ATPase in both its iso- 

lated and membrane bound forms. At I /aM the half-time for inhibition is about 
1 min (Fig. 7). Philo and Selwyn [11] in 1974 suggested that  the tight binding 
of AdoPP[NH]P to F, was indicative of a mechanism of ATP hydrolysis where 
energy was released when ATP bound to the enzyme (cf. Refs. 25, 26). 

This suggestion relies on the assumption that  inhibition is due to AdoPP- 
[NH] P binding to the hydrolytic site(s) of the ATPase. This assumption was pre- 
viously unproven and, since AdoPP[NH]P can bind to both the hydrolyt ic  and 
'tight binding' sites of F, [23], there remained the possibility that AdoPP[NH]P 
might inhibit by binding to a tight binding 'regulatory' site on the enzyme 
[13,27,28]. 

We show above that  AdoPP[NH]P inhibition of ATP hydrolysis does indeed 
involve AdoPP[NH]P binding to the hydrolyt ic  site of F1. Loading the tight 
binding sites with ATP increases the rate of AdoPP[NH]P inhibition of F, 
(Fig. 8), which clearly could not  occur if AdoPP[NH]P had to occupy the tight 
binding sites itself. The increase in rate (about 2-fold) is comparable with the 
decrease in K ATe seen in the ATP-loaded enzyme (Table IV), confirming that  
this interaction is at the active site of  the ATPase. Competition of AdoPP- 
[NH]P with ITP which cannot occupy the tight binding sites [12] supports this 
conclusion (above). In agreement with Ref. 11, therefore, we conclude that  tight 
AdoPP[NH]P binding indicates a large release of energy when ATP binds to the 
active site of F I. 

Given that  AdoPP[NH]P acts as an ATP analogue at the active site(s) of F1, 
its on and off  rates can be taken as estimates of the on and off  rate for ATP 
binding to the ATPase. The off  rate, for example, can be calculated from Fig. 9 

(k_ 1 = 4 • 10-3s -1) and kl, from k_l/K d ~> 4 • 10 6 M -1 • s - 1 .  

The rates o f  the individual steps o f  the ATPase reaction 
Our results are compatible with the simplest possible kinetic model for NTP 

hydrolysis by F1. 

;~ 1 k 2  k 3  

E + NTP ~ "  E • NTP ~ -  E • NDP • Pi ~ E + NDP + Pi 
k -  1 k -  2 re- 3 

(1) 

At high NTP concentrations, k_ 2 seems to be slow relative to k3 since H~SO-Pi 
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exchange is abolished [24].  Under these conditions, 

Km = (k2 + k-1) /k ,  and 1/kca t = 1/k2 + 1/k3 [30] (2) 

Using this model and the above data, it is possible to calculate all the rate 
constants of  the above reaction for ATP hydrolysis at 30°C. The results are 
shown in Table V. It should be noted that the only a priori assumption made in 
deriving these constants is the kinetic model (the simplest model), all other 
conclusions are drawn from experimental data. The methods used to derive 
these constants are given in the appendix. 

Considering ATP hydrolysis, Table V shows that the slowest step (k3) is ADP 
release from the enzyme. The bond splitting step is some 10-times faster, and 
indeed approaches the maximum possible (diffusion limited) value, since k: /  
K m = 10 s 1. mo1-1, s -1 [30]. Binding of ATP and ADP to the enzyme also 
appear to be fairly close to the diffusion limited rate. 

The reverse of the reaction, however, is much slower, limited by ATP release 
at k-1 = 4 • 10 -3 s -1. k_: is also relatively slow (15 s-l), but  is probably faster in 
the membrane bound form of the ATPase, since Pi-H~SO exchange occurs even 
at relatively high ATe levels on the membrane bound ATPase [24]. Thus for 
ATP synthesis (turnover > 100 s -1) k_ 1 must be increased, in keeping with sug- 
gestions that  energy is used to release ATP from the enzyme [25,26].  

From k2 and k-2, we can estimate an equilibrium constant of ATP hydrolysis 
on the ATPase of  about  103. This indicates a shift of  the ATP-ADP equilibrium 
towards ATP from the value in free solution, but  not  so fax as occurs in myosin, 
where Keq = 9 (see Ref. 30). This explains the failure to observe ATP synthesis 
by isolated F1 at levels down to I ATP : 100 ADP (Harris, D.A., unpublished 
results). On the membrane, however, k-2 is larger (above) and the equilibrium 
is further displaced towards ATP, i.e. the free energy drop on bond splitting 
will be greatly reduced below that in free solution. Thus, as in myosin, the 
major free energy release during ATP hydrolysis by  F, probably occurs when 
ATP binds to the enzyme. 

F~ is apparently less efficient at splitting ITP, k: being lower than for ATP. 
Since ITP cannot replace ATP in exchange reactions on the mitochondrial 

T A B L E  V 

T h e  r a t e  c o n s t a n t s  are f o r  t h e  r e a c t i o n  m e c h a n i s m  s h o w n  i n  t h e  D i s c u s s i o n  ( E q n .  1).  T h e  c a l c u l a t i o n s  are  

d e t a i l e d  i n  t h e  A p p e n d i x .  

k 1 (1- k_  1 h 2 k_  2 k 3 k _  3 (1- kca  t k c a t /  
t o o l - 1  . ( s - 1 )  (s -1 ) (s -1 ) (s -1 ) m o l  - l  . ( s - 1 )  K m  
s - l )  s - l )  

A T P a s e  
( 3 1 ° C )  5 .  107  4 -  1 0  -3  1.7 • 104  1 5  1 .5  • 103  5 .  107  1 • 103  3 "  106  

I T P a s e  
(31°C) 5 .  107? >104 1.7 • 103 < < 1  >5 - 103 5 .  107 1 • 103 5 .  I 0  S 

ATPase 
( 6 ° C )  5 - 1077  ? 0 . 1 4  • 103  - -  1 ,5  • 103  5 • 1 0 7 ?  1.7 • 102 > 5  - 105 

ITPase  
( 6 ° C )  5 - 1 0 7 7  ? 8.9 - -  5 • 1 0 3 ?  5 • 1 0 7 ?  8 .6  > 4  • 103  
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Fig. 11 .  E n e r g y  prof i l e  for  h y d r o l y s i s  o f  A T P  and  ITP. The  values on  the  ord inate  axe ca l cu la ted  f r o m  
Table  III ,  and refer  to  31°C.  T h e y  are o n l y  a p p r o x i m a t e  s ince  the  e x p r e s s i o n  u s e d  ( A G  0 1 =  --.RTlnkn/ 
k_ n )  g ives  a value  for AG 0~, n o t  AG,  and  the  c o n c e n t r a t i o n s  o f  the  reac t ion  i n t e r m e d i a t e s  are n o t  k n o w n .  
The  rate - l imi t ing  s teps  at 3 1 ° C  for ITP ( * * )  and  A T P  ( + + )  h y d r o l y s i s  are s h o w n .  

membrane [13],  we conclude that k-2 for ITP hydrolysis is similarly reduced, 
to a very low value, while k-1 is relatively fast as judged by experiments with 
inosine ~,7-imidotriphosphate [12]. This is compatible with the view that, 
during ITP hydrolysis, energy is liberated mainly during the bond splitting step 
(and as such, cannot be used to drive energy linked processes) [12].  A com- 
parable change in the mechanism of  triphosphate hydrolysis by myosin is seen 
when GTP replaces ATP [34].  

The scheme of  Eqn. 1 and Table V does not rule out the possibility of con- 
formational changes in the enzyme mechanism. ADP release, for example, may 
be limited by a prior conformational change with k = 1.5 • 103 s -1. In fact, any 
of the three steps shown may be limited by conformational steps accompany- 
ing them. This seems unlikely since the reverse of  these conformational changes 
must be fast (kl, k-3 were calculated using simple equilibrium constants) but 
cannot be ruled out [12].  However, this does not affect the conclusions drawn 
here. 

These results can be expressed as a free energy profile for the reaction as 
shown in Fig. 11. 

Boyer and coworkers have shown that k3 is ATP dependent [24].  The value 
of k 3 that we calculate is the maximal value, at saturating ATP concentrations. 
It was necessary to assume the form of the dependence to calculate k_2 and we 
assume, from Boyer and coworkers, a flip-flop mechanism for the enzyme 
which leads directly to a prediction for this dependence. The evidence presented 
by Choate et al. [24],  however, is not conclusive of  a flip-flop mechanism in 
that ATP dependence of  exchange could be due to ATP acting through a 'regu- 
latory' site, either to decrease k-2 or to increase k3. Stronger evidence is per- 
haps provided by Ref. 27, which shows that ITP (which cannot fit into the non- 
catalytic sites of F1) [12] stimulates ATP hydrolysis at suboptimal ATP con- 
centrations • , and the more recent paper from Boyer's group [35].  

* The  reader  s h o u l d  n o t e  that  a b e n t  1Iv in 1/s p l o t  is n o t  ind icat ive  o f  a f l ip- f lop m e c h a n i s m ,  i.e. a reac- 
t i o n  in w h i c h  t w o  (or m o r e )  ident i ca l  s i tes  a l ternate  as the  act ive  site.  S u c h  a m e c h a n i s m  w o u l d  pred ic t  
a l inear  p l o t  [ 9 , 3 3 ] .  
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Appendix 

Calculation o f  rate constants for the A TPase reaction 
1. At the break in Arrhenius plot for ATP hydrolysis (Fig. 3) at 18°C the 

rate limiting step of the enzyme changes. At this point, k2 = k3, using the sym- 
bols of Eqn. 1. By Eqn. 2, 1/kcat = 1/k2 + 1/k3 = 2/k3 [30] i.e. at 18°C, k3 = 
1.5" 103 s -1. From Fig. 3, k3 is virtually independent of temperature ( E  a = 

3 kcal/mol) and so at 30°C, k3 = 1.5 • 103 s -1. 
2. From Fig. 3, k2 is strongly dependent  on temperature (rate limiting below 

18°C, E~ = 29 kcal/mol). Assuming E a remains constant between 6 and 36°C, at 
18°C, k2 = 1.5 • 103 s -1. Therefore at 30°C, k2 = 1.7 • 104 s -1. 

3. Subject to the provisions above, ADP is a competitive inhibitor of the 
enzyme. If Ki ADP = 30 I~M = k3/k-3, we have: k-3 = 5 • 1071 • mo1-1 • s -1, which 
is not far from the diffusion limited rate. 

4. To find k-2 we use the observation that  k3 is dependent  on ATP. If we 
assume a flip-flop mechanism [ 24] then this dependence on ATP is the same as 
that  of the overall reaction velocity, i.e. 

([ATP]) 
]~3 = ]g~nax (Km + ATP) (4) 

Pi-H:O exchange is a competit ion between product release (k3) and reversal of 
bond splitting (k-2). When these are about  equal, we would expect about one 
excess 1sO to be incorporated into Pi (in addition to the single directly incor- 
porated 180) since product  release occurs on average about once per reversal. 
From Fig. 2 [24], this occurs at about 3 pM ATP (about 0.01 K i n ) .  

Under these conditions k3 = 1.5 • 103/100 = 15 s -1. Thus k-2 under these 
conditions also equals 15 s -1. There being no reason to assume otherwise, under 
saturating conditions, the value is taken of k-2 = 15 s -1. 

5. k l and k_ 1 are estimated from experiments using AdoPP[NH]P as an ATP 
analogue. We show above that  AdoPP[NH]P binds to the active site of the 
ATPase (Fig. 8), and that  it is a powerful inhibitor of  the enzyme. Fig. 9 shows 
that  k_ t for AdoPP[NH]P from F1 is very low and thus presumably the same 
holds for ATP. (Note that  InoPP[NH]P is a poor inhibitor of ITP hydrolysis 
[12,27] with Ki around 10 mM. Thus k-1 for ITP hydrolysis is around 107- 
times faster than for ATP hydrolysis). 

6. If k_ 1 is negligible, Km= k2/kl (Eqn. 2). We have: 

K m = 3 " 1 0  -4 M, and ks = 1.7 • 104 s -~ 

Therefore kl = 5 . 1 0 7  1. mol -~. s -1, which again is close to the diffusion 
limited rate. 

7. From Fig. 9, we can estimate k_l for AMP-PNP as around 4 • 10 -3 s-i, and 
Kd Ad°PP[NH] P as around "10 -9 M. These values will approximate the correspond- 
ing values for ATP; if anything, K d  ATP is likely to be lower than 10 -9 M. 
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