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Summary 

1. Purified luciferase and luciferin were used to study the time course of 
phosphorylation in submitochondrial particles. The light emitted was detected 
by a single-photon counter, using a multichannel analyser, and the results were 
analysed by an 'on-line' digital computer. 

2. Using NADH as substrate, phosphorylation showed, in general, four 
phases. These were (i) a period of increasing rate ('lag'}; (ii) a period of con- 
stant (positive) rate; (iii) a period of zero net rate (plateau), when the phospho- 
rylation potential was maintained at its equilibrium value, and (iv) a period of 
negative rate (ATP hydrolysis) after all the oxygen had been consumed. 

3. The lag phase, several seconds in length, was a function of the inhibitor 
protein content of the particles. It was decreased in particles treated to remove 
the inhibitor protein, either by prior enexgisation of the particles with NADH, 
or by addition of aurovertin, which competes with the inhibitor protein for the 
ATPase. It was concluded that the ATPase inhibitor protein inhibits both ATP 
synthesis and hydrolysis by the ATPase. 

4. The rate constant for the release of the inhibitor protein from the ener- 
gised membrane was determined from the time course of ATP production 
during the lag phase. The activation energy of this process was measured from 
the temperature dependence of the lag, and was shown to be 13.3 kcal/mol, 
lower than the activation energy of ATP synthesis or NADH oxidation. 

5. The rate constant for inhibitor release was dependent on 'ener~isation' of 

Abbreviations: FCCP, carbonyl dyanide p-trifluoromethoxyphenylhydrazone; HEPES, N-2-hydroxyethyl- 
pip erazine -N' -2 -e than esulphonic ac id .  
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the membrane, being lower in the presence of uncouplers. However, it was 
possible to decrease the rate constant considerably with agents that collapsed 
the membrane potential without uncoupling the membrane. It was concluded 
that the inhibitor protein responded to the membrane potential component of 
the energisation. 

6. A kinetic model for energy~iependent dissociation of the ATPase- 
inhibitor complex is proposed. 

Introduction 

The ATPase inhibitor protein, first isolated from mitochondria by Pullman 
and Monroy [1], is a small, heat-stable protein (molecular weight 10 000) 
which inhibits ATP hydrolysis by the coupling ATPase. On the membrane- 
bound ATPase it also inhibits all ATP-driven coupled processes [2,3]. 

The effect of the inhibitor protein on phosphorylation is less clear. The 
inhibitor protein is not necessary for phosphorylation, nor does it inhibit 
phosphorylation when measured over a 5 min period [1] (see below). On ther- 
modynamic grounds it is unlikely that the inhibitor protein can inhibit the 
back reaction of phosphorylation (ATP hydrolysis) and not the forward reac- 
tion. The solution to this paradox presumably lies in the finding that the 
inhibitor is released from its inhibitory site on the ATPase under energised con- 
ditions [4,5 ], e.g. when phosphorylation is occurring. 

We have measured phosphorylation in submitochondrial part. icles during the 
first few seconds after the initiation of oxidation. This was made possible by 
using a stopped-flow mixing system and by continuous monitoring of ATP 
production using purified luciferin and luciferase. We show that the release of 
the inhibitor protein is limiting to phosphorylation and that, as has been shown 
previously in chloroplasts [6], the ATPase inhibitor protein does indeed inhibit 
phosphorylation. 

Using particles containing different amounts of inhibitor protein, we demon- 
strate the existence of an equilibrium between 'free' and bound inhibitor 
protein, the position of which depends on the energisation of the membrane 
and, in particular, the membrane potential component of the 'proton motive 
force' [7]. A quantitative model is proposed to describe the ATPase-inhibitor 
interaction during the period of net phosphorylation. 

Materials and Methods 

Submitochondrial particles with a low inhibitor content were prepared by 
the method of Low and Vallin [8] from 'type II' mitochondria [3]. ATPase 
inhibitor was prepared by the method of Nelson et al. [9]. Inhibitor-supple- 
mented submitochondrial particles were prepared according to Horstman and 
Racker [10]. Inhibitor-depleted particles were prepared by incubating 1--2 mg 
particles, as prepared, in buffer I (200 mM sucrose, 20 mM Hepes, 5 mM 
sodium phosphate, 2 mM MgC12, pH 7.5 with NaOH) with 100/AVI NADH for 
about 10 min, i.e. until all the NADH had been used up and the particles 
become de-energised again (cf. Ref. 11). Under these conditions, (no ATP, 
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high pH) the ATPase inhibitor does not  recombine with the ATPase after its 
release in the time intervals used here. 

ATP was measured using the luciferin/luciferase system, essentially as 
described by Lemasters and Hackenbrock [12]. The sensitivity of  the method 
was increased by using purified luciferase [13] and synthetic luciferin (Sigma 
biochemicals). Under these conditions, the light produced is proportional to 
ATP concentrat ion over a wide range, and the t ime-dependent  'decay'  of  the 
light produced,  seen with unpurified luciferase, is virtually eliminated [ 14]. 

ATP hydrolysis was measured as previously [ 3 ]. 
Luminescence was followed by single-photon counting, using an ORTEC 

multichannel analyser model 6220 to collect and store the data. Counts were 
corrected for double-photon events, and analysed by a PDP 11/05 computer .  

Theoretical treatment 

Our model  for the ATPase-inhibitor (E-I) interaction is as follows: 
1. The interaction is represented by the equilibrium [6] 

kl  
E + I ~ - E I  ( 1 )  

k-  1 

2. The value of  Ks = k l / k _ ~  depends on the state of energisation of the mem- 
brane [4--6],  since k-1 is energy dependent.  

3. The energisation of  the membrane is very rapid compared to k_~ (see 
below). 

4. Thus, after energisation, the equilibrium (Eqn. 1 ) relaxes to a new posi- 
tion where the final concentrat ion of  (free} E is ~, and of  I is ~-. From Eqn. 1 
the progress of  the dissociation is given by 

e = T [ 1  - -  (1  - -  eo/e-)exp(--t/'r)] ( 2 )  

where e, the concentrat ion of (free) E at t ime t; 
e0, the initial concentrat ion of  E; 
~, the equilibrium concentrat ion of  E; 
i0, the initial concentrat ion of  I is zero; 
T, the relaxation time of  the process. 

In general, r = (k-1 + (e + ~-)kl) "1. However, in this sytem, when t -* 0, the 
rate of association will be very low (free [1] low, [ATP] low) and kl can be 
neglected. Thus r ( t  = O) = 1 /k_1 ,  as for a simple unimolecular reaction. 

5. It is no t  possible to see the EI dissociation directly. It is moni tored by 
measuring ATP production.  Assuming excess Pi to be present, we assume 

d[ATP] 

dt 
- ~  = k 2 [ A D P ] e  (3) 

i.e. only the non-inhibited ATPase makes ATP. Substituting Eqn. (2) in (3) 

d t A T P ]  
- -  - k 2 A D P  e [1  - -  (1  - -  eofe-)exp(--t/'f)] 

d t  
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Integrating, we have 

[ATP] = ([ATP]t= 0 + k2[ADP]F[t -- (1 -- eo/e)r]) + (k2 [ADP]b--(1 -- e0/e-)T exp(--UT)) (4) 
A(t) S(t) 

The linear term in Eqn. (4), A(t) shows the situation when t > r. The expo- 
nential term B(t) then vanishes. ATP is then produced at a constant  rate, 
k~[ADP]~, corresponding to phase II (see below). This rate, extrapolated to 
[ATP] = 0, does not  pass through t = 0 but  is displaced along the time axis to 
cross it at a positive value of  t. This value is referred to below as the 'lag' and, 
in our model,  is given by ' lag '= (1- -eo[e)T.  When e0 ~ 0, as in inhibitor- 
supplemented particles, the lag is equal to r, the relaxation time. 

The exponential  term, B(t) represents that quanti ty of  ATP made in the 
period before the rate becomes linear, i.e. it corrects for the fact that  some 
ATP is formed during the 'lag' period, r can be calculated from B(t) for any 
particles (i.e. e0 need not  necessarily ~0) .  A plot  of  In B(t) against t yields a 
line, the initial region of  which is linear with a slope --1/r  = --k-l .  

As stated above, the amount  of  free E increases to an equilibrium value ~-. 
This implies that, as t increases, the association reaction becomes significant 
(free [I] increases, [ATP] increases). As this occurs, the slope of  In B(t) versus 
t deviates from --/e_~. An increase in slope is expected,  r is therefore measured 
close to t = 0, i.e. from the initial slope of  In B(t). 

Results 

Charaeterisation of  the su bmitochondrial particles used 
Submitochondrial  particles with a relatively high ATPase activity, about  

3 tzmol • min -1 • mg -x protein, can be prepared from mitochondria,  themselves 
prepared in the presence of  succinate throughout  ( type II mitochondria)  [3]. 
Apparently some ATPase inhibitor protein is lost during preparation and/or  
storage of  the mitochondria.  An estimate of  the amount  of  inhibitor lost can be 
made by comparing this ATPase activity with that  o f  'AS' particles, which are 
completely stripped of  inhibitor protein by  Sephadex treatment  [ 10].  This latter 
ATPase activity is between 9.5 and 11 tzmol" min-*,  mg -x [15].  Thus the 
particles used here, designated 'untreated particles' below, probably have about  
70% of their ATPase still inhibited. 

Treatment  of  these particles with NADH at pH 7.5 gives particles with a 
stimulated ATPase activity, 6--7 tanol • min-~ • mg -1 protein [ 11 ]. This increase 
(which persists even after all the NADH is used up) results from the loss or dis- 
placement of  the inhibitor protein from its inhibitory site on the ATPase. The 
NADH-pretreated particles are referred to as ' inhibitor-depleted particles'. 

Conversely, particles with a very low ATPase activity can be prepared by 
incubating the untreated particles with MgATP (500 tzM) and excess inhibitor 
protein in low-salt buffer  at pH 6.5 [10].  After  excess free inhibitor, and ATP, 
had been removed by centrifugation, these particles showed an ATPase activity 
of  0.3 tzmol • min -x • mg -~. Nearly all the ATPase (probably greater than 95%) 
is thus complexed with the inhibitor protein. These particles are referred to as 
' inhibitor-supplemented'  particles. 

Table I shows that,  in spite of  the large differences in ATPase activity, the 
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T A B L E  I 

I N H I B I T O R  C O N T E N T  A N D  C O U P L I N G  IN S U B M I T O C H O N D R I A L  P A R T I C L E S  

A T P  h y d r o l y s i s  was  m e a s u r e d  b y  c o n t i n u o u s  m o n i t o r i n g  o f  Pi re lease  as  p r e v i o u s l y  [ 3 ] .  2 p M  F C C P  w a s  
p r e s e n t  t h r o u g h o u t .  S imi la r  r e su l t s  we re  o b t a i n e d  w h e n  h y d r o l y s i s  was  f o l l o w e d  us ing  a r e c o r d i n g  p H  
m e t e r  [ 4 ]  ( n o t  s h o w n ) .  P / O  r a t i o s  a n d  r e s p i r a t o r y  c o n t r o l  (= r a t e  o f  N A D H  o x i d a t i o n  + A D P  / 
r a t e  - -  A D P )  were  m e a s u r e d  in  b u f f e r  I as p r e v i o u s l y  [ 1 6 ]  u s i n g  N A D H  as s u b s t r a t e .  T h e  r e s p i r a t o r y  con -  
t r o l  r a t i o  w i t h  F C C P  was  3 .8  in b o t h  se ts  o f  pa r t i c l e s .  The  e q u i l i b r i u m  p h o s p h a t e  p o t e n t i a l ,  A G p  w a s  cal-  
c u l a t e d  f r o m  the  p l a t e a u  level  (Fig .  1) in  t he  luc i f e ra se  r e a c t i o n ,  a s s u m i n g  AMP p r o d u c t i o n  to  b e  negligi-  
ble u n d e r  t hese  c o n d i t i o n s  ( l o w  A D P  c o n c e n t r a t i o n )  a n d  t h u s  A D P f i n a  I = A D P a d d e  d - -  A T P f i n a l .  C o n t r o l  
e x p e r i m e n t s  in w h i c h  a d e n y l a t e  k inase  a c t i v i t y  was  m e a s u r e d  d i r e c t l y  s h o w  t h a t  s u c h  a c t i v i t y  w o u l d  l ead  
t o  a n  e r r o r  ( u n d e r e s t i m a t e )  in  G p  o f  0 . 1 5  k c a l / m o l .  ~tH+ was  m e a s t t r e d  b y  t h e  f l o w  d ia lys i s  t e c h n i q u e  
[ 1 7 ] .  V a l u e s  r e p r e s e n t  t h e  ave rage  o f  t w o  or  t h r e e  d u p l i c a t e s  o n  the  s a m e  p r e p a r a t i o n  o f  pa r t i c l e s ,  n .d . ,  
n o t  d e t e r m i n e d .  

Type of Hydrolysis rate P/O ratio Respiratory AGp A~RH+ * 
submitochondrial (#tool/rain per rag) control (kcal/mol) (mV) 
particles 

U n t r e a t e d  3 . 9 3  (+5%)  2 .3  (+-0.2) 1 . 4 5  ( + 0 . 0 5 )  1 1 . 8 2  ( + 0 . 1 5 )  n .d .  
I n h i b i t o r  supp l e -  0 . 3 7  1 .9  1 . 4 5  1 1 . 6 1  1 9 5  ( + 3 0 )  

m e n t e d  
I n h i b i t o r  6 .41  2 .0  n . d .  1 1 . 7 7  1 8 9  

d e p l e t e d  

* K i n d l y  m e a s u r e d  b y  Dr.  M.C. S o r g a t o .  

three types of particles are equally 'coupled'  in the accepted sense of the term. 
They all show the same P/O ratio, respiratory control ratio with ADP (and with 
FCCP, not  shown), equilibrium phosphate potential AGp, and equilibrium 
proton motive force, ApH+, within experimental error. It was concluded that  
over the periods of measurement (3--15 rain) the inhibitor was not  necessary 
for, nor  did it interfere with phosphorylation. Addition of free inhibitor, in 
five-fold excess over the particles, similarly did not  affect the coupling as 
measured by these parameters (not shown). 

Time course of phosphorylation 
Phosphorylation over the period 0.5--50 s after the addition of NADH was 

measured using a rapid mixing device in a stopped-flow arrangement. In the cell 
used here (volume 5 ml), mixing was complete after 0.5 s. The time constant of 
the lucfferin-luciferase reaction is about 0.2 s [12], and so data were collected 
over consecutive periods of 0.2 s each. 

Phosphorylation, in general, comprised four phases (Fig. 1); phase I of low 
but increasing rate, or lag phase, of 5--10 s; phase II, characterised by a con- 
stant rate of ATP production, of 20--30 s at 30°C at the protein concentration 
used here; a plateau region, Ill, where no net ATP production occurs, of 2--3 
rain; and a phase of net ATP hydrolysis, IV, which occurs when all the oxygen 
has been consumed. 

Fig. 2 shows that the lag phase in ATP production does not result from a lag 
in NADH oxidation. Oxidation is linear over the period 0.1--15 s. The lag 
demonstrated in Fig. 1 in ' inhibitor,supplemented'  particles disappears in 
' inhibitor~lepleted' particles (Fig. 2) (and is less in untreated particles, Fig. 4). 
It was concluded that  the lag phase was due to the slow release of  the inhibitor 
urotein from the ATPase. 
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Fig. 1. T i m e  course  o f  A T P  p r o d u c t i o n  in i n h i b i t o r - s u p p l e m e n t e d  part icles .  Th e  t w o  syringes of  the  
s t opped - f low  a r r a n g e m e n t  were  each  filled wi th  7 m l  200  m M  sucrose .  20 m M  Hepes ,  5 m M  s o d i u m  
p h o s p h a t e ,  2 m M  MgC12, b r o u g h t  to  pH 7.5 wi th  NaOH.  To  one  was ad d ed  1--2 m g  inhib i tor -supple-  
m e n t e d  s u b m i t o c h o n d r i a l  par t ic les  (see Materials  and  Methods ) ,  30/~g luci fer in ,  and  an  a l iquo t  (less t han  
50 ~1) o f  luciferase ,  suf f ic ien t  to yie ld  10 000  c o u n t s  in 0 .2  s wi th  1 /~M ATP.  To  the  o th e r  was a d d e d  
20 /~M ADP and  1 m M  N A D H .  A f t e r  equ i l ib ra t ion  a t  30~C, the  r eac t i on  was  in i t ia ted  by  m a n u a l l y  dr iving 
the  r eagen t s  in to the  m e a s u r i n g  cell, where  t hey  m i x e d  in a I : I ra t io .  Th e  t ime  of  mix ing  was  500  ms,  
and  the  cell v o l u m e  5 ml ,  the  r e m a i n i n g  fluid f lushing o u t  the cell or  r ema in in g  in the  tubes  leading to  the  
cell. T he  r e a c t i o n  was  fo l lowed  by m e a s u r e m e n t  of  l uminescence ,  as desc r ibed  in Materials  an d  Methods .  
255  da ta  po in ts  were  co l l ec ted  on  each  t ime  scale. 

This conclusion was supported by the effect of aurovertin on phosphoryla- 
tion. In inhibitor-supplemented particles, pretreatment with aurovertin 
decreases the lag before phosphorylation (Fig. 3). Aurovertin is known to 
displace the inhibitor protein from the ATPase [18]. The decrease in lag was 
accompanied by a decrease in steady-state rate of phosphorylation due to the 
inhibitory action of aurovertin itself (not shown). 

a b 3.5 5.0 
I 

[ATP] pM [NAB+] 4.5 ~[ATP] pM [NAB+] 

3.0 " I " 
4.0 " 

2.5 3.5 ." 

2.0 3.0 ° 
" 2.5 ' * 

. 5 i " 

• " 2.0 • 2 

1 . 0  • t.5 * 

1 . 0  I 

0 . 5  
..... 0 . 5  

TIME TIME 
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4 8 12 16 20 0 4 8 12 16 20 

Fig. 2. P h o s p h o r y l a t i o n  a nd  N A D H  ox ida t i on  in s u b m i t o c h o n d r i a l  part icles .  P h o s p h o r y l a t i o n  was 
m e a s u r e d  as in Fig. 1, e x c e p t  t h a t  i nh ib i to r -dep le t ed  par t ic les  (see Materials  an d  Methods )  (b)  rep laced  
i n h i b i t o r - s u p p l e m e n t e d  par t ic les  (a) as ind ica ted .  N A D H  o x id a t i o n  was  m e a s u r e d  s p e c t r o p h o t o m e t r i c a l l y  
in an  a i r -dr iven s t o p p e d - f l o w  a p p a r a t u s  (mod i f i e d  f r o m  Gibson  and  Miines [ 2 6 ] ) ,  Th e  p a t h  length  of  the  
cell was  3 r a m .  T he  m i x i n g  t i m e  was  less t h a n  10  ms.  Cond i t ions  were  as in Fig. I e x c e p t  t h a t  luci ferase  
a nd  luc i fer in  were  o m i t t e d ,  the  init ial  N A D H  c o n c e n t r a t i o n  was 0 .37  m M  and  the  par t ic le  c o n c e n t r a t i o n  
was 0 .6  m g  p r o t e i n / m l ,  e ,  ATP;  • , N A D  +. 
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Fig. 3. E f fec t  of  a u r o v e r t i n  on  release of  inh ib i to r  p ro te in .  P h o s p h o r y l a t i o n ,  in i n h i b i t o r - s u p p l e m e n t e d  
par t ic les ,  was  m e a s u r e d  as in Fig. 1. The  lag, as de f ined  in Th eo re t i c a l  t r e a t m e n t ,  was m e a s u r e d  as the  dis- 
p l a c e m e n t  of  the cons tant  s lope region (phase II)  f r o m  the  t ime  of  mix ing .  Vary ing  a m o u n t s  of  au rove r t i n  
were  a d d e d  as indicated,  to the syringe con ta in ing  the  part icles .  

Fig. 4. C o m p a r i s o n  of  p h o s p h o r y l a t i o n  ra tes  in par t ic les  of  d i f f e ren t  inh ib i to r  c o n t e n t .  P h o s p h o r y l a t i o n  
was  m e a s u r e d  as in Fig. 1, e x c e p t  t ha t  i nh ib i to r -dep le t ed  par t ic les  ( u p p e r m o s t  cu rve )  or  u n t r e a t e d  
par t ic les  (midd le  cu rve )  r ep laced  i n h i b i t o r - s u p p l e m e n t e d  par t ic les  ( lowest  curve)  as ind ica ted .  

These experiments were carried out at 10 aM ADP (final concentration) 
where the rate of adenylate kinase activity was negligible (10%) compared with 
oxidative phosphorylation. Using ADP concentrations between 0 and 20 ~M 
the KAm DP was found to be 28 vM for phosphorylation under these conditions. 

Kinetic parameters of release of the inhibitor protein 
During the lag phase of phosphorylation, we consider inhibitor release to be 

rate limiting, rather than a slow build-up of 'energisation of the membrane' * 
This conclusion is based on our experimental finding that inhibitor-deficient 
particles start to phosphorylate, at maximal rate, within the mixing time 
(less than 500 ms) (Fig. 2). Thus their membrane is maximally energised within 
the 500 ms period. Since inhibitor-supplemented particles are equally well 
'coupled' by several criteria (Table I), and start to oxidise NADH at their 
maximal rate immediately (Fig. 2), it is concluded that their membrane also is 
fully energised within the mixing time. Thus it must be inhibitor release which 
limits phosphorylation in the lag phase. 

As a working model, we consider the lag phase as the relaxation of the 
ATPase-inhibitor equilibrium to a new equilibrium position under the influence 
of an (instantaneously) energised membrane. This equilibrium position, indeed, 
governs the steady-state rate of phosphorylation, phase II. In the steady state, 
untreated particles phosphorylate faster than inhibitor-supplemented particles 
(Fig. 4). Inhibitor-depleted particles initially phosphorylate very rapidly, but 
the rate is quickly reduced to approach the steady-state rate of the parent 
particles (Fig. 4). This can be explained by a net recombination of displaced 

:We use the  t e r m s  ' energ i sa t ion  of  the  m e m b r a n e '  or  ' energised  m e m b r a n e '  in a general  sense,  m e a n i n g  
any  free energy tha t  is avai lable tb dr ive p h o s p h o r y l a t i o n  of  ADP,  i r respect ive  of the  m e c h a n i s m  by 
which  the energy  is conse rved .  
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inhibitor with the ATPase, as compared to a net  dissociation in the supple- 
mented particles (see Discussion). 

In its initial stages, the relaxation approximates to a first-order process. 
Fig. 5 shows a logarithmic plot of  B(t)  = [ATP]t - - A ( t )  (see Eqn. 4) versus 
time. Over the initial region, this plot is linear and the rate constant  for the 
dissociation of the ATPase-inhibitor complex k-l  can be measured from the 
slope (see Theoretical treatment}. Its value, at 30°C, is 0.2 s -1. 

The inhibitor protein is released more quickly as the temperature is raised. 
An Arrhenius plot for k- l ,  determined as above, between 20°C and 40°C is 
linear (Fig. 6, lower curve), with Ea = 13.3 kcal/mol, as compared to 29 kcal/ 
mol under non-energised conditions [ 15]. This activation energy is rather lower 
than for ATP production (14.7 kcal/mol) (Fig. 6, upper curve} or NADH oxida- 
tion {17.5 kcal/mol) measured spectrophotometrically (not  shown). Both the 
latter two values obtained on inhibitor-depleted particles where the plots are 
linear. An Arrhenius plot for phosphorylat ion by untreated or inhibitor- 
supplemented particles is curved, apparently because the rate-limiting process 
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Fig. 5. Progress  of  r e l a x a t i o n  t o w a r d s  the  energ ised  ATPase - inh ib i to r  equ i l i b r i um.  P h o s p h o r y l a t i o n  in  
i n h i b i t o r - s u p p l e m e n t e d  par t ic les ,  was  m e a s u r e d  as in  Fig. 4. ATP p r o d u c e d  dur ing  tha t  pe r iod  w h e n  the 
ra te  was  l o w e r  - A( t )  above  - was  s u b t r a c t e d  f rom the  t o t a l  ATP p r o d u c e d ,  and  the  r e su l t an t  ' ex t r a  ATP '  
p r o d u c t i o n  p l o t t e d  l o g a r i t h m i c a l l y  aga ins t  t. The values  r ep re sen t  B(t) ( in  re la t ive  un i t s )  as desc r ibed  in  
Theore t i ca l  t r e a t m e n t ,  and  the  s lope  is - r  - l  , the  inverse  r e l a x a t i o n  t i m e  of  the  a p p r o a c h  to  the  s t eady  
s ta te .  E x t r a p o l a t i o n  to  t ~ 0 y ie lds  ---r -1 (t  = 0),  w h i c h  equals  --h_ l . 

Fig. 6. T e m p e r a t u r e  d e p e n d e n c e  of  re lease  of  the  i n h i b i t o r  p ro t e in ,  k_  l ,  t he  ra te  c o n s t a n t  for  the  
i n h i b i t o r  re lease  was  m e a s u r e d  b e t w e e n  20°C and  40°C as in  Fig. 5 (7 = l / k _  l ). P h o s p h o r y l a t i o n  ra te ,  in  
i n h i b i t o r - d e p l e t e d  par t i c les ,  re fers  to  the  in i t i a l  s lope  of  the  t i m e  course  of  ATP syn thes i s  by  these  par-  
t ic les  (Fig.  4). E a is ca l cu la t ed  f rom the  s lope  of  these  l ines,  using the  A r r h e n i u s  e q u a t i o n ;  I n k  = Ea/ 
R(- -1 /T ) .  • e, p h o s p o r y l a t i o n  ra te ;  + +, i n h i b i t o r  re lease.  
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changes from an unknown process, at low temperature (possibly oxidation), 
to inhibitor release at high temperature (not shown). 

Energisation and the A TPase-inhibitor in teraction 
The position of the ATPase-inhibitor equilibrium is known to be affected by 

the 'energisation of the membrane' in submitochondrial particles [4,5]. This is 
seen, for example, from the increase in the relaxation time, T, induced by 
uncoupling the membrane by FCCP, or by freezing and thawing (Table II). 

The effect of other reagents on r is also shown in Table II. While all the 
reagents used decreased AGp to some extent, it can be seen that at comparable 
values of AGp, SCN- and K÷/valinomycin caused a particularly large increase in 
T (i.e. decrease in rate of inhibitor release). Under these conditions the mere- 
brahe potential is decreased. Other reagents, such as methylamine (decreases 
ApH), phenethyl biguanide (blankets the surface charge) and rotenone 
(decreases the oxidation rate, by 50--70% at this concentration) had much less 
effect on T. All these reagents also decreased the rate of phosphorylation (Table 
II) and, except for rotenone, the P/O ratio (not shown). They can therefore be 
considered 'uncouplers' to submitochondrial particles, but the mechanism of 
uncoupling is indirect and different from that of FCCP. This is discussed 
further below. 

None of these reagents, including FCCP, induced a lag in phosphorylation in 
inhibitor-depleted particles (not shown). Such particles, even when uncoupled 
by 70--80%, always begin to phosphorylate within the mixing time (less than 
500 ms). 

T A B L E  II  

E F F E C T  OF E N E R G Y  S T A T E  ON D I S P L A C E M E N T  OF I N H I B I T O R  P R O T E I N  

T he  r e l axa t ion  t ime ,  T, of  the  ATPase  inh ib i tor  release,  u n d e r  energised cond i t ions ,  was m e a s u r e d  in inhi- 
b i t o r - s u p p l e m e n t e d  par t ic les ,  as in Fig. 6. Var ious  add i t ions  were  m a d e  as ind ica ted .  In the  case of  valino- 
m y c i n  and  nigericin,  20 m M  KC1 was also present  and the part ic les  w e r e  incuba ted  for  30  rain a t  r o o m  
t e m p e r a t u r e  wi th  the  i o n o p h o r e s  + KC1 be fo re  m e a s u r e m e n t .  (Decreas ing  KSCN c o n c e n t r a t i o n  twice ,  and 
v a l i n o m y c i n  four  t imes ,  or  increas ing  p ro t e in  c o n c e n t r a t i o n  twice ,  did n o t  a f fec t  the  results  given here) .  
The  er rors  r ep re sen t  a range  of  three  dupl ica tes ,  n.d. ,  n o t  d e t e r m i n e d .  

Add i t ion  P h o s p h o r y l a t i o n  rate  T AGp  
( n m o l / m i n  Per m g  p ro t e in )  (s) ( kca l /mo l )  

N o n e  63 -+ 4 5.1 ± 0 .2  11.4 ± 0.2 
FCCP (7 pM) 23 6.6 9.9 
Nigericin (2 /~g /mg)  35  6.5 10.3 
None  * 48  7.5 n.d.  
KSCN (4 raM) 32 8.5 10 .5  ± 0.1 
V a l i n o m y c i n  (20  p g / m g )  28 8.7 10 .4  
Aurove r t i n  (24  riM) 32 2.6 10.3 
M e t h y l a m i n e  (12  raM) 59 6.1 10.7 
P h e n e t h y l  b iguanide  (1 O0/~M) 49 4.9 11 .0  
R o t e n o n e  (0 .2  n g / m g )  ** 46  5.7 11 .3  

* Particles f rozen  a t  - - 2 0 ° C  for  24 h, t hen  t h a w e d .  
** Resp i ra t ion  inh ib i t ed  by  50- -70% in o x y g r a p b  trace.  
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Discussion 

The significance o f  a 'lag' period in phosphorylation 
In agreement with other  workers [12,19] we have demonstrated a lag in 

phosphorylat ion,  of  the order of  seconds, when phosphorylat ion is initiated in 
submitochondrial  particles with NADH. These workers showed that the lag 
disappeared if phosphorylat ion were initiated with either an acid-base transi- 
tion, or by addition of  ADP to particles already oxidising NADH [12,19].  The 
significance of  this lag was, however,  not  discussed. 

Our results show that the occurrence of  this lag is correlated with the 
presence of  the ATPase inhibitor at its inhibitory site (Figs. 2 and 3), and not  
with either a lag in the oxidation of  NADH nor a slow build up of  energisation 
of  the membrane (Fig. 2). If the inhibitor is displaced from its inhibitory site 
(and the particles subsequently de-energised) the lag disappears. This is 
analogous to the situation in chloroplasts, where a lag observed in phosphoryla- 
tion [18,19] was also shown to be due to release of  the ATPase inhibitor pro- 
tein [6].  One interesting point  is the large difference in rates of  inhibitor 
release in the two systems, r for submitochondrial  particles is about  5 s, while 
in chloroplasts the process is 2--3 orders of  magnitude faster (T = 5--20 ms) 
[2O]. 

In two systems at least, therefore, the ATPase inhibitor protein inhibits both 
phosphorylat ion and ATP hydrolysis. A corollary of  this s tatement  is that  the 
rate of  phosphorylat ion is dependent  on the number  of  activated ATPase 
molecules in the steady state, and thus not  directly on the degree of  energisa- 
tion of  the membrane (cf. Refs. 22 and 23). We, and others [6,21],  have 
estimated the number  of  active ATPase molecules in stead-state-illuminated 
chloroplasts as abou t  10%. Starting from 97% inhibited submitochondrial  
particles, a figure of  about  30--40% activated ATPases in the steady state can 
be estimated from Fig. 4. With only 70% inhibited particles (Table I), the lag 
preceeding phosphorylat ion is undetectable,  which suggests that these particles 
start ou t  close to the equilibrium value, with e0 ~ e-. About  the same equilib- 
rium posit ion is reached with 97% inhibited particles, as shown by the rates of  
the steady-state phosphorylat ion.  Thus these latter must also reach a level of  
activation of  30--40% of  the ATPase molecules. 

Kinetics o f  inhibitor release 
For a quantitative analysis, a mathematical t reatment  of  the ATPase 

inhibitor interaction is proposed.  In submitochondrial  particles, the interaction 
is considered to be an equilibrium with an energy-dependent k_~ (for inhibitor 
release) [6] and ATP-dependent  kl (for combination) [10,15].  Thus, on 
energisation, the posit ion of  the ATPase-inhibitor equilibrium is shifted, and 
the new equilibrium position is approached with a relaxation time r. 

This model is supported by  the experiment  of  Fig. 4. In inhibitor-supple- 
mented particles, inhibitor release (kl) is initially dominant  and an equilibrium 
posit ion (K = k-l  = f(Att)/kl -- f ( [ATP]) ,  i.e. a constant  phosphorylat ion rate is 
eventually reached. As untreated particles start off  close to this position, the 
relaxation is hardly observed. More dramatic is the time course in inhibitor- 
depleted particles. These have been energised in the absence of  ADP, and thus 
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more inhibitor has been displaced than can occur during phosphorylat ion (e0 > 
4), both  because the energy level is somewhat  higher in the absence of  ADP 
(state IV) and because k, = f ( [ATP])  remains low. Placed under phosphoryla- 
tion conditions, since the inhibitor is still present in the system, these particles 
must reach the same equilibrium position as the particles from which they were 
derived. Thus k~ becomes dominant  and the rate of  phosphorylat ion falls with 
time (Fig. 4, upper curve) towards this equilibrium value. It should be possible 
to calculate k~ from the shape of  this curve, but  since k~ is a complex function 
of [ATP] [15],  and [ATP] is changing in time, this calculation was not  
a t tempted  * 

It is possible to calculate k_~, the rate constant  for the dissociation of  the 
inhibitor protein. In general, • as defined above = k_~ + (e + i)k÷~ for the 
relaxation. In the initial stages of  the dissociation, however, [I] = 0 and 
[ATP] ~ 0 and thus the ATPase inhibitor combinat ion can be ignored {k~ = 0). 
Under these conditions ~ = 1/k_~ and k_, can be calculated as 0.2 s -1 at 30°C. 
This value is remarkably constant  between different particle preparations (not 
shown). 

As t increases, the combinat ion rate becomes more significant. This leads to 
the 'lag', measured by extrapolation of  the equilibrium rate of  ATP synthesis 
to (ATP) = 0 (Fig. 2), being lower than the relaxation time, calculated from the 
logarithmic plot  (Fig. 5). The former naturally includes a componen t  due to 
reversal of the inhibitor dissociation, while the latter, measured by extrapola- 
tion to t = 0, does not. Thus, even on inhibitor-supplemented particles (about  
97% inhibited), r is some 10--20% higher than the 'lag' (Fig. 3, Table II). The 
ATPase-inhibitor recombinat ion is also reflected in the change in slope of  the 
log plot in Fig. 5 as t increases, the recombination rate increases (as ATP rises) 
and the curve changes slope (more negative). 

The model  therefore, seems consistent with the data, and the assumptions 
used in its derivation are justified (see Theoretical treatment).  The rate of  
release of  inhibitor protein under energised conditions (k_~ = 0.2 s -1) is very 
much faster than the rate of  release under non-energised conditons (k_~ = 
10 -4 s -~) [16].  This is, in fact, the increase in rate expected for a decrease in 
activation energy from 29 kcal/mol under nonlenergised conditions [15] to 
13.3 kcal/mol (Fig. 6) under energised conditions. This in turn suggests that  the 
mechanism of inhibitor release is the same in both cases {i.e. A in the equation 
k = A e x p ( - - E a / R T )  is a constant).  

A g e n t s  w h i c h  al ter  the  t i m e  cour se  o f  p h o s p h o r y l a t i o n  
The rates of  phosphorylat ion and inhibitor release can be changed indepen- 

dently. The best example of  this occurs with aurovertin, which decreases the 
affinity of  the ATPase for the inhibitor while also inhibiting phosphorylat ion 
[18].  This is seen, in our system, by a decrease in the lag {raised k_,) and a 
decrease in phosphorylat ion rate (Fig. 3). The biguanides, which may bind to 
the inhibitor binding site on the ATPase [24] are somewhat  similar. They 
decrease the rate of  phosphorylat ion,  but  have little effect  on T because they 

* W e  s h o u l d  n o t e  t h a t  a s  [ A T P ]  ~ ~ ,  k I ~ c o n s t a n t  [ 1 5 ] .  T h i s  J u s t i f i e s  o u r  u s e  o f  ~ a s  a c o n s t a n t  w h e n  

t > > v .  
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can bind only after the inhibitor is released (Table II). 
In contrast,  reagents that  affect  membrane energisation would be expected 

to change the rates of  inhibitor release and phosphorylat ion in the same direc- 
tion. If k_~ is a function of  'energy state', then decreasing energy state will 
decrease k_~ which will simultaneously increase the lag and decrease e ' / e t o  t 
(and thus the phosphorylat ion rate) in the steady state. This is seen both with 
true uncouplers,  such as FCCP, and with agents which affect specifically the 
membrane potential {Table II) but  do not  cycle, and thus should not  uncouple. 
In terms of  our model,  we would say that true uncouplers decrease k_~ and k2, 
while other  compounds  affect  only k_~, but  both affect  the steady state of  
phosphorylat ion,  which is governed both by k2 and 4. 

It is thus confusing to say, with Ort [25] that  all these reagents 'uncouple 
more strongly in the initial stages of  phosphorylat ion than in the steady state'. 
The lag in phosphorylat ion,  as we have seen, is due to the inhibitor protein and 
is not  observed if this protein is removed by pretreatment.  In the presence of  
inhibitor, some of  the ATPase molecules are initially shut down and, in con- 
sequence, more energy is dissipated via leaks during this period. 'Uncoupling',  
during this 'pre-steady-state'  period can be carried out  by any direct or indirect 
inhibitor of  the ATP synthase, and does not  require that the agent is a proton 
carrier, or that it decreases Ap~÷. 

Various reagents were used in order to determine the component  of  energisa- 
tin most  involved in inhibitor release. When AGp is t i trated to a fairly constant  
level (10.5 + 0.2 kcal/mol) we find that SCN- and K+/valinomycin, which 
collapse the membrane potential,  have by far the largest effect  on T. We con- 
clude that, as in chloroplasts [6] the displacement of  the inhibitor protein is 
largely dependent  on the membrane potential.  Under its influence, the inhibi- 
tor is considered to move from its site on the ATPase to another site, pre- 
sumably on the membrane.  
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