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Preincubation of Ft-ATPase with ADP and Mg 2+ leads to ADP binding at regulatory site inducing a 
hysteretic inhibition of ATP hydrolysis, i.e., an inhibition that slowly develops after Mg-ATP addition (Di 
Pietro, A., Penin, F., Godinot, C. and Gantheron, D.C. (1980) Biochemistry 19, 5671-5678). I t  is shown 
here that inorganic phosphate (Pi) together with ADP during preincubation abolishes the time-dependence 
of the inhibition after the addition of the substrate Mg-ATP. This preincubation in the presence of both Pi 
and ADP slowly leads to a conformation of the enzyme immediately inhibited after the addition of the 
substrate Mg-ATP. The Pi effect is half-maximal at 35 p M  and pH 6.6, whereas a limited effect is induced 
at pH 8.0. The preincubation of Fi-ATPase with Pi and ADP must last long enough (fl/2 ~- 5 rain). The 
effects can be correlated to the amount of Pi bound to the enzyme, 1 tool Pi per mol (apparent K1) of 33 
p M )  at saturation. Pi neither modifies the ADP binding nor the final level of the concomitant inhibition. 
When Pi is not present in the preincubation, the final stable rate of ADP-induced hysteretic inhibition is 
always reached when a near-constant amount of Pi has been generated during Mg-ATP hydrolysis. Kinetic 
experiments indicate that preincuhation with ADP and Pl decreases both Vma x and K m which would favor a 
conformational change of the enzyme. Taking into account the Pi effects, a more precise model of hysteretic 
inhibition is proposed. The natural protein inhibitor IF t efficiently prevents the binding of Pi produced by 
ATP hydrolysis indicating that the hysteretic inhibition and the IFt-dependent inhibition obey different 
mechanisms. 

* Part of this work was included in the Doetorat de Sp6cialit6 
in Biochemistry of G.F., 1984, Lyon. 
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Introduction 

It has been well established that F1-ATPase 
from mitochondria, bacteria or chloroplasts pos- 
sesses multiple binding sites for nucleotides and Pi 
(see the recent reviews, Refs. 1-4). It was previ- 
ously shown that binding of ADP to a regulatory 
site [5], specific for adenine nucleotides [6-8], 
induces a hysteretic inhibition, i.e., a progressive 
inhibition which leads to a stable low-rate after 
about 1 min of Mg-ATP hydrolysis. This ADP site 
has been recently localized on a [3 subunit [9]. 

Several types of Pi binding sites have been 
described. A high-affinity site was suggested as 
playing a catalytic role in ATP synthesis [10] and 
could be equivalent to the y-phosphate position of 
an ATP site [11]. A high-affinity site has been 
localized on the [3 subunit with a photoactivable 
analogue of Pi [12,13]. Additional, low affinity Pi 
binding sites have been reported [14]. It has been 
shown in previous work that low-affinity Pi sites 
might regulate the overall conformation of the 
enzyme inducing differential reactivity to chemical 
modification [15] and to trypsin proteolysis [16]. 

Diverse effects of Pi on the binding of ADP, 
depending on the conditions used and the source 
of F1-ATPase, have been reported. Pi was found to 
decrease the binding of ADP to the bacterial 
enzyme [17]. In the case of the chloroplastic en- 
zyme, Pi also was observed to decrease ADP bind- 
ing [18] whereas no effect was obtained with a 
photoactivable analogue of Pi [13]. In the case of 
the mitochondrial enzyme, no effect at all was 
induced whether Pi [10] or its photoactivable ana- 
logue [12] was used. 

The aim of the present work was to investigate 
the role of Pi in the ADP-induced hysteretic in- 
hibition of pig heart mitochondrial F1-ATPase ac- 
tivity and the concomitant ADP binding. It is 
shown that P~ does not modify the ADP binding 
related to hysteretic inhibition. On the contrary, Pi 
is necessary, in addition to ADP, to induce the 
final inhibition of ATPase activity. Indeed, when 
Pi is present during preincubation with ADP, a 
linear inhibited-rate is immediately observed upon 
addition of the substrate. The effect of Pi corre- 
sponds to a saturation binding of one tool Pi per 
mol enzyme at a high-affinity site. In contrast 
when Pi is absent from the preincubation medium, 

the setting up of the hysteretic inhibition is depen- 
dent on the Pi generated by Mg-ATP hydrolysis 
and thus a lag phase is observed. The inhibition 
induced by both ADP and Pi leads to a conforma- 
tion of the enzyme with a lower rate of ATPase 
activity and a lower K m for Mg-ATP. The natural 
protein inhibitor IF 1 efficiently prevents the Pi 
binding generated by ATP hydrolysis. 

Materials and Methods 

Materials. Nucleotides were purchased from 
Boehringer Mannheim. [U-14C]ADP, 510 m C i /  
mmol, came from the Radiochemical Center, 
Amersham, U.K. Their purity was checked by 
thin-layer ascending chromatography on poly(eth- 
yleneimine) cellulose with 0.7 M LiC1. [32p]Pi, 10 
mCi /ml  (or 10 mCi/250 #l) and carrier-free were 
from the Commissariat h rEnergie Atomique, 
France. The Gamma Prep-A kit used to prepare 
[y-aEp]ATP from [32p ]p  i c a m e  from Genofit S.A., 
Genrve, Switzerland. Pyruvate kinase and lactate 
dehydrogenase as 50% glycerol solutions were from 
Boehringer Mannheim. Ultrogel AcA 54 was from 
IBF. 

Biological preparations. Pig heart mitochondria 
were obtained as previously described [19]. The 
nucleotide-depleted F 1 was purified by the method 
of Penin et al. [20]. It was stored at - 70°C in 100 
mM Tris-HESO 4 (pH 8.0) containing 5 mM EDTA 
and 50% glycerol. Just before use, an aliquot was 
thawed, diluted in the appropriate buffer at pH 
8.0 or 6.6 and equilibrated in the same buffer by 
centrifugation-elution through a Sephadex G-50 
column [10]. The protein inhibitor IF 1 was purified 
from pig heart mitochondria [21] by the method of 
Ref. 22. Analysis by SDS polyacrylamide gel elec- 
trophoresis indicated an apparent relative molecu- 
lar mass identical to that of bovine IF 1 kindly 
provided by Prof. Y. Hatefi, La Jolla, California, 
U.S.A. 

The protein content of solutions was estimated 
by the method of Lowry et al. [23] as modified [24] 
using bovine serum albumin as a standard. The 
relative molecular weight for pig heart mitochon- 
drial F1-ATPase was taken as 380 000 [25]. 

Assay of A TPase activity. Spectrophotometric 
measurement were performed as previously 
described [8] in either 50 mM Hepes (KOH) (pH 



8.0) o r  50 mM Mes (Tris) and 25 mM KC1 (pH 
6.6). When kinetics of ATPase activity were 
studied, equal concentrations of ATP and MgC12 
from 0.05 to 3.4 mM were used. In all cases, a 1 
mM excess of MgC12 was added for full activity of 
the auxiliary enzyme system and Mg-ATP con- 
centrations were calculated assuming a stability 
constant of 167000 [26]. 

[32pIP i binding. Nucleotide-depleted F 1 (7.7 
mg/ml)  was diluted 10-fold and equilibrated in 
0.25 M sucrose/10 mM Mops (Tris)/10% 
glycerol/1 mM MgSO 4 (pH 6.6). The enzyme was 
incubated in the presence of 50 /~M ADP and 
increasing [32p]p i concentrations, from 5 to 100 
/~M, containing a constant amount of radioactivity 
of 3 • 106 cpm. After 30 rain at 30°C, each assay 
(100 /~1) was applied to the top of a Sephadex 
G-50 (fine) column and eluted by centrifugation 
[10,14]. The eluates were analyzed for their protein 
and radioactivity content. The latter was esti- 
mated with a Beckman LS 7000 liquid scintillation 
counter: 50-/~1 eluates were counted in 5 ml water. 
Controls were performed under the same condi- 
tions except that the enzyme was omitted. 

Binding of 32p species as generated from [7- 
32p]ATP hydrolysis. [y-32p]ATP was synthesized 
enzymatically [27] from [32p]p i at 10 mCi /250 /d .  
It was mixed with 10 mM cold ATP to a specific 
radioactivity of 0.2-0.4.106 cpm/nmol .  The en- 
zyme (77/xg/100 /~1) in 0.25 M sucrose/10 mM 
Mops (Tris)/10% glycerol/1 mM MgSO 4 (pH 
6.6) was preincubated either with 0.2 mM [7- 
32p]ATP for 30 rain (equivalent to 0.2 mM 32p i 
and ADP) or with 50 /~M ADP for 30 min and 
further incubated with 0.2 mM [y-32p]ATP for 2 
rain (standard conditions for the setting up of 
hysteretic inhibition). In both cases, the total 
amount of bound [32p] species was estimated by 
centrifugation-elution. The eluates were collected 
in tubes containing 24 /~1 10% (w/v) sodium 
dodecylsulfate. Cold Pi and ATP (5 /xmol) were 
added as carriers and [32P]P i and [y-32 P]ATP were 
estimated after isobutanol-benzene extraction [28] 
as modified [29]. 

Measurement of [14C]ADP binding concomitant 
to the hysteretic inhibition. The previously pub- 
lished method was used [5,8] in the presence or 
absence of Pi- 

Chemical modification by DCCD. Nucleotide- 
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depleted F 1 (1.0 mg/ml)  in 0.25 M sucrose/10 
mM Mops (Tris)/10% glycerol/2 mM EDTA 
(pH 6.6) was incubated for 90 min at 30°C in the 
presence of 2 mM DCCD (solution in methanol, 
final concentration 2% in assay). Unbound DCCD 
was eliminated by centrifugation-elution through 
a column equilibrated in 0.25 M sucrose/10 mM 
Mops (Tris)/10% glycerol/1 mM MgSO 4 (pH 
6.6). A control assay was performed in the pres- 
ence of methanol but in the absence of DCCD. 
The residual ATPase activity of the unmodified or 
the DCCD-modified enzyme was measured by the 
spectrophotometric method, as described above. 

Results 

Effects of Pi at pH 6.6 on the kinetics of ADP-in- 
duced hysteretic inhibition 

When equilibrated at 0.6-0.9 mg /ml  in a buffer 
at either pH 8.0 or 6.6, the hydrolytic activity of 
the nucleotide-depleted F 1 (initially kept at pH 
8.0) was not significantly different. This activity 
was, however, very dependent on the pH of the 
ATPase assay medium and the presence of 10 mM 
(sodium) bicarbonate as an activating anion. A 
rate of 56-62/~mol ATP hydrolyzed/min per mg 
was obtained in 50 mM Hepes (KOH) (pH 8.0) 
which was enhanced to a value of 81-91 by 
addition of 10 mM (sodium) bicarbonate (Fig. 1, 
lower recording). A much lower rate of 19-23 
/~mol ATP hydrolyzed/min per mg was measured 
in 40 mM Mes (Tris) (pH 6.6) (Fig. 1B, lower 
recording) and the activity showed a very low 
sensitivity to the activating anion, since a limited 
activation of about 10% was observed. This might 
be attributed to the low amount of HCO 3 species 
at pH 6.6 (pKa, = 6.4). An intermediate activity, 
with an intermediate sensitivity to the activating 
anion, was obtained at pH 7.0 (not shown). Prein- 
cubation of the enzyme for 30 min in the presence 
of Mg 2+ and 400 /~M Pi did not modify the 
ATPase activity whether measured at pH 8.0 or 
6.6 (Fig. 1, lower recordings). When 50 #M ADP 
replaced Pi during preincubation, biphasic kinetics 
of Mg-ATP hydrolysis, characteristic of the hys- 
teretic inhibition [5], were observed (Fig. 1, middle 
curves). During the first few seconds, the Mg-ATP 
hydrolysis started at a rate similar to that of the 
control and then progressively diminished to reach 
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Fig. 1. Recordings of Mg-ATP hydrolysis by nucleotide-de- 
pleted F~ after preincubation at pH 6.6 with ADP and Pr The 
enzyme (0.6 mg/ml) in 0.25 M sucrose, 10 mM Mops (Tris), 
10% glycerol, 1 mM MgSO 4 (pH 6.6) was preincubated with or 
without 400 #M Pi (lower curves), which 50 /~M ADP alone 
(middle curves) or with both ADP and Pi (higher curves). After 
30 rain, the ATPase activity was measured in a final volume of 
0.62 ml in the presence of 10 mM NaHCO 3 at either pH 8.0 on 
0.6-/~1 aliquots (panel A) or at pH 6.6 on 2-/~1 aliquots (panel 
B), as described in Materials and Methods. The dotted lines 
were drawn from the steady-state rates to allow graphical 
extrapolation of the half-lag time of hysteretic inhibition (see 
the text). 

significant effect was produced (not shown). As a 
control,  the presence of  a Pi trap, composed of  
glyceraldehyde 3-phosphate,  N A D  ÷, glyceralde- 
hyde-3-phosphate  dehydrogenase,  pyruvate  and 
lactate dehydrogenase,  added before Pi, prevented 
the effect of  P~ against the lag phase of  hysteretic 
inhibition. The same Pi effects toward the A D P -  
induced hysteretic inhibition were observed in the 
absence of  glycerol with the native enzyme (con- 
taining tightly b o u n d  nucleotides). 

Dependence of Pi effects on Pi concentration and on 
the pH of preincubation medium 

Fig. 2 clearly shows that the concentrat ion 
dependence of  Pi effects greatly differed whether 
the p H  of preincubat ion was 6.6 or  8.0. At  p H  6.6 
(closed symbols) when Pi is essentially under  the 
monoionic  form, the half-lag time of  the setting up 
of  ADP- induced  hysteretic inhibition rapidly 

I I I I '  I 

a stable inhibition rate. When  the difference in 
activity between the experimental value and that 
of  the dot ted line extrapolated from the final 
steady-state rate was studied in semi-log plots as a 
funct ion of  reaction time, a straight line was ob- 
tained. This indicated that the lag phase before 
the steady-state rate was exponential.  Half-lag time 
values of  0.18 and 0.28 min were graphically 
determined for ATPase  activity, respectively, at 
p H  8.0 and 6.6, under  condit ions of  Fig. 1, middle 
recordings. 

When  both  A D P  and Pi were present during 
preincubat ion (Fig. 1, upper  traces), immediate  
linear kinetics of  inhibited Mg-ATP hydrolysis 
were obtained indicating that the presence of  Pi 
during preincubat ion suppressed the lag phase of 
the ADP- induced  hysteretic inhibition. It should 
be noticed that the immediate linear rate observed 
in the presence of  A D P  and the rather high con- 
centrat ion of  400 # M  Pi was even lower than the 
final inhibited rate induced by A D P  alone, whereas 
it was about  equal at 100 # M  Pr When  Pi was 
added in the ATPase  assay medium (1--2 min) 
instead of  the preincubat ion medium (30 min), no 
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Fig. 2. Effects of pH and Pi concentration during preincuba- 
tion with ADP on the half-lag time further required to reach 
the stable inhibited-rate of hydrolysis after Mg-ATP addition 
to the ATPase assay. Nucleotide-depleted F 1 (0.56 mg/ml) was 
equilibrated either in 50 mM Hepes (KOH)/10% glycerol/1 
mM MgSO4 (pH 8.0) (O) or in 0.25 M sucrose/10 mM Mops 
(Tris)/10% glycerol/1 mM MgSO 4 (pH 6.6) (e). After prein- 
cubation for 30 min at 30°C with 50 #M ADP and increasing 
amounts of Pi, the residual ATPase activity was measured at 
the corresponding pH on 1 #1 (pH 8.0) or 2 #l (pH 6.6). The 
half-lag time necessary to reach the stable inhibited-rate of 
ATP hydrolysis was determined as indicated in Fig. 1, middle 
curves, and plotted as a function of Pi concentration during 
preincubation. 



decreased when Pi concentration increased during 
preincubation. The recordings of Mg-ATP hydrol- 
ysis progressively lost their concavity to become 
completely linear. The half-maximal effect was 
obtained with 35 #M P~ whereas 250/~M Pi pro- 
duced about 90% of the maximal effect. In con- 
trast, only limited lowering in the half-lag time of 
inhibition was produced at pH 8.0 (open symbols), 
when Pi is essentially under the diionic form, even 
at high concentrations that also yield significant 
amounts of the monoionic form. The same limited 
lowering in half-lag time at pH 8.0 was obtained 
when the Hepes (KOH) buffer (Fig. 2) was 
replaced by Tris (Mes) or Tris (HC1). When the 
experiment was performed at pH 7.0 (data not 
shown), intermediate results were observed, since 
a 40% or a 68% decrease in the half-lag time was 
produced by 35 or 250 #M Pi, respectively. 

Dependence of Pi effects on the preincubation time 
The effects of Pi during preincubation are not 

immediate, since, as mentioned above, no signifi- 
cant effect on the ADP-induced hysteretic inhibi- 
tion was observed when Pi was added in the 
ATPase assay medium. It is shown in Fig. 3 
(closed symbols) that the time of preincubation of 
the enzyme in the presence of Pi (and ADP) must 
be long enough to suppress the lag phase of hys- 
teretic inhibition after addition of the substrate. A 
full effect was obtained after 30 min, while half- 
maximal effect was reached at about 5 min. As a 
control, the enzyme first preincubated with ADP 
and further incubated in the absence of Pi (Fig. 3, 
open symbols) retained the same half-lag time of 
hysteretic inhibition all along the time interval of 
preincubation studied. 

Binding of Pi related to abolition of the lag phase of 
hysteretic inhibition 

When the nucleotide-depleted F 1 was prein- 
cubated for 30 min at pH 6.6 in the presence of 1 
mM MgSO4, 50 /~M ADP and increasing [32p]p i 
concentrations up to 100 #M, a saturation curve 
of binding was obtained and linear double re- 
ciprocal plots (Fig. 4) allowed to extrapolate a 
maximal binding of 0.95 mol Pi/mol enzyme with 
an apparent K D of 33/~M. The amount of bound 
Pi was linearly correlated to the decrease of the 
half-lag time of ADP-induced hysteretic inhibition 
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Fig. 3. Effect of the time of preincubation with Pi on the 
half-lag time of ADP-induced hysteretic inhibition. Nucleo- 
tide-depleted F 1 (0.6 mg/ml)  was equilibrated in 0.25 M 
sucrose/10 mM Mops (Tris)/10% glyeerol/ l  mM MgSO 4 (pH 
6.6) and preineubated with 50 #M ADP at 30°C. After 30 
min, the solution was mixed (e) or not (O)  with 200/~M Pi. 
The ATPase activity was measured at pH 6.6 in the presence of 
10 mM NaHCO~ and was followed as a function of the 
preincubation time with Pi- The half-lag time of the recordings 
was estimated as in Fig. 1, middle curves. 

(insert Fig. 4): a binding of 0.86 mol [ 32p ]p  i w a s  

obtained during preincubation with 100 /~M Pi 
which produced a 75% decrease of half-lag time, 
while a complete abolition could be reached for an 
extrapolated value of 1.1 mol Pi bound/mol en- 
zyme. When the enzyme was first loaded with 0.86 
tool [32p]p i bound/mol (maximal amount experi- 
mentally bound in the presence of 100 #M [32p]p i 
as shown in Fig. 4) and then incubated for 1 min 
with 3 mM cold ATP just before the centrifuga- 
tion elution, a value of 0.74 m o l  [32p]p  i bound/mol 
was recovered indicating that the bound Pi was 
not markedly chased by about 1500 turnover of 
the enzyme. On the contrary, the Pi binding was 
largely prevented by addition to the preincubation 
medium of 50 /~M AMP-P(NH)P, a non hydro- 
lysable analogue of ATP (not shown here). 

Since ATP, which was readily hydrolyzed dur- 
ing the 30 min-preincubation in the presence of 
Mg 2+, was able to produce the same hysteretic 
inhibition as added ADP + Pi, the binding of 
[ 3 2 p ] p  i a s  generated by [y-32p]ATP hydrolysis was 



288 

10 
! 

o J  
E 
N 

415 

O 
E 

~ 5  
O_ 

o 
E 

/ 
0 

t ' I ' I 

. ~ 0 . 2  

° t  \ t  " - 0 :  
0 0.5 1 

• bound Pi 

l I i I 

100 200 

I/[Pi] (raM}-' 

Fig. 4. [32P]P i binding at pH 6.6 in the presence of ADP. 
Nucleotide-depleted F: (0.77 mg/ml) was incubated at pH 6.6 
in the presence of 5-100/~M [32p]p i and 50/~M ADP for 30 
min. The binding of [32PIP i was measured as described in 
Materials and Methods. Control experiments indicated that up 
to 100/~M Pi, no more than 4% of bound [32P]P i was eluted in 
the absence of the enzyme under the conditions used. Inset: 
correlation between [32P]P i binding and the decrease of the 
half-lag time of ADP-induced hysteretic inhibition. At each 
concentration of added [32p]p i, the binding was correlated to 
the effect on the half-lag time estimated as in Fig. 2. 

also investigated. Table I, upper line, shows that 
when the enzyme was preincubated at pH 6.6 in 
the presence of 1 mM MgSO 4 and 200-500 /~M 
[7-32p]ATP during 30 min, a total amount of 0.94 
mol [32p] species was bound per mol enzyme after 
centrifugation-elution. They were essentially con- 
s t i tu t ed  o f  [32p]p i (0.86 m o l / m o l )  a n d  o n l y  o f  

t r ace  a m o u n t  o f  [7-32P] A T P  (0.08 m o l / m o l ) .  

F ina l ly ,  w h e n  the  e n z y m e  was  first  p re in -  

c u b a t e d  wi th  1 m M  M g S O  4 a n d  5 0 / ~ M  A D P  for  

30 m i n  a n d  then  fu r the r  i n c u b a t e d  w i t h  0.2 m M  

[7 -32p]ATP for  o n l y  2 rain,  i.e., u n d e r  c o n d i t i o n s  

l e ad ing  to the  f ina l  l ow- ra t e  o f  ac t iv i ty  d u e  to 

hys te re t i c  i nh ib i t i on ,  o n l y  a l ow a m o u n t  o f  [32 P]Pi 

( 0 . 17 -0 .32  m o l / m o l )  was  b o u n d  a f te r  cen t r i fuga -  

t ion  e lu t ion .  H o w e v e r ,  h i g h e r  a m o u n t s  o f  [y- 
32p]ATP were  b o u n d  (0 .71 -0 .58  m o l / m o l )  a n d  

t h e r e f o r e  a to ta l  b i n d i n g  of  a b o u t  0.9 m o l  32p 

s p e c i e s / t o o l  was  o b t a i n e d  (no t  s h o w n  here) .  

TABLE I 

BINDING OF [32p]p i AS GENERATED FROM [7-32p]ATP 
HYDROLYSIS - PREVENTION BY IF l 

The nucleotide-depleted F 1 (40 #g) was preincubated in 50/~l 
0.25 M sucrose/10 mM Mops (Tris)/10% glycerol/1 mM 
MgSO 4 (pH 6.6) in the absence or the presence of 10 /~g IF 1 
and 0.5 mM [7-32p]ATP (216 cpm/pmoi). After 30 rain at 
30°C, the samples were diluted with an equal volume of the 
same buffer and submitted to centrifugation-elution. The 
eluates were collected in 2% sodium dodecyl sulfate (final 
concentration). The total 32p bound was estimated by counting 
in water. [y-S2P]ATP and [32P]P i were separated by iso- 
butanol-benzene extraction (see Materials and Methods) and 
counted. Each value is the mean of three separate experiments. 

Effector Bound label 
(mol/mol enzyme) 

Total [ 32 p] [7- 32 P]ATP [ 32 P]Pi 

Mg[ y- 32 P]ATP 0.94 0.08 0.86 
IF 1 + Mg[y-32 P]ATP 0.41 0.30 0.11 

Lack of Pi effect on the concentration-dependent 
ADP-binding concomitant to the hysteretic inhibi- 
tion 

As previously described, preincubation of 
nucleotide-depleted F t with [14C]ADP induced a 
maximal binding of about 3 tool ADP per mol 
enzyme, only one of them being directly correlated 
to hysteretic inhibition [5,7-9]. Fig. 5 shows that 
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Fig. 5. Binding of [a4C]ADP in the presence or absence of Pi- 
Nucleotide-depleted F1 (0.85 mg/ml) in 50 mM Mops (Tris)/ 
10% glycerol/1.5 mM MgSO 4 (pH 7.0) was incubated for 30 
rain at 30°C with increasing [14C]ADP concentrations (2-50 
/~M) in the absence (©) or the presence of 90 #M (e) or 5 mM 
(A) P~. The bound ADP was estimated after centrifugation 
elution. 



addi t ion  of 90 /~M or 5 m M  P~ to the pre incuba-  

t ion medium,  at any  A D P  concent ra t ion  tested, 
never affected A D P  b ind ing  al though these Pi 

concent ra t ions  decreased the half-lag t ime of hys- 
teretic inh ib i t ion  respectively by 52% and  98%, at 

p H  7.0. The presence of 400 # M  Pi dur ing  a 
30-min pre incuba t ion  of the enzyme at pH 6.6 did 

no t  modify  either the setting up of hysteretic 
inh ib i t ion  measured as a funct ion  of the t ime of 

addi t ion  of A D P  ( t l / 2  = 0 .5-1 min).  

Modulation of the half-lag time of ADP-induced 
hysteretic inhibition 

Table  II indicates that various condi t ions  mod-  
ifying the init ial  rate of ATPase  activity were able 
to affect the half-lag t ime of hysteretic inhib i t ion  
induced by  p re incuba t ion  with ADP.  When  the 
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enzyme concent ra t ion  in the aliquot increased (ex- 

per iment  1) producing  Pi more and  more rapidly, 
the half-lag time decreased. The total amoun t  of 

A T P  hydrolyzed and  therefore that of Pi l iberated 
dur ing  this period did not  markedly vary: it only 

increased 1.3-fold when the enzyme amoun t  in- 
creased 4-fold. In  the same way, a pre t reatment  by 

D CC D ,  which part ial ly inactivates the enzyme 

activity (6.7-fold lowering of the init ial  activity) 
bu t  does not  modify hysteretic inhib i t ion  [5,8], 
greatly enhanced the half-lag time, but  the amounts  

of Pi l iberated by A TP  hydrolysis were only 1.5- 
fold decreased (experiment 2). It should be not-  
iced that the half-lag t ime was reached at pH 6.6 

(experiments  1 and  2) for a Pi concent ra t ion  of 
about  6 - 8  # M  produced in the ATPase  assay 
medium. This concent ra t ion  is much lower than 

TABLE II 

TIME AND PHOSPHATE DEPENDENCE DURING THE ATPase ASSAY OF THE ADP-INDUCED HYSTERETIC INHIBI- 
TION STARTING WITH ENZYME SAMPLES OF VARYING ACTIVITIES. 

Nucleotide-depleted F 1 was equilibrated in 0.25 M sucrose/10 mM Mops (Tris)/10% glycerol/1 mM MgSO 4 (pH 6.6) and 
preincubated with 50 # M ADP for 30 min at 30 o C. The ADP-induced hysteretic inhibition was recorded as in Fig. 1, middle curves. 
The half-lag time necessary to reach the stable inhibited-rate was estimated as in Fig. 1. The amount of Pi generated by ATP 
hydrolysis during this time was calculated. 

Experiment pH in Conditions modifying Half-lag Pi generated by ATP hydrolysis 
ATPase assay ATPase activity time during half-lag time 

(min) (nmol) concentration 
(#M) 

1 6.6 enzyme amount (/~g) a 
0.75 0.30 3.8 6.1 
1.5 0.26 4.3 7.0 
3.0 0.19 4.9 7.9 

2 6.6 inactivation by DCCD (%) b 
0 0.27 4.4 7.1 

85 9.0 2.9 4.7 

3 8.0 activation by 10 mM HCO 3 c 
0 0.20 6.0 9.7 
+ 0.13 5.8 9.3 

a In experiment 1, different aliquots (1-4 #1) of the enzyme solution (0.75 mg protein/mi) were used. 
b Before incubation with ADP, nucleotide-depleted F 1 was first partially inactivated by DCCD in the same medium except that 

EDTA replaced MgSO 4 (see Experimental procedures). Before inactivation, the ATPase activity, at pH 6.6, was 21.2 and 5.7 ~mol 
ATP hydrolyzed/min per rag, respectively, in the absence and the presence of ADP. 

c Contrary to experiments 1 and 2 where the ATPase activity was measured in Mes buffer (pH 6.6), experiment 3 in the presence of 
bicarbonate anion was performed in Hepes buffer (pH 8.0), since only a very limited anion activation could be observed at pH 6.6. 
The activity was measured on 1-/~1 aliquots (0.75/~g protein). It was 58.8 and 11.5/~mol ATP hydrolyzed/min per mg, respectively, 
without and with ADP in the absence of anion, and 85 and 12.3 #mol ATP/min per nag in the presence of 10 mM (sodium) 
bicarbonate. Several experiments of each type 1, 2 or 3 were conducted. 
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TABLE III 

EFFECTS OF PREINCUBATION WITH ADP AND Pi AT 
pH 6.6 ON KINETIC PARAMETERS OF ATPase ACTIV- 
ITY 

Nucleotide-depleted F 1 (0.6 mg/ml)  was equilibrated by 
centrifugation elution in 0.25 M sucrose/10 mM Mops (Tris)/  
10% glycerol/1 mM MgSO 4 (pH 6.6) and preincubated for 30 
min at 30°C in the presence of 400 #M Pi or 50/~M ADP or 
both Pi and ADP. The ATPase activity was measured in the 
presence of increasing concentrations of MgCI 2 and ATP 
(0.05-3.4 mM) either in 40 mM Mes (Tris) (pH 6.6) or in 50 
mM Hepes (KOH) (pH 8.0) with 10 mM NaHCO 3. Under 
these conditions no apparent cooperativity was observed and 
Vma x and K m (Mg-ATP) were graphically extrapolated from 
double-reciprocal plots according to Lineweaver and Burk. 

Additions during Vm~ Km(Mg-ATP ) 
the 30-min (#mol  ATP (mM) 
preincubation hydrolyzed 
at pH 6.6 / m i n  per mg) 

pH 6.6 pH 8.0 pH 6.6 pH 8.0 

None 19.2 85.1 0.33 0.24 
Pi 19.6 89.6 0.34 0.24 
ADP 7.8 21.8 0.15 0.08 
ADP + Pi 6.1 16.4 0.12 0.07 

that required in the preincubation medium (35 #M 
in Fig. 2). The experiments of type 3 (Table II) 
show that when the enzyme activity at pH 8.0 was 
increased 1.5-fold by 10 mM (sodium) bi- 
carbonate, the half-lag time of hysteretic inhibi- 
tion was decreased but the amounts of ATP hy- 
drolyzed and Pi produced during this time were 
not significantly modified. 

Change in kinetic parameters of A TPase activity by 
preincubation at pH 6. 6 in the presence of A DP and 
Pi 

After preincubation of nucleotide-depleted F 1 
at pH 6.6, measurements of ATPase activity in 
Mes buffer pH 6.6 gave apparent control values of 
Vm~ x and K m (Mg-ATP) of 19.2 #mol ATP hydro- 
lyzed/min per mg and 0.33 mM, respectively (Ta- 
ble III). Addition of Pi alone during preincubation 
did not significantly modify these values. On the 
contrary, after preincubation with ADP, the stable 
inhibited-rate reached a maximal value 2.5-fold 
lower than that of the control and its dependence 
toward Mg-ATP concentration gave a 2.2-fold 

TABLE IV 

EFFECTS OF VARIOUS TREATMENTS ON THE REVERSION OF INHIBITION BY ATP ALONE OR IF 1 + ATP 

Nucleotide-depleted F 1 (0.42 mg/ml)  was incubated in 50 mM Mes (Tris), 10% glycerol, 1 mM MgSO a (pH 6.6) in the presence of 
0.5 mM ATP with or without 55 btg IF1/ml. After 30 min at 30°C, the residual ATPase activity was measured and 100-/~1 aliquots 
were used for each treatment. 

Effector in Activity 
the 30-min (/~mol ATP/min  per mg) 

preincubation before time of Centrifugation etution Ultrogel AcA 54 
treatment treatment at pH 8.2, EDTA 

(rain) treatment a treatment b 

(% reversion) (% reversion) 

None 59 20 57.5 
80 61.5 

ATP 19.5 20 62.5 100 
80 61.5 100 63.5 100 

IF 1 + ATP 15.5 20 23 16 
80 29.5 30 38 47 

a The samples were submitted to centrifugation-elufion at pH 8.2 in 40 mM Tris-H2SO a, 10% glycerol, 1.5 mM MgSO 4 and then 
mixed with 5 mM EDTA. The acdvity was estimated after 20 rain or 80 rain. 

b The samples were submitted to a slow Ultrogel AcA 54 gel filtration on a 20 x 0.6 cm-column equilibrated in 50 mM Mes 
(Tris)/10% glycerol/1 mM MgSO 4 (pH 6.6). The flow-rate was 4 m l / h  and the eluates containing the enzyme were obtained after 
80 min and used for activity measurements in Hepes buffer (pH 8.0). 



lower gm. When both Pi and ADP were present in 
preincubation, the effect was even more pro- 
nounced with decreases of 3.1-fold in Vma x and 
2.8-fold in K m. The same kind of results were 
obtained when the ATPase assay was performed 
in Hepes buffer (pH 8.0), in the presence of 
activating anion to suppress negative cooperativity 
[26,30]. Pi alone did not show any effect, Vma x and 
K m remaining constant to 85-90 /~mol ATP 
hydrolyzed/min per mg and to 0.24 mM, respec- 
tively. Decreases of 3.9-fold in Vm~ x and 3.0-fold 
in K m w e r e  observed with ADP, whereas values 
of 5.2 and 3.4 were obtained with both ADP and 
Pi, respectively. 

Effects of I F  1 on the A D P  and Pi-induced hysteretic 
inhibition 

The characteristics of hysteretic inhibition pre- 
sent similarities with the inhibition observed in the 
presence of IF 1 under specific conditions (see re- 
view Ref. 31). Indeed the inhibition with IF~ re- 
quires (i) a rather long preincubation in the pres- 
ence of Mg 2÷ and ATP, which is hydrolyzed to 
ADP + Pi, (ii) a slightly acidic pH [22] and (iii) IF 1 
binding to a high affinity site on the fl-subunit 
[32]. In addition, 11=1 prevents the release of ADP 
and ATP bound during preincubation with Mg- 
ATP [33]. Eventual relationship between the hys- 
teretic inhibition due to IF 1 has therefore been 
investigated. 

It is shown in Table I, lower line, that the 
addition of IF 1 just before Mg-[3,-32p]ATP in the 
preincubation drastically lowered the binding of 
[32p]p i produced during [7-32p]ATP hydrolysis. 
Moreover, when the enzyme preincubated with 
ADP was mixed with IF 1 before addition of Pi at 
pH 6.6, higher concentrations of Pi were required 
to decrease the half-lag time of hysteretic inhibi- 
tion: a half-maximal decrease was reached at about 
250/~M Pi in the presence of 11=1, as compared to 
35 ttM Pi in its absence, under conditions of Fig. 2 
(not shown here). 

Another important effect of IF 1 was to lower 
the rate of reversion of the inhibition produced in 
the presence of Mg 2÷ and ATP. Table IV shows 
that the hysteretic inhibition due to preincubation 
with Mg z+ and ATP at pH 6.6 was rapidly and 
completely reversed by increase of pH up to 8.2 
during a quick centrifugation-elution. The pres- 
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ence of IF 1 in the preincubation, which produced 
an additional inhibition, markedly lowered the 
rate of reversion promoted by the treatment since 
a only 30% reversion was observed after 80 min. A 
partial reversion of the inhibition produced by 
IF 1 + ATP was also reached after a slow gel-filtra- 
tion (80 min) on Ultrogel AcA 54 at pH 6.6 which 
completely released the ATP hysteretic inhibition 
obtained in the absence of IF r 

Discussion 

The present work shows that Pi, in addition to 
ADP, is required to induce the large inhibition of 
ATPase activity, previously characterized as hys- 
teretic inhibition [5]. A more precise model includ- 
ing the effects of Pi is proposed to explain the 
mechanism of hysteretic inhibition of F1-ATPase 
activity finally leading to the very compact and 
inhibited 1=1" conformation (Scheme I). 

Previous studies have shown that a time-depen- 
dent binding of ADP to F1-ATPase (half-time = 
0.5-1 min at pH 6.6) induces a first more compact 
conformation of the enzyme (step 1) exhibiting a 
low sensitivity to trypsin proteolysis and to the 
concomitant inactivation [18]. The binding of one 
mol ADP only per mol enzyme occurs at a regu- 
latory site specific to adenine nucleotides [6-8] 
located on a fl subunit [9]. The presence of Mg 2÷ 
prevents ADP to be rapidly released from its site 
(step 2) and addition of the substrate Mg-ATP 
(step 3) induces a second slow conformational 
change occurring during Mg-ATP hydrolysis with 
a half-time of 0.2-0.3 min (step 4). Considering 
this slow last step, one can wonder what event 
triggers the final conformational change leading to 
the stable inhibited-form 1=1". Is it only the Pi 
produced by Mg-ATP hydrolysis or the enzyme 
catalytic turnover or both? 

The experimental approach used in the present 
work has allowed to break away from the enzyme 
turnover. It is shown here that a preincubation of 
30 min with Mg 2+, ADP and Pi (step 1') leads to 
an enzyme that can be inhibited without lag and 
that contains at saturation 1 mol [32p]Pi/mol. The 
binding is not dependent on the enzyme turnover, 
since the saturation can be reached as well by 
preincubation with ADP a n d  [32p]Pi ,  i.e., without 
turnover, as by hydrolysis of [3,-32p]ATP during 
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Scheme I. Model of ADP plus Pi-induced inhibition of F~-ATPase activity. Half-reaction times at pH 6.6. 

the preincubation. The inhibited activity of the 1=1" 
form of the enzyme, characterized by a lower rate 
of ATPase activity and a lower K m for Mg-ATP 
as compared to the initial uninhibited-form of the 
enzyme, is immediately observed after addition of 
the substrate Mg-ATP (no lag at step 2'). A lower 
K m for Mg-ATP might reflect an increased affin- 
ity for the substrate. However, since Vm~ x and K m 
vary as to keep their ratio about constant, the 
decrease in K m could be explained by a Briggs- 
Haldane mechanism with k 2 >> k_ 1 as has been 
shown for the bovine heart enzyme [34,35]. The 
[32 P]Pi bound during preincubation remains bound 
to the enzyme during the course of Mg-ATP hy- 
drolysis, even after a large number of turnover. It 
is well known that Mg-GTP is a good substrate 
for F1-ATPase and that GMP-P(NH)P, a non 
hydrolysable analogue, is an efficient competitive 
inhibitor of both GTP and ATP hydrolysis [36,37]. 
GMP-P(NH)P has been shown to induce together 
with ADP and Pi a more compact enzyme confor- 
mation; the latter was characterized by a low 
ATPase activity no longer sensitive to activating 
anions [38] and by an increased a-helix content of 

the circular dichroism spectrum [37]. If GMP- 
P(NH)P really mimics the effects of ATP at the 
catalytic site, this would mean that the setting up 
of the final inhibition does not require many 
turnover of the enzyme, if any, although the cata- 
lytic site must be occupied by a nucleoside tri- 
phosphate. 

It is also shown here that Pi generated during 
1-2 min of ATP hydrolysis is responsible for the 
setting up of the inhibition at step 4, since a 
near-constant Pi concentration is needed to reach 
the final 1=1" conformation independently of the 
enzyme activity. 

A number of results, however, show that Pi is 
much more efficient at step 4 than at step 1' to 
abolish the lag phase of hysteretic inhibition: (i) 
the half-maximal concentration is lower (6-8 ~M 
against 35/~M); (ii) the half time is lower (0.2-0.3 
rain against 5 rain); (iii) the amount of bound P~ is 
lower (0.17-0.32 m o l / m o l  against 0.9-1.0 
mol/mol)  and (iv) the inhibition is less dependent 
on the pH (an inhibition is observed at either pH 
8.0 or 6.6 at step 4, whereas a slightly acidic pH is 
mandatory at step 1'). This pH dependence at step 



1' suggests that the monoionic form of Pi (PK2 in 
the range 6.9-7.2) is involved. However, since no 
marked effect is observed with high Pi concentra- 
tions at pH 8.0, a role of the (internal) pH itself at 
step 4 on the accessibility a n d / o r  reactivity of the 
Pi cannot be excluded. A conformational change 
or some another unknown factor occurring during 
turnover might also be involved. 

As was observed for ADP, the inhibition is 
related to the binding of only 1 mol Pi per mol 
enzyme with a high affinity (apparent K D = 33 
#M). Also about one mol Pi has been found to 
bind to the nucleotide-depleted enzyme from 
bovine heart mitochondria after preincubation in 
the presence of Pi, Mg 2+ and low amounts of 
ADP,  although no correlation was made with en- 
zyme activity [39]. Interestingly an opposite stimu- 
latory effect of phosphate at p H  7.5 on ATP 
hydrolysis u n d e r '  uni-site' catalysis conditions was 
recently reported [40]. However, this interpreta- 
tion must be taken with caution, since the high 
phosphate concentration of 50 mM which stimu- 
lates more than 10-fold the 'uni-site '  hydrolysis is 
also known to inhibit by about 50% the 'steady- 
state'  hydrolysis [26]. 

Only a limited amount  of the Pi produced by 
ATP hydrolysis is bound in the presence of IF 1. 
This indicates that 11=:1 likely maintains the P~ site 
empty by either preventing the P~ binding or pro- 
ducing the immediate release of the transitorily 
bound Pv It  cannot be excluded, however, that the 
Pi site might be at least partly occupied by the 
"/-phosphate moiety of ATP in the presence of IF~, 
since triphosphate nucleotides or analogues have 
been shown to inhibit Pi binding. IF t has also 
been shown to lower at step 1' the ability of Pi to 
decrease the lag phase of hysteretic inhibition. 
This might be correlated to the prevention by IF~ 
of the binding of free Pi from the preincubation 
medium to F1-ATPase, as shown for the bovine 
enzyme [10,33]. 

Another effect of IF1 is to slow down the rate 
of reversion of the inhibition produced in the 
presence of Mg 2+ and ATP. Therefore IF 1 inter- 
feres with hysteretic inhibition but the IFt-depen- 
dent inhibition is of a different type. 

In conclusion, it has been clearly established 
that the binding of 1 mol Pi at a high-affinity site 
together with the binding of 1 mol ADP per mol 
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enzyme is required to obtain the ADP-induced 
hysteretic inhibition and to suppress the lag ob- 
served in the setting up of the inhibition. The final 
inhibited-rate is even lower when Pi at high con- 
centration (at least 0.4 mM) is added together 
with ADP to the preincubation medium (step 1'). 
This may be due to additional Pi binding at low 
affinity site(s) [14,16]. It  is not known as yet 
whether these asymmetric Pi and ADP bindings 
play a catalytic or a regulatory role in the ATP 
synthesis reaction by the membrane-bound en- 
zyme. 
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