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Three catalytic sites in mitochondrial ATPase 
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Kinetic data obtained after determining the hydrolytic activity of ATPase from rat liver in preparations 
where the enzyme had been purified, or in mitochondria, strongly suggest the existence of three different 
catalytic sites with different affinity for the substrate. The results obtained when measuring the ATPase 
activity at different substrate concentrations, and in the presence of the inhibitors KOCN or KSCN, or 
of the activators diitrophenol and bicarbonate, show that the binding of these compunds to a regulatory 

site or sites affects in a different degree the hydrolytic activity of each catalytic site. 

Mitochondrial ATPase Fl-ATPase Catalytic site (Rat liver) 

1. INTRODUCTION 2. MATERIALS AND METHODS 

Kinetics studies of the hydrolytic activity of 
mitochondrial ATPase [ 1,2] suggest the existence 
of more than one catalytic site in the enzyme; their 
results are consistent with the presence of at least 
two sites with different kinetic parameters. The ex- 
istence of three catalytic sites had also been sug- 
gested in [3] after the observation that the 
hydrolytic activity of ATPase exhibited a max- 
imum at 3 different pH-values depending on the 
substrate concentration used. In [4,5], using dif- 
ferent analogs of ATP, results consistent with the 
existence of 3 catalytic sites and associated with 
each one of the subunits of ATPase, were obtain- 
ed. Two catalytic sites in beef heart mitochondrial 
ATPase were reported in [6], but an additional site 
was not ruled out. 

Rat liver mitochondria were isolated as in [7] in 
250 mM sucrose. Fr-ATPase was prepared from 
rat liver mitochondria as in [8]. 

ATPase was assayed by measuring the release of 
Pi essentially as in [9] in the absence of an ATP 
generating system. Aliquots of the Fr-ATPase of 
mitochondria were preincubated for 5 min at 30°C 
in 0.8 ml of a medium containing 50/1m 
Tris-acetate, at pH 7.4. The reaction was initiated 
by the addition of substrate (ATP-Mg2+) at the ap- 
propriate concentration. The incubation was con- 
tinued for 3 min and stopped by the addition of 
0.1 ml 50% trichloroacetic acid. Pi was determined 
according to [lo]. Reagent and enzyme blanks 
were determined in each experiment. 

Using rat liver mitochondrial of Fr-ATPase 
within a wide range of ATP-Mg2+ concentrations, 
and in the presence or absence of a variety of ac- 
tivators or inhibitors, the kinetic data now obtain- 
ed indicate that 3 catalytic sites with different af- 
finity for the substrate are present in the enzyme. 
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The K, was determined as follows: using a con- 
stant concentration of the substrate ATP-Mg2+, 
plots of l/(v-v0) ‘versus’ l/[activator] were 
constructed (where v = velocity in the presence and 
vo = velocity the abscence of activator); the y- 
intercept represents 11 Vmax - VO); slope/intercept 
was defined as the Ka for the activator [l]. The dif- 
ferent Ki values were calculated as in [l 11. 

Protein was determined as in [12]. Crystalline 
bovine serum albumin was used as standard. 
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3. RESULTS AND DISCUSSION 

3.1. ATPase hydrolytic activity and substrate 
concentration 

ATPase hydrolytic activity of the isolated en- 
zyme and that bound to the mitochondria mem- 
brane was determined over 0.01-6 mM ATP- 

Mg . 2+ Fig.1 shows that the Eadie-Hofstee plots 

The triphasic pattern of the Eadie-Hofstee plots 
suggests the existence of 3 catalytic sites in the 
ATPase with different affinity for the substrate. 
The existence of 3 different catalytic sites was also 

representing v as a function of v/s were triphasic 

suggested after the observation that the hydrolytic 

both with the isolated enzyme and with the 
membrane-bound enzyme. These results contrast 

activity of ATPase exhibited a maximum at 3 dif- 

with [ 1,2] in which biphasic patterns were obtain- 
ed. This disagreement could be attributed to dif- 

ferent pH-values depending on the substrate con- 

ferent experimental conditions. Here, ATPase ac- 
tivity was always determined holding the 
ATP/Mg2+ constant and equal to 1 in order to 
avoid the inhibitory effect of excess Mg2+ on the 
hydrolytic reaction [13,14]. 
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Fig.1. Eadie-Hofstee plots of the initial velocity of 
ATP-Mg2+ hydrolysis with isolated ATPase (B) and with 

the enzyme bound to membrane (A); 8 expt. 

From the Eadie-Hofstee plots, Km and V,, for 
each catalytic site have been calculated and the 
results are given in table 1. These values are of the 
same order as those found by others [2,15]. The Km 
value of the high affinity site was higher in 
mitochondria than in the purified enzyme, whereas 

centrations used [3]. Studies with analogs of ATP 

those of intermediate affinity were very similar in 

are also in agreement with the idea of a multiplicity 
of catalytic sites in mitochondrial ATPase [4,5]. 

Table 1 

Kinetic parameters of mitochondrial ATPase, free and bound to membrane 

High affinity site 

KlU &ax 

Intermediate affinity site 

KUI V max 

Low affinity site 

KC0 vmax 

Fr-ATPase 0.023 5.00 0.36 14.37 1.24 18.85 
Membrane-bound ATPase 0.167 0.08 0.45 0.14 0.78 0.17 

Fr-ATPase Ki Ka Kr Ka Ki Ka 

KOCN 0.94 0.67 0.45 
KSCN 9.35 2.61 1.37 
DNP 0.95 0.33 0.18 
CO3H- 35.95 6.75 3.20 

Membrane-bound ATPase 

KOCN 0.86 0.55 0.20 
KSCN 5.77 1.17 0.68 
DNP 1.20 0.18 0.16 
COIH- 14.38 6.58 2.92 

Velocity has been expressed as rmol ATP hydrolyzed. min-’ . mg protein-’ 
Km, Ki and K, values are expressed as mM 
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both types of preparations. However, the Km value with a regulatory site or sites, affected in a dif- 
of the low affinity site was higher in the free than ferent manner each one of the 3 catalytic sites of 
in the membrane-bound enzyme. These differences the enzyme. In [ 161, both activators and inhibitors 
might reflect a different conformation of the were shown to compete for the same regulatory site 
enzyme. or sites. 

3.2. Effect of anions on the hydrolytic activity of 
ATPase at different substrate concentrations 

The effect of inhibitors KOCN and KSCN, and 
of activators dinitrophenol and HCO?, on the 
hydrolytic activity of ATPase has been studied 
over 0.06-4 mM substrate ATP-Mg’+. Fig.2 
shows the diagrams of l/v as a function of in- 
hibitor [KOCN] at fixed substrate concentrations 
both with the free enzyme and with mitochondria. 
It may be seen that KOCN behaved as a non- 
competitive inhibitor exhibiting 3 different Ki- 
values depending on the substrate concentrations 
used. The highest affinity for the inhibitor was ob- 
tained with the higher substrate concentrations us- 
ed, whereas the lowest affinity was exhibited with 
the lower substrate concentrations. Similar studies 
were carried out with the inhibitors KSCN and 
with the activators DNP and bicarbonate. Values 
of Ki and & for the different inhibitors and ac- 
tivators are given in table 1. Both for activators 
and inhibitors, the highest affinities were exhibited 
at the highest substrate concentrations, and the 
lowest affinities at the lowest substrate concentra- 
tions. These results might indicate that the interac- 
tion of these different activators and inhibitors 

[KOCN] mM [KCCN] mM 

Fig.2. Effect of KOCN on ATPase activity at different 
fixed substrate concentrations: (A) isolated ATPase; (B) 
mitochondria. Substrate (mM): (0) 0.06; (0) 0.01; (A) 

0.3; (A) 0.6; (m) 2.5; (0) 4; 8 expt. 

The slight differences in Ki and & vahres observ- 
ed when inhibitors and activators were tested with 
the free and the bound enzyme could be tentatively 
explained as a consequence of different conforma- 
tions possibly affecting the regulatory site or sites. 

ACKNOWLEDGEMENTS 

This work was supported by a grant of ‘Comi- 
sion Asesora de Investigacidn Cientifica y TCc- 
nica’. E.C. was the recipient of a scholarship from 
the ‘Ministerio de Education y Ciencia’ Spain. 

REFERENCES 

VI 

[21 

I31 

[41 

151 

t61 

I71 
I81 

I91 

I101 

illI 

WI 

Ehel, R.E. and Lardy, H.A. (1975) J. Biol. Chem. 
250, 191-l%. 
Pedersen, P.L. (1976) J. Biol. Chem. 251, 934- 
940. 
Santiago, E., L6pez-Moratalla, N., L6pez-Zabalza, 
M. J., Iriarte, A.J. and Campo, M.L. (1980) Rev. 
Esp. Fisiol. 36, 413-420. 
Cross, R.L. and Nalin, C.M. (1982) J. Biol. Chem. 
257, 2874-2881. 
Williams, N. and Coleman, P.S. (1982) J. Biol. 
Chem. 257, 2834-2841. 
Grubmeyer, C. and Penefsky, H.S. (1981) J. Biol. 
Chem. 256, 3718-3727. 
Hogeboom, G.H. (1955) Methods Enzymol. 1, 16. 
Lambeth, D.O. and Lardy, H.A. (1971) Eur. J. 
Biochem. 22, 355-363. 
Pullman, M.E., Penefsky, H.S., Datta, A. and 
Racker, E. (1960) J. Biol. Chem. 235, 3222-3329. 
Fiske, C.N. and Subbarow, Y. (1925) J. Biol. 
Chem. 66, 375-400. 
Cleland, W.W. (1%3) B&him. Biophys. Acta 67, 
173-187. 
Lowry, O.H., Rosebrough, N.J., Farr, A.L. and 
Randall, R.J. (1951) J. Biol. Chem. 193, 265-275. 

[15] Kielley, W.W. and Kielley, R.K. (1953) J. Biol. 
Chem. 200, 213-222. 

[14] Selwyn, M.J. (1976) Biochem. J. 105, 279-288. 
[ 151 Santiago, E., Iriarte, A.J., L6pez-Zabalza, M.J. 

and L6pez-Moratalla, N. (1979) Arch. Biochem. 
Biophys. 196, l-6. 

[16] L6pez-Zabalza, M.J., Iriarte, A.J., Huam&n, J., 
L6pez-Moratalla, N. and Santiago, E. (1980) Rev. 
Esp. Fisiol. 36, 421-426. 

153 


