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The kinetic behaviour of the ATPase activity of beef heart F, depends largely on the exposure of the enzyme 
to some anionic ligands such as sulphate and/or EDTA. F, prepared in the presence of such anions exhibited 
a triphasic kinetic pattern whereas F, from which those anions were removed by dialysis exhibited only 
two K, values for ATP. Conversely to what has been previously reported, bicarbonate did not linearize 
F,-ATPase kinetics. Moreover, anion activation cannot be simply explained by promotion of ADP release 

but mainly by an increase in affinity of the third catalytic site for ATP. 

F,- A TPase Mitochondrial ATPase Anion activation Hysteretic enzyme Steady-state kinetics 
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1. INTRODUCTION 

Multiple adenine nucleotide binding sites in the 
soluble mitochondrial FI have been suggested on 
the basis of kinetic studies. Ebel and Lardy [l], 
Recktenwald and Hess [2] and Gresser et al. [3] 
have reported biphasic steady-state kinetics (2 K,,, 
values) for the ATPase activity of rat liver, yeast 
and beef heart F,. Conversely, 3 K,,, values have 
been reported for the rat liver and beef heart en- 
zymes by Cerdtin et al. [4] and Cross et al. [5]. 
Such a discrepancy remains unexplained as yet. 

It has been reported [1,2] that F1-ATPase 
kinetics are linearized by the presence of bicar- 
bonate and other activating anions in the reaction 
media. Kasho and Boyer [6] have demonstrated 
that bicarbonate does not affect F1 activity at low 
ATP concentrations, suggesting that in the 
presence of the anions biphasic rate behaviour also 
occurs. Bicarbonate activation at high ATP con- 
centrations was postulated to be exerted by the 
promotion of ADP release. 

Here, we show that the ATPase activity of beef 
heart F1 exhibits triphasic kinetics in the absence 

and also in the presence of bicarbonate. We also 
show that the kinetic behaviour largely depends on 
the treatment of the enzyme before the ex- 
periments. The mechanism of activation by anions 
of the ATPase activity of FI is also discussed. 

2. MATERIALS AND METHODS 

Beef heart F1 was prepared according to 
Knowles and Penefsky [7] and stored in liquid 
nitrogen in 250 mM sucrose, 2 mM EDTA, 4 mM 
ATP and 10 mM Tris-sulphate (pH 7.5). Before 
use, F1 was desalted twice by the centrifuge column 
procedure described by Penefsky [8] using 
Sephadex (G-50 fine) equilibrated with 250 mM 
sucrose, 2 mM EDTA and 10 mM Tris-sulphate 
(pH 7.5). 

Initial velocity assays were performed spec- 
trophotometrically as described by Pullman et al. 
[9], at 3O”C, in a reaction medium containing 
100 mM sucrose, 1 mM MgC12, 4 mM phospho- 
enolpyruvate, 0.125 mM NADH, 60 IU pyruvate 
kinase, 50 IU lactate dehydrogenase and 40 mM 
Tris-HCl (pH 8). The reaction was started by 
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adding Fr (3-5 ,ug protein) to the reaction media 
(2 ml). ATP was added as Mg-ATP, which was 
freshly prepared in a 1: 1 Mg/ATP ratio by adding 
MgClz to the ATP stock solution, in which ATP 
[lo] and ADP [ 1 l] concentrations had been deter- 
mined enzymatically. 

Protein concentration was determined according 
to Lowry et al. [ 121 using bovine serum albumin as 
standard, the concentration of which had been 
determined spectrophotometrically (A279 = 
6.67 cm- 1 for 1% solution [13]). 

3. RESULTS AND DISCUSSION 

3.1. Steady-state kinetics of Fl-A TPase: two or 
three K, values for A TP? 

When the ATPase activity of the soluble beef 
heart mitochondrial ATPase (Fr) was measured at 
ATP concentrations ranging from 3 to 2000 PM, 3 
clearly distinguishable phases could be observed 
(fig.1). Therefore, 3 different apparent K,,, values 
could be estimated (&,(I) = 4 ,uM, &,(II) = 40 PM 

Fig.1. Hanes plot for the initial velocity of the ATPase 
activity of soluble beef heart FI. Initial velocity 
measurements were carried out as indicated in section 2 
in the absence (0) or presence (0) of 10 mM sodium 
bicarbonate. Values obtained at ATP concentrations 
from 500 to 2000,~M (not shown) belong to the same 

straight line that corresponds to the third phase. 

and &,(III) = 500pM), the corresponding V,,,,, 
values being 2, 6 and 42 pmol/min per mg, respec- 
tively. These K, values are quite similar to those 
reported by Cross et al. [5], except that our lowest 
K,,, and Vmax are several orders of magnitude 
higher than theirs. Such discrepancies can be due 
to differences in performing the enzymatic assays 
and/or in the enzyme preparations themselves. 

Although our data can also be fitted to a reac- 
tion model with 2 catalytic sites and one regulatory 
site as proposed by Recktenwald and Hess [2] and 
Sloothaak et al. [14], here we are going to use the 
3-catalytic-site model postulated by Gresser et al. 
[3] which has been more extensively described. 
Gresser et al. [3] have estimated the rate constants 
that made their 3-catalytic-site model (fig.2) con- 
sistent with their experimental results revealing 2 
K,,, values. To fit our results (fig.3) to that model, 
some of the rate constants reported by Gresser et 
al. [3] should be changed (see table 1). The more 
significant changes are that kg and kg, in our case, 
are greater than ks and k2 respectively, resulting in 
triphasic (fig.1) instead of biphasic kinetics [3]. 
Therefore, if the enzyme preparations used by dif- 
ferent authors differ in the relative values of these 
rate constants, they would exhibit different kinetic 
behaviour (2 or 3 K,,, values) even when they re- 
spond to a unique reaction scheme. 

Such differences cannot be related to different 
experimental conditions used in the activity assay 
(i.e. free magnesium [4] or ATP concentrations), 
but rather to the enzyme preparation itself, since 
we have observed 3 K,,, values under similar condi- 
tions to those used by others who reported 2 Km 
values [l-3]. Since such discrepancies exist for Fr 
prepared from the same source (cf. [3] with [5] and 
our results), it is possible that differences in 
purification or storing procedures or in treatment 

EO EDT0 

Fig.2. From [3] where T is ATP and D is ADP. 
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Fig.?. Steady-state kinetics of Fr-ATPase. The points 
indicate experimental measurements carried out in the 
absence (0) or presence (0) of 10 mM sodium 
bicarbonate. The lines give the predicted curves obtained 
according to the reaction scheme in [3], using the rate 

constant values shown in table 1. 

of Fr before the experiments can affect its kinetic 
behaviour. For instance, Fr dialyzed against a buf- 
fer without sulphate and EDTA showed quite dif- 
ferent rate behaviour from the non-dialyzed en- 
zyme: V,,, decreased by about 50% and the 
kinetics could simply be resolved (fig.4B) as the 
sum of 2 hyperbolas (2 K, values) which was not 
possible for the enzyme before dialysis (fig.4A). 
This change in kinetic pattern is reversibIe, since 
V,,, increases when the dialyzed enzyme is further 
dialyzed against a buffer containing sulphate and 
EDTA (not shown). 

Therefore, the sole exposure of FI to some 
anionic Iigands, e.g. sulphate and/or EDTA, 
which probably bind to slowly exchangeable sites 
[15], seems to alter its kinetic pattern. Di Pietro et 
al. 1161 have reported an ADP-induced hysteretic 
inhibition of FI. Although our results may be ex- 
plained by hysteretic behaviour regarding anionic 
ligands, we do not believe that both phenomena 
are related, since our low-activity enzyme form 
(after dialysis) is still activated by bicarbonate (see 

Table 1 

Dissociation and rate constants for the Fr-ATPase 

Constant Values reported by 
Gresser et al. [3] 

Values used in fig.3 

Minus bicarbonate Plus bicarbonate 

kl 
kz 
Kd(I) 
k3 
ke 
ks 
k7 
ks 
Kd(II) 
k9 
kls 
kI2 

Kdd(fII) 

ku 

k14 
kis 
kla 
kg+, 

6.0 x 10’ M-‘*s-r 
8.5 x IO’s_r 
1.4 x 1O-6 M 
5.0 x lo2 s-l 
5.0 x lo* s-r 

9.6 s-’ 
9.0 x 10’ M-r-s-’ 

4.0 x 10’ s-I 
4.4 x lo-’ M 

8.5 s-’ 
1.8 x 106 M-‘.s-’ 

1.0 x Id s-r 
5.5 x lo-’ M-‘as-” 

1.0 x lo4 s-r 
1.0 x lo4 s-l 
1.0 x 10’s_l 
3.0 x ld s-l 
2.9 x lo2 s-’ 

ida 
4.0 x lo2 s-’ 
6.7 x 1O-6 M 
1.0 x lo3 s-r 
5.5 x 102 s-’ 
I.8 x IO’ s-r 

id 
2.8 x lo3 s-’ 
3.1 x 1O-5 M 
2.8 x 10’ s-r 

id 
1.9 x ld s-r 
1.0 x 1O-3 M 
1.0 x lo3 s-’ 
1.0 x IO3 s-r 

id 
id 

3.1 x 10Z s-i 

idb 
id 
id 
id 
id 
id 
id 
id 
id 
id 
id 

1.0 x Id s-r 
5.5 x 1O-5 M 

id 
id 
id 
id 

3.4 x lo2 s-r 

a Values equal to that reported by Gresser et al. ]3] (second column) 
b SimiIar values to those shown in the second column (minus bicarbonate) 
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Fig.4. Dependence of the kinetic pattern of the 
Fr-ATPase on the treatment of the enzyme. Fr was 
desalted as indicated in section 2 and, when indicated, 
dialyzed for 2 h against 250 mM sucrose, 10 mM Tris- 
HCl (pH 7.5) and 10 mM NaCI, at room temperature 
with 3 changes of dialysis buffer. Initial velocity 
measurements were performed with the non-dialyzed (A) 
and dialyzed (B) enzymes. (A) The dashed line was 
obtained by fitting the experimental points to the sum of 
2 hyperbolas, using the computer program 2SYTEHYP 
from Barlow [17], which is based on a least-squares 
fitting procedure (K,,, = 12 and 230 ,uM and Vmax = 7 and 
39 rmol/min per mg). The solid line represents the fit to 
the sum of 3 hyperbolas (K,,, = 5,40 and 250 pM; V,,,,, = 
2, 7 and 36pmol/min per mg). (B) The solid line was 
obtained as indicated for the dashed one in (A) (K,,, = 10 

and 145 PM; V,,,,, = 4 and 20pmol/min per mg). 

section 3.2), whereas Fr inhibited by ADP binding 
was reported to be insensitive to HCO; [17]. 

3.2. Anion activation of the ATPase activity of 
soluble FI 

Also in the presence of 10 mM bicarbonate, 3 
clearly distinguishable phases were observed 
(fig.1). Although this result does not agree with 
those of Ebel and Lardy [l] and Recktenwald and 
Hess [2] who reported only one Km in the presence 
of activating anions, it must be noted that in our 
experiments (fig.1) we expanded the range of low 
ATP concentrations used by them. 

From the Hanes plot in fig.1, 3 Km values could 
be estimated in the presence of bicarbonate: 
K,,,(I) = 4 PM, K&II) = 100,~M and K&III) = 
350 ,uM. The corresponding I’,,,,, values were: 2.5, 
11.5 and 53.5 pmol/min per mg. When these 
values are compared with those obtained in the 
absence of bicarbonate (see section 3.1), it can be 
clearly seen that bicarbonate hardly affects the in- 
itial velocity of ATP hydrolysis at low ATP con- 
centrations (K,,,(I) region). Km(II) is increased and 
Km(III) is decreased by bicarbonate. The I’,,, 
values are increased by the anion, especially that 
corresponding to K&II) which is increased by 
100%. Similar results were obtained when Fr 
dialyzed as indicated in section 3.1 was used (not 
shown). 

Other activating anions, such as sulphite and 
dinitrophenolate, behave similarly to bicarbonate 
(not shown). 

The anions tested do not affect the enzyme ac- 
tivity when the enzyme is operating as a single-site 

enzyme, viz. at low ATP concentrations; 
therefore, 2 catalytic sites must be operative to 
allow bicarbonate to exert its action. The action of 
bicarbonate at higher ATP concentrations cannot 
be simply explained by an acceleration of ADP 
release, as postulated by Kasho and Boyer [6], 
since for fitting to the model of Boyer et al. [3] our 
results obtained in the presence of bicarbonate, it 
is not sufficient to increase only the values of the 
rate constants that govern ADP release (kg and kr7) 
at high ATP, but also kr2 (k,n of ATP from the 
third site) (see table 1 and fig.3). Actually, a more 
dramatic change must be produced in kr2 than in 
ki7. Assuming that the model of Boyer et al. [3] is 
valid, the most simple hypothesis to explain the ac- 
tion of bicarbonate is that the anion diminishes the 
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differences between the Kd(ATp) for the second and 
third catalytic sites, also promoting the departure 
of ADP from the third site. 

In summary, activating anions modify the in- 
teraction between the second and third catalytic 
sites, strongly attenuating the negative cooperativi- 
ty for the binding of ATP (see table 1) and slightly 
favouring the positive cooperativity for catalysis. 

The present results clearly indicate that the same 
enzyme preparation can yield, in the range 
3-2000pM, either 2 or 3 K,,, values, depending on 
the exposure of the enzyme to some common 
anionic ligands such as sulphate and EDTA. 
Therefore, to compare results obtained in different 
laboratories, it is extremely important to establish 
not only how the enzyme is prepared and stored, 
but also how the enzyme is treated before the 
experiments. 
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