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Mitochondrial adenosine triphosphatase from human placenta
— inhibition by free magnesium ions of ITP hydrolysis*
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The effects of Mg>" and bicarbonate on the kinetics of ITP hydrolysis by soluble
ATPase (F1) from human placental mitochondria were studied. Increasing amounts of
Mg?* at fixed ITP concentration, caused a marked activation of Fi followed by
inhibition at higher Mg®* concentration. The appropriate substrate for the
mitochondrial F1 seems to be the MgITP complex as almost no ITP was hydrolysed in

the absence of magnesium.

Mg?* behaved as a competitive inhibitor towards the MgITP complex. In this respect
the human placental enzyme differ from that from other sources such as yeast, beef
liver or rat liver. The linearity of the plot presenting competitive inhibition by free
Mg?* of MgITP hydrolysis (in the presence of activating bicarbonate anion) suggests

that both
= 4 mM).

* and MgITP bind to the same catalytic site (Km(MgITP) = 0.46 mM, Ki(Mg)

When bicarbonate was absent in the ITPase assay, placental F; exhibited apparent
negative cooperativity in the presence of 5 mM Mg**, just as it did with MgATP as a
substrate under similar conditions. Bicarbonate ions eliminated the negative
cooperativity with respect to ITP (as the Hill coefficient of 0.46 was brought to approx.

1), and thus limited inhibition by free Mg**,

The results presented suggest that the concentration of free magnesium ions may be
an important regulatory factor of the human placental F; activity.

The mitochondrial coupling factor 1 (F1) is a
catalytic component of the membrane-bound
proton-translocating ATP synthase complex
(F1Fo) (EC 3.6.1.34) which catalyzes in vivo ATP
synthesis in the course of oxidative phosphory-
lation. Solubilized Fi1 catalyzes in vitro only
hydrolysis of nucleotides (ATP, GTP, ITP). Itis
generally accepted that F; is composed of five

types of subunits, referred to as o, i, v,  and &.
In all the species examined to date, mitochon-
drial F; contains three copies of o- and three
copies of P-subunits, together with single
copies of ¥, & and &-subunits [1-3]. Catalytic
sites are located on the f-subunits or at inter-
faces between o- and f-subunits. Catalytic
properties of the mitochondrial F1 suggest that

" This work has been supported by a project grant (ST 41) from the State Committee for Scientific Research.
1 Abbreviations: ATP, adenosine triphosphate; F, the coupling factor 1, (soluble ATPase); ITF, inosine

triphosphate; Mgy, free magnesium ions.

Enzymes: ATP synthase, proton translocating ATP synthase (EC 3.6.1.34); lactate dehydrogenase,
L-lactate:NAD" oxidoreductase (EC 1.1.1.27); pyruvate kinase, ATP:pyruvate 2-O-phosphotransferase (EC

2.7.1.40).
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hydrolysis of ATP by this enzyme involves
cooperative interactions between nucleotide-
binding sites [4-7]. Negative cooperativity be-
tween substrate sites expressed by a Hill
coefficient below 1 is abolished in the presence
of appropriate anions, like bicarbonate. Boyer
and co-workers [8] proposed that the synthesis
of Fi-bound ATP from Fi-bound ADP and Pi
does not require energy, and that energy input
into mitochondrial system was needed for the
release of ATP from the enzyme. This release of
the reaction product from one catalytic site was
facilitated by simultaneous binding of the sub-
strates in a second, interacting site. This bind-
ing change mechanism (for reviews see [9-11]),
is considered a model for explaining the mech-
anism of ATP synthases.

Magnesium ions play an essential role in
enzymatic hydrolysis of ATP and other nucle-
otides. It is generally recognized that MgATP
is the true substrate for mitochondrial F1-AT-
Pase [12]. This conclusion has been drawn
among others from the fact that free magne-
sium ions could act as a competitive inhibitor
towards MgATP [13-16]. Wakagi & Ohta [16]
suggested that the inhibitory effect of free Mg?*
is fully specific for ATP as a substrate.

In a previous paper from this laboratory [15]
it has been shown that the degree of deviation
from the Michaelis-Menten kinetics for Mg ATP
hydml}rs:s (in Tris/HCl buffer) depends on

free I».»'lg2 ion mncentratm-n, the Hill coefficient
of 0.75 at 1 mM Mg was brought to approx.
0.5 at 5 mM concentration of free Mg“". The

purpose of this paper was to study effect of
Mg*“* and bicarbonate on MgITP hydrolysis
catalyzed by Fq purified in this laboratory from
human placenta. The results reported pre-
viously [15] and here indicate that hydrolysis
of nucleotides (not only ATP) by placenta mi-
tochondrial F; involves cooperative interac-
tions between catalytic sites.

MATERIALS AND METHODS

ITP,NADH, phosphoenolpyruvate, pyruvate
kinase and lactate dehydrogenase solution
were obtained from Sigma Chemical Co. as
crystalline suspensions in (NH4)2504. All other
chemicals were of reagent grade. The substrate
purification procedure and its purity assay
were performed as describe previously [15].

Human placenta mitochondrial F1 was iso-
lated by chloroform extraction and purified by
ion-exchange chromatography [15]. Shortly
prior to use, an aliquot of the F1 suspension was
centrifuged to remove (NH4)2504 and ATP
which were present in the storage medium, and
the sediment was redissolved in 50 mM
Tris/HCl buffer, pH 8.0, containing 30% glyce-
rol. Specificactivity of the glycerol-stabilized Fi
solution was increased by about 30% in the first
2 h and then remained fairly constant during
the next 48 h at room temperature. The protein
content of F1 solution was determined by the
Coomassie blue G-250 dye-binding method
[17], using crystalline bovine serum albumin as
a standard.

ITPase activity of mitochondrial F1 was
measured in the presence or absence of the ITP-
regenerating system at 37°C, in the total vol-
ume of 1 ml, by the spectrophotometric method
[18] with slight modifications. The nonspeci-
ficity of pyruvate kinase for nucleotide diphos-
phates has been described by Kayne [19]. Inthe
assay run in the presence of ITP-regenerating
system the reaction mixture consisted of 50 mM
Tris/HCI, pH 8.1, 2 mM potassium phos-
phoenolpyruvate, 0.3 mM NADH, 24 units of
pyruvate kinase, 15 units of lactate dehydroge-
nase, 1 or 5mM magnesium ions as MgClz, and
Mg-ITP complex as indicated in the legends to
Figures.The reaction was started by addition of
the enzyme solution (10 pl) to the assay mixture
and the change in absorbance at 340 nm was
followed in a recording double beam spectro-
photometer equipped with temperature con-
trol. F| concentration varied between 1.2 and
2.0 pg protein,/ml.

Alternatively, ITPase activity was measured
in the experiments with constant ITP concen-
tration and increasing magnesium concentra-
tions as indicated in Fig. 2. The assay mixture
contained 50 mM Tris/HCI, pH 8.1, 30 mM KCl
and 0.85 mM ITP (Na salt). After 3 min prein-
cubation at 37°C, the reaction was started by
adding the enzyme; the final volume was 1 ml.
After 3 min the reaction was terminated by
addition of 50 pl of 60% perchloric acid. Then
0.5 ml aliquots of the neutralized perchloric
acid extracts were analyzed for IDP content.
IDP measurement was performed in the total
volume of 1 ml of mixture containing 50 mM
Tris/HCl, pH 7.5, 5 mM MgCl2, 1 mM phos-
phoenolpyruvate, 0.3 mM NADH, 20 units of
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pyruvate kinase and 20 units of lactate hy-
drogenase.

The apparent stability constant for MgITP
was calculated using the empirical formula as
described by Adolfsen & Moudrianakis [20].

RESULTS AND DISCUSSION

Several experiments with mitochondrial F; [4,
21, 22] indicate that dependence of ITP hydro-
lysis rate on substrate concentration obeys Mi-
chaelis-Menten kinetics, in contrast to the
complex non-Michaelis kinetics of ATP hydro-
lysis by F1 under standard conditions. Previous
experiments in this laboratory [15] showed that
the apparent negative cooperativity of F1-AT-
Pase activity is dependent on concentration of
free Mg?* ions. If the hydrolysis of nucleotides
by F1 involved cooperative interactions be-
tween catalytic sites, one would expect that, at
high concentration of free Mgz+ ions, the kine-
tics of ITP hydrolysis would be “biphasic”. In
the experiment shown in Fig. 1, ITPase activity
of the placenta mitochondrial F1 was measured
at varying concentrations of MgITP with 5 mM

1/ MgITP (mik)

Fig. 1. ITPase activity of placenta mitochondrial F1
as a function of MgITP concentration in the
presence ( A) or absence ( O) of 30 mM bicarbonate.
Spectrophotometric assays were carried out as described
under Materials and Methods. The incubation medium
contained 5 mM free Mg?*. The insert shows the Eadie-
Hofstee plot.

excess of Mg?* ions either in the presence or
absence of bicarbonate at pH 8.1. Lineweaver-
-Burk plots of the kinetic data for MgITP hydro-
lysis in the absence of bicarbonate deviated
considerably from the typical Michaelis-Men-
ten function. Eadie-Hofstee plot was used to
obtain kinetic constants (Fig. 1, insert), This plot
is biphasic with two distinct slopes, Over the
substrate concentration range of 0.2-1 mM, hy-
drolysis of MgITP occurred with an apparent
Km equal to 0.16 mM. The hydrolysis of the
substrate at higher concentrations occurred
with an apparent Km equal to 2.7 mM. Pre-
viously, Wong et al. [23] studying the kinetics
of MgITP hydrolysis by bovine heart mitochon-
drial ATPase, observed also two Km values in
theabsence of KHCO3. As can be seenin Fig. 1,
placental F; exhibited apparent negative co-
operativity with MgITP as the substrate in
Tris/HCl medium (just as it did with MgATP
under similar conditions). The Hill coefficient
in the presence of 5 mM free Mg”* ion was found
to beabout 0.5, while in the presence of 1 mM free
Mg?* ion it was, 1. Higher concentrations of bi-
carbonate eliminated the negative cooperativity
(Fig. 1). At 30 mM KHCO3 concentration linear
plots were observed, the maximum velocity in-
creased about 1.2-fold and the Hill coefficient of
0.46 was brought to approx. 1. Over the substrate
concentration range of 0.2-5 mM, hydrolysis of
ITP occurred with an apparent Kn, equal to 1.08
mM. Previously, a similar effect of bicarbonate on
ATP hydrolysis has been reported [4, 15]. The
results reported previously [15] and here show
no differences between ATP and ITP as far as the
kinetics of hydrolysis of those two compounds in
the presenceof 5mM Mg?* ionsisconcerned. The
results presented suggest that hydrolysis of nu-
cleotides (not only ATP) by placenta mitochon-
drial F involves cooperative interactions
between catalytic sites.

Several workers have reported that free mag-
nesium might act as a competitive inhibitor
towards MgATP in ATP hydrolysis catalyzed
by mitochondrial Fy [13, 15]. According to Wa-
kagi & Ohta [16}, the inhibitory action of Mg?*
was fully specific for ATP as a substrate, as an
excess of Mg®* had no effect on GTP or ITP
hydrolysis by beef liver mitochondrial F1. Data
illustrating the influence of M gz+ concentration
on ITP hydrolysis by placental F; are shown in
Fig. 2, in which the release of IDP is plotted
against MgCl2 concentration. In the absence of
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Fig. 2. ITPase activity of placenta mitochondrial F1
at a constant added ITP concentration (0.85 mM)

and increasing MgCla concentrations.
Activity was measured as described under Materials and
Methods.

MgClz ITP was not hydrolysed. As the concen-
tration of added MgClz increased, the ITPase
activity of mitochondrial F; increased up to a
maximum and thendecreased. The highest vel-
ocity was observed at MgClz concentration
slightly lower than that of ITP. This optimum
indicates that l."vig2 is an apparent inhibitor at

" A

high concentrations. This feature is different
from the results obtained for ITP hydrolysis
catalyzed by yeast F1 [24], beef liver F; [16] or
rat liver F1 (Aleksandrowicz, unpubltshed},
which was not affected by Mgz given in ex-
cess.

To elucidate the mode of action of free Mg?*
ions on ITPase activity of mitochondrial F,
some kinetic parameters were examined. For
the placental mitochondrial Fy, free Mg>* ion
was a competitive inhibitor towards MgITP in
the presence of bicarbonate (Fig. 3A) as it modi-
fied the afﬂnit)a of the enzyme for its substrate
only. Free Mg** ions did not affect the Hill
coefficient of ITPase activity (1.0 in all cases)
under the conditions applied; F1 exhibited a
Michaelian behaviour in the presende of Mg
in excess. The replot of slopes of the straight
lines obtained in Fig. 3A and the plot of appa-
ent Km in the presence of inhibitor versus Mg
ions are linear (Fig. 3B arud C). This might indi-
cate that only one Mg~ ion per catalytic site of
the enzyme is required to induce the inhibition.
The “control” Km value (in the absence of free

*) for MgITP can be graphically extrapo-
lated either from Fig. 3A or from Fig. 3C; inboth
cases the value of 0.46 mM was obtained. Dixon
plots for different fixed MgITP concentrations
(Fig. 4) were linear and gave a K; value of 4 mM

2 L
1Mg ITP (mb }

Fig. 3. Inhibition of ITPase activity of placenta mitochondrial Fy by free Mgz in the presence of 30 mM

bicarbonate.

The points (O) of the dotted line were graphically determined from Fig, 4 after extrapolation to free Mg”* = 0. A. Double
reciprocal plot. B. Slope replot. C. Secondary plot of Km versus free Mg®* concentration.
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Fig. 4. Dixon plot to determine Kj for free Mg.z" acting as a competitive inhibitor of the hydrolysis of MgITP

by placenta mitochondrial F1.

The 1/v values from Fig. 3A were extrapolated to constant MgITP concentrations. MgITP was used at the indicated

millimolar concentrations.

for free Mg®*. The v value for different ITP
concentrations in the absence of free Mg?*
extrapolated from these plots allowed to calcu-
late the Hill coefficient of 1.0 for MgITP. In the
absence of bicarbonate, free Mg?* was again a
competitive inhibitor of the placental F1 (Fig. 5).

Mg, .3
lh-id_ (3

] 2 3 4 5
TR (mt)

Fig. 5. Inhibition of IT. Pas?z_e activity of placenta mi-
tochondrial F1 by free Mg™" in the absence of bicar-
bonate.

Spectrophotometric assays were carried out as described
under Materials and Methods. Free Mg?* was used at the
indicabted millimolar concentrations.

It should be noted thatinhibition by Mg?* is not
simply competitive, as negative cooperativity
between catalytic sites was induced. This indi-
cates the existence of at least two binding sites
for the substrate. It is possible that interactions
between the sites are promoted by a conforma-
tional change induced by free Mg”* ions. The
data presented demonstrate that a negative co-
operavity between MgITP sites exists (in the
absence of an activating anion) provided free
Mg?" is present in excess.

Finally, the results presented in this study
suggest: i) that both Mgz+, as well as MgITP,
bind to the catalytic site of placental Fy; ii) that
hydrolysis of both ATP and ITP by F1 involves
cooperative interactions between catalytic sites,
and iii) that concentration of free Mg?* ions
may be an important regulator of the enzyme
activity. The results reported previously [15,
25] and here indicate that cooperative interac-
tion between catalytic sites on separate subunit
may be a fundamental feature of the mechan-
ism of the human placental F1-ATPase action.

I would like to thank Professors M.M.
Zydowo and L. Zelewski for discussion of the
results and reading of the manuscript.
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