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1. Introduction

Boyer and coworkers have shown that ATP release
from the active site of H'-ATPase is an energy-
dependent stage of membrane-linked phosphorylation
{(see reviews {1,2]). According to Mitchell’s chemios-
motic principle of energy coupling {34}, trans-
membrane difference in the electrochemical potentials
of hydrogen ions {Augy+) serves as the source of
energy for ATP synthesis in the system of membrane-
linked phosphorylation. Thus, it may be concluded
that ATP release from the active site of H'-ATPase
occurs down the Aupe+ gradient.

In our previous works we suggested that factor F,
bearing the active site of H'-ATPase is partially
immersed in the mitochondrial membrane and thus
les in the electrical field that emerges in the mem-
brane as a result of Ay generation [5—7]. The
electrical forces facilitate the release of ATP from the
active site of factor Fy to the matrix [5,6].

To study the energy-dependent ATP release from
the H'-ATPase active site, in this work the non-
hydrolysable analog of ATP, AMP-PNP was used. This
compound, introduced into biochemical research by
Yount et al, [8], is a potent inhibitor of both soluble
and membrane-bound mitochondrial ATPase [9—17].
In this paper it is shown that the rate of AMP-

PNP release from the active site of submitochondrial
particles ATPase increases many times as a result of
energisation of the membrane or a decrease in the pH
of the incubation medium.

Abbreviations: CI-CCP, m-chlorophenolcarbonylcyanide
phenylhydrazone; AMP-PNP, adenylyl-5-imidodiphosphate.
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2. Methods

Submitochondrial particles were obtained accord-
ing to Hansen and Smith [18]; the ATPase activity of
the particles was 0.2—0.4 umol/min/mg protein at
25°C and 0.1-0.2 umol/min/mg protein at 15°C.

To determine the ATPase activity, H <ions release in
the incubation medium during the ATPase reaction
was measured [19]. The changes in pH during ATP
hydrolysis were either registered by a glass pH-electrode
or by measuring the changes in the optical density of
the pH indicators, Neutral red (pH interval from 6.8
to 8.0, Apax = 930 nm), cresol red (pH interval from
7.2 t0 8.6, Aj1ux = 570 nm), and thymol blue (pH inter-
val from 8.0 to 9.6, A;,,x = 450 nm) were used as

pH indicators, The changes in pH during the ATPase
reaction did not exceed 0.1. The degree of substrate
exhaustion during measurement of ATPase activity
{10—12 min) did not exceed 5—10%. The dead time
from the addition of the submitochondrial particles
suspension to the reaction mixture to the start of
measurement of the ATPase reaction rate was 15-20
sec in experiments with pH indicators, and 2030 sec
when the rate of ATP hydrolysis was measured by a
pH electrode.

AMP-PNP and CI-CCP were from Sigma. ATP was
from Reanal (Hungary). Other chemical reagents were
from Reachim (US.S.R.).

3. Results and discussion

Curve 1 in fig.1 shows the accumulation of the
products of the ATPase reaction (in the given case
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Fig.1. Reactivation of ATPase of submitochondrial particles
preincubated with AMP-PNP. The particles (80 mg protein/ml)
were preincubated in a mixture containing 0.25 M sucrose,
10 mM HEPES, pH 7.5, 100 uM MgSO, and 100 uM AMP-
PNP (curves 2 and 3) for 5 min at 20°C. The control particles
were preincubated in a mixture of the same composition, but
in the absence of AMP-PNP and MgSO, (curves 1 and 4).

20 ul of the particles suspension in the preincubation mixture
were added to the medium to measure the ATPase activity
containing 0.25 M sucrose, 3 mM Tris—HCI, pH 8.3 and

2 X 10-¢ M CI-CCP in a volume of 8 ml. ATPase activity
started with the addition to the solution of MgSO, + ATP
(final concentration 2 mM). In the case of curves 1 and 2
measurement of ATPase activity was conducted at 27°C;
curves 2 and 3 were obtained at 15°C.

H'-ions) during the hydrolysis of ATP by submito-
chondrial particles. Beginning from the moment of
registration of ATPase activity (30 sec after addition
of Mg-ATP to the incubation medium) for 8 min the
ATPase reaction rate remains constant. However, if
the submitochondrial particles were preincubated
with AMP-PNP, before addition to the medium to
measure ATPase activity the initial ATP hydrolysis
rate is considerably lower than the control one, and
then for the next 2—3 min it grows and reaches a
constant level, which is about 70% of the control
(fig.1, curve 2). AMP-PNP is a strong inhibitor of
mitochondrial ATPase (K; =2 X 1077 M [13]). The
AMP-PNP concentration in the medium to measure
ATPase activity is many times less than in the medium
where it was preincubated with the submitochondrial
particles. The low activity of the particles at the
initial moment of time and their subsequent low
reactivation is evidently a result of the slow dissocia-
tion of the complex of AMP-PNP with ATPase. In
the experiment shown in fig.1, curve 2, the time in
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which the particles reached half the maximum activity
(74,) was about 40 sec. The drop in temperature from
27 to 15°C leads to a slowing down of the reactiva-
tion process. In this case, 74, is 2—2.5 min (fig.1,
curve 3). Curve 4 in fig.1 shows that at 15°C, just as at
27°C, the particles not preincubated with AMP-PNP
hydrolyse ATP at a constant rate.

The same picture as observed in fig.1 was obtained
if ATP was present in the medium to measure ATPase
activity at the beginning and the ATPase reaction was
started by the addition of submitochondrial particles
(not shown). In the experiment depicted in fig.1
pH electrodes were used to measure the ATPase
activity. Similar results were obtained when pH
indicators were used to measure the rate of the ATPase
reaction. However, in the ATP regenerating system
(in the presence of phosphoenolpyruvatekinase and
phosphoenolpyruvate) the reactivation rate of the
particles preincubated with AMP-PNP dropped
sharply (73, >30 min; not shown). One gets the
impression that ADP must be present in the incuba-
tion medium for AMP-PNP to be released from the
active site of ATPase. This result is in good agreement

1min

Fig.2. The effect of energisation on the reactivation rate of
the particles preincubated with AMP-PNP. For the composi-
tion of the medium of preincubation of the particles with
AMP-PNP, see fig.1. 20 ul of the suspension of particles
preincubated with AMP-PNP were added to the medium to
measure ATPase activity which contained 0.25 M sucrose,
3 mM Tris—HC], pH 8.3, 2 mM ATP, 2 mM MgSO, and

5 mM succinate in an overall volume of 8 ml. In the case of
curves 3 and 4 this medium also contained 50 mM KNO,.
2 X 107% M C1-CCP was added to the medium after the
particles (curves 1 and 3) or before the particles (curves 2
and 4). Temperature 15°C.
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with the data of Kayalar et al. [20], who showed that
ATP release from the active site of mitochondrial
ATPase is facilitated by the ADP binding with this
enzyme.

F‘wnrp 2 shows the results

of experiments in which
the effect of membrane energisation on the reactiva-
tion rate of the particles preincubated with AMP-
PNP was studied. Curve 1 was obtained when succinate
and Mg-ATP were present in the incubation medium
to which submitochondrial particies preincubated
with AMP-PNP were added. 20 sec after the addition

of the narticles to this medium. an uncounler. CI-CCP
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was added and measurement of ATPase activity started.
Curve 2 was obtained in similar conditions; but
besides succinate and Mg-ATP, the uncoupler was
present in the incubation medium before the addition
of the particles.

From the results obtained it can be seen that
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PNP leads to their rapid reactivation. The ATP
hydrolysis rate measured 45 sec after the beginning of
the ATPase reaction was maximal and remained con-
stant for the next 10 min (fig.2, curve 1), The
uncoupler, which abolishes succinate-induced energisa-
tion of particles membrane prevents their rapid reactiva-
tion (fig.2, curve 2). In this case, the maximum ATPase
reaction rate was achieved in just 6 or 7 min. The
ATPase activity of the control particles, which did
not contain AMP-PNP, did not change as a result of
30-sec incubation with succinate in the experimental
conditions shown in fig.2 (not shown).

The data obtained indicate that the energisation of
particles membrane leads to a sharp increase in the
rate of AMP-PNP release from the active site of
ATPase. This result igin good agreement with the

data of Melnick et al. [13], who showed that partial
de-energisation of the particles membrane leads to

a decrease in the constant of inhibition of ATPase by
AMP-PNP. The results obtained justify our suggestion

eariier {5,6] with regard to the reasons why AMP-
PNP is a potent inhibitor of the ATPase activity of

uncounled narticles and a weak inhibitor of the ATP
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synthetase reaction catalysed by coupled particles
[10,12]. In actual fact, in conditions of membrane
de-energisation the AMP-PNP release from the active
site of mitochondrial ATPase to the solution occurs
at a very low rate (fig.1, curves 2 and 3, and fig.2,
curve 2); this ensures strong inhibition of ATPase
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activity even in the presence of high ATP concentra-
tions. On the other hand, when the membrane is
energised, dissociation of the ATPase complex with
AMP-PNP occurs rapidly (fig.2, curve 1), and high con-
centrations of ADP and P, may successfully compete
with AMP-PNP for the act:ve site of ATPase.

The increase in the rate of AMP-PNP release from
the active site of ATPase as a result of membrane
energisation is in good agreement with Boyer’s con-
cepts [1,2,20], according to which energisation of the
membrane leads to a lowering of ATP affinity to the

active gite of ATPace
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The results obtained (fig.2) explain why de-energisa-
tion of the membrane by uncouplers leads to the
inhibition of the ATP synthesis, even in conditions
providing for a favourable shift of the reaction
equilibrium (in the presence of hexokinase and
glucose). In the absence of Augy+ on the membrane
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slowly and, despite the presence of the hexokinase
trap, ATP synthesis becomes impossible.

The greater part of the energy of Aug+ generated
on the mitochondrial membrane by respiration takes
the form of transmembrane difference in the electrical
potentials [21]. To elucidate the influence of the
ApH-component of Aug+ on the rate of AMP-PNP
release from the active site of ATPase, we studied the
effect of the penetrating anion NO3 on the respiration-
induced reactivation of the particles preincubated
with AMP-PNP, It was previously shown [22] that
50 mM KNOj, when added to the energised submito-
chondrial particles, leads to the complete disappear-
ance of Ay and to the emergence of ApH on the
membrane.

Curve 3 in f'o 2 shows that the succinate.induced

energisation of pamcles membrane in the presence of
50 mM KNO; results in a sharp increase in the rate of
reactivation of ATPase. By adding the uncoupler
CI-CCP to the medium with succinate and KNO;
before the particies (curve 4), the effect of succinate
was prevented. Thus, ApH on the membrane, as well
as Ay, eharrﬂv increases the rate of AMP.PNP release
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from the active site of mitochondrial ATPase.

In the last series of experiments the pH-dependence
of the rate of reactivation of particles preincubated
with AMP-PNP was studied. It appeared that the
Iowering of pH ieads to an increased rate of AMP-
PNP release from the active site of ATPase. At
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Fig.3. Determination of the dissociation rate constant of the complex of ATPase with AMP-PNP (A) and the pH-dependence of
this constant (B). The particles were preincubated with AMP-PNP a5 in the legend to fig.1 and added to the medium to measure
ATPase activity. A. The ATPase activity of submitochondrial particles preincubated with AMP-PNP, depending on the time of
incubation in the medium to determine ATPase activity. Composition of the medium for ATPase activity measurements: 0.25 M
sucrose, 2 mM Tris—HCI, pH 8.2, 2 mM ATP, 2 mM MgSO,, 2 X 107 M CI-CCP and 0.1 mg/ml cresol red in an overall volume of
3 ml. Temperature 13°C. The reaction was started by the addition of 5 ul (0.4 mg protein) of the particles. The ATPase activity
was measured spectrophotometrically,.using cresol red as the pH indicator. To determine the rate of the ATPase reaction at dif-
ferent moments of time, tangents to the curve showing the accumulation of the products of the ATPase reaction (H"-ions) were
drawn. Insert: the data obtained in the same experiment are given in semilogarithmic coordinates. Vy the ATP hydrolysis rate at
the moment £; Vi, ., maximum rate of ATP hydrolysis (200 nmol/min/mg protein at pH 8.2) after the reactivation process is
completed. The tangent of the angle of inclination of the curve obtained is equal to the constant of the dissociation rate of the
complex of ATPase with AMP-PNP (k). B. The ATPase activity was measured by a glass pH-electrode (o) or spectrophotometrically
from the changes in the absorption of pH indicators neutral red (#); cresol red (m); thymol blue (4).

pH 7.0 reactivation occurs in less than 30 sec. 7y,
reactivation at pH 7.2 was 4050 sec. If reactivation
of the particles is a result of AMP-PNP release from
the active site of ATPase, this process can be described
as a monomolecular reaction. In actual fact, at pH
interval 7.2-9.0 the dependence of the ATPase
activity of the particles on the incubation time is well
described by the equation ¥, = ¥V, (1—e~*?) where
V, is the ATP hydrolysis rate at the moment in time
t, V,, is the maximally possible hydrolysis rate, and
k is the constant of the dissociation rate of the com-
plex of ATPase with AMP-PNP. By way of example,
fig.3A shows the dependence of ATPase activity of
the particles precinubated with AMP-PNP on the time
of incubation in the medium to measure the ATPase
reaction rate at pH 8.2. Extrapolation of the time to
zero gives the value ¥, = 0, which points to the com-
plete saturation of ATPase by the inhibitor, AMP-
PNP, at the initial moment of time.
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Figure 3B shows the pH dependence of the disso-
ciation rate constant of the complex of ATPase with
AMP-PNP. At any pH value the rate constants were
measured in the same manner as is shown for the case
of pH 8.2 in fig.3A. It can be seen that in the interval
of the pH values from 7.2-7.9 the dissociation rate
of the complex of ATPase with AMP-PNP dropstoa
minimum level and does not change any more as pH
increases. It may be thought that the acceleration of
AMP-PNP release from the active site of ATPase at
low pH is the result of the protonation of a certain
group of ATPase with pK <7.0. It can be suggested
that the protonation of this group by H' ions from
the water phase inside the submitochondrial particles
is the mechanism of the increase in the rate of ApH
supported ATP synthesis on the mitochondrial
membrane.

At the pH interval 8.0—9.0 the AMP-PNP release
from the ATPase active site occurs at a low rate and
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independent of pH (fig.3B). This means that the
total rate of the AMP-PNP release is determined by
the sum of the rates of the two processes, one of
which depends on the protonation of the group with
pK <7.0, and the second does not depend on pH.
When pH is increased to more than 8.0, this process
independent of pH begins to make the main con-
tribution to the dissociation rate of the complex of
ATPase with AMP-PNP.

Thus, from the results obtained it follows that the
ATP release from the active site of mitochondrial
ATPase is accelerated manyfold by Apiyye generation
on the membrane or by the decrease in the pH of the
incubation medium.
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