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ATP synthesis catalyzed by the mitochondrial F,—F, ATP synthase is not
a reversal of its ATPase activity
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Abstract The ADP(Mg?*)-deactivated oligomycin-sensitive F,—
F, ATPase of coupled submitochondrial particles treated with the
substoichiometric amount of oligomycin was studied to test
whether ATP synthesis and hydrolysis proceed in either direc-
tion through the same intermediates. The initial rates of ATP
hydrolysis, oxidative phosphorylation, ATP-dependent, succi-
nate-supported NAD* reduction, and ATP-induced Afi,;, gener-
ation were measured using deactivated ATPase trapped by azide
|Biochem. J. (1982) 202, 15-23]. Three ATP consuming reactions
were strongly inhibited when azide was present in the assay mix-
tures, whereas ATP synthesis was not altered by azide. The
unidirectional effect of azide is not consistent with three alternat-
ing binding sites mechanism operating in ATP synthesis and
support our hypothesis on the existence of nucleotide(Mg>*)-
controlled ‘synthase’ and ‘hydrolase’ states of the mitochondrial
F,—F, ATPase.
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1. Introduction

The F,-F, ATPase/synthase catalyzes 4, .-driven ATP syn-
thesis or 4fiy.-generating ATP hydrolysis in the coupling mem-
branes of mitochondria, bacteria and chloroplasts. A periph-
eral part (F,) is composed of five different polipeptides in the
stoichiometry ;- By - ¢ [1] and capable of rapid uncoupled
ATP hydrolysis when detached from the membrane embedded
F, [2]. Three out of six nucleotides bound at a-f subunits of F,
are rapidly exchangeable with medium ATP or ADP (3,4] indi-
cating that at least three sites may be involved in the catalytic
turnovers during ATP hydrolysis/synthesis. F, component con-
tains a proton conducting pathway [2] and operating together
F —F, provides 4i,,,-consuming ATP synthesis or 4f,-gener-
ating ATP hydrolysis depending on physiological (in vivo) or
experimental (in vitro) conditions. Several hypotheses on the
molecular mechanism of the reaction with participation of three
equipotential cooperative nucleotide-binding sites [5,6], two co-
operative sites [7] and a single catalytic site [8] have been ad-
vanced and extensively discussed [5,6,9].
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The wast majority of the studies on F, or F-F, ATPases
reported in the literature during more than fourty years was
based on explicit or implicit assumption that ATP hydrolysis
is a reverse sequence of the events taking place during ATP
synthesis. However, several observations on the mitochondrial
F,~F, ATPase are hardly in line with such a simple first approx-
imation assumption. Many years ago we have described an
unusual inhibition of F\-F, and F, ATPase induced by ADP
in the presence of Mg®* [10,11]. The essential features of the
phenomenon which have been detailed in a series of our papers
[10-15,20-22,24]} are briefly summarized below. F, binds ADP
tightly at the enzyme specific site and its ATPase activity is
ceased if medium Mg** is present [11-13). The ATP hydrolytic
activity can be very slowly (in a minutes scale) reactivated by
the removal of either ADP [13] or Mg?* [14]. The reactivation
is greatly accelerated by ATP and prevented by azide [13,15].
It has been shown that inhibitory effect of azide on ATPase is,
in fact, due to stabilization of the ADP(Mg**)-deactivated form
of the enzyme [15]. Such mechanism of azide inhibition was
confirmed and reinforced in a number of recently published
reports [16-19]. The intriguing property of the slowly reversible
ADP(Mg**)-induced inhibition is that deactivated F,—F, ATP-
ase is capable of oxidative phosphorylation when 4i,,, is cre-
ated under appropriate conditions [20]. The latter finding led
us to propose that two slowly interconvertible ‘hydrolase’ and
‘synthase’ states of F, exist and an equilibrium between them
depends on ATP/ADP ratio [20] and a number of other ligands
[14,21,22,24]. The ability of azide to trap ADP(Mg**)-deacti-
vated F, seemed to be a useful tool for more adequate assess-
ment of whether inhibited ATPase is capable of ATP synthase
activity. In this report we will show that ADP(Mg**)-treated
F,—F, in coupled submitochondrial particles trapped by azide,
being uncapable of ATP hydrolysis, ATP-dependent succinate-
supported NAD™ reduction and ATP-dependent Af,;, genera-
tion, is fully active as ATP synthase. The central conclusion
following from these observations is that 4i,,,-dependent ATP
synthesis catalyzed by the mitochondrial F ~F, is not a simple
reversal of Afiy.-generating ATP hydrolysis.

2. Materials and methods

Bovine heart submitochondrial particles (SMP) essentially free of
protein ATPase inhibitor were prepared as described [23] and stored in
liquid nitrogen as a suspension of 40-50 mg of protein (determined by
the biuret procedure) per ml of 0.25 M sucrose. The suspension was
thawed and diluted (4 mg/ml) at room temperature (~20°C) in the mix-
ture (pH 7.4) containing: 0.25 M sucrose, 0.1 M KCl, 10 mM HEPES,
0.1 mM EDTA, 1 mM malonate (to activate succinate dehydrogenase),
bovine serum albumin (1 mg/ml) and oligomycin (0.25 nmol/mg of
protein). 2 uM ADP, 2.4 mM MgCl, and 100 mM sodium azide were
added to one sample of the suspension (‘deactivated’ SMP) and incuba-
tion was continued for 10 min before the assays. 5 mM potassium
phosphate (pH 7.4) was added to another sample (‘activated” SMP [24])
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and incubation was continued for 1.5 h. The specific activities of ‘acti-
vated” SMP assayed at 30°C as described below were (initial rates
expressed in mmoles of product formed or substrate consumed per min
per mg of protein). ATPase, 1.8-2.0; ATP synthesis, 0.3-0.5; ATP-
dependent, succinate-supported NAD™* reduction, 0.1-0.2; succinate
oxidase, 0.25-0.32.

ATPase reaction was followed as H* release [25] measured with
Phenol Red as a decrease of absorption at 557-620 nm in the reaction
mixture (2 ml) containing: 0.25 M sucrose, 0.1 M KCl, 10 mM potas-
sium phosphate (pH 7.4), 5.5 mM MgCl,, 16 mM potassium succinate,
0.1 mM EDTA, 30 uM Phenol red, bovine serum albumin (1 mg/ml)
and | mM ATP. The [H*] released/[ADP] formed ratio of 0.75 under
the experimental conditions employed was determined in the separate
experiments where the amount of ADP was determined in the coupled
enzymatic assay (lactate dehydrogenase, pyruvate kinase, phosphoenol-
pyruvate and NADH in the presence of 4 uM rotenone) after the
reaction was stopped by the addition of oligomycin (12 nM).

ATP synthesis was followed as H* consumption measured by the
same method (Phenol red) in the same reaction mixture except for ATP
which was substituted for | mM ADP. The same {H*] consumed/[ATP]
formed ratio (0.75) was determined after the reaction was stopped and
the amount of ATP was determined using enzymatic coupled assay
(hexokinase, glucose-6-phosphate dehydrogenase, glucose, NADP™).
ATP-dependent, succinate-supported NAD* reduction [26] was fol-
lowed as an increase of absorption at 340 nm in the reaction mixture
used for ATPase assay (Phenol Red and rotenone were absent and 0.5
mM NAD" and 1.5 mM antimycin A were added).

Succinate oxidase was measured with platinum oxygen-sensitive elec-
trode. Other details and additions to the reaction mixtures are indicated
in the legends to the figures.

All the activities (except for succinate oxidase) were more than 95%
oligomycin-sensitive.

3. Results

The time-course of ATP hydrolysis catalyzed by F, or F,-F,
ATPase in the presence or abscence of ATP regenerating sys-
tem shows either lag or burst depending on the enzyme precon-
ditioning [13]. When submitochondrial particles are preincu-
bated with phosphoenol-pyruvate and pyruvate kinase [13], or
P, [24] or EDTA [14] their initial ATPase activity appears as
azide-insensitive burst followed by the slower, azide-sensitive
rate [15]. In contrast, when the enzyme is preincubated with
stoichiometric amount of ADP in the presence of Mg®* the
ATP hydrolysis is completely blocked and the reaction is slowly
accelerated in the ATP concentration-dependent fashion. This
reactivation does not proceed if azide is present in the assay
medium and ATPase remains inhibited for quite a long time
[15). It seemed to be of great interest to find how these active/
inactive transitions of F\~F, ATPase correlate with the ability
of the enzyme to catalyze other ATP-dependent reactions and,
most importantly, oxidative phosphorylation. Fig. | shows the

Table 1

The efficiency of oxidative phosphorylation catalyzed by submitochon-
drial particles with ‘activated’ and ‘deactivated’ F|-F; ATPase* (pH 7.4,
30°C)

Sample Oxygen ATP formed  P/O ratio
consumed umol/2 min
Hg-atom/2 min
Activated particles, 0.07 0.09 1.29
no azide
Deactivated particles, 0.06 0.08 1.33

100 uM azide

*16 mM succinate, | mM ADP and 10 mM phosphate were added as
the substrates. Preparation of activated and deactivated particles and
other details are described in section 2.
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Fig. 1. Time-course of ATP hydrolysis (upper curves) and synthesis
(lower curves) catalyzed by the coupled active (A) and ADP(Mg**)-
deactivated, azide-trapped (B) F,—F, ATPase. The reactions were initi-
ated by the addition of submitochondrial particles (SMP; 0.1 mg) to
2 ml of the standard reaction mixture containing either | mM ATP
(ATP hydrolysis) or 1 mM ADP (ATP synthesis). Other components
of the reaction mixture and pretreatment of active (SMP,) and deacti-
vated (SMPp) are described in section 2. 100 uM sodium azide was
present in the assay mixtures when the reactions catalyzed by deacti-
vated SMP were measured (B). Gramicidin D (G; 0.2 ug) was added
where indicated. Figures on the curves indicate the rates expressed in
mmoles of ATP hydrolyzed or formed per min per mg of protein.

time course of ATP hydrolysis and synthesis by P;-activated
and ADP(Mg”*)-deactivated azide-trapped SMP under the
identical conditions where the only difference was nucleotide
used as the substrate. The reaction pattern seen in the ATPase
assay was expected: the enzyme activity was almost completely
inhibited when azide was present in the reaction mixture and
ATP hydrolysis was initiated by addition of ADP(Mg**)-deac-
tivated particles (Fig. 1B). Rapid initial rate was seen when the
reaction was started by the Pj-activated particles (Fig. 1A).
Both small residual activity of deactivated SMP observed in the
presence of azide, and rapid hydrolysis catalyzed by activated
SMP were enhanced by uncoupler. The same pattern of ATP
hydrolysis was seen when the reaction was followed by NADH
decrease in the coupled enzyme assay system (not shown). No
significant difference in the time course of ATP synthesis was
seen when oxidative phosphorylation was initiated by the addi-
tion of either ‘activated’ or ‘deactivated” SMP. An excess of
oligomycin or the presence of an uncoupler completely pre-
vented ATP synthesis. The abscence of inhibitory effect of azide
on ATP synthesis is also evident from the Table 1, where the
rates of oxygen consumption, ATP synthesis and calculated
P/O ratio for the oligomycin-coupled SMP are presented.

It might be proposed that only a small part of net ATP
hydrolysis measured as shown in Fig. 1 was ‘coupled’ and
azide-insensitive ATP synthesis was catalyzed by that ‘coupled’
ATPase. To check this possibility the time course of ‘coupled’
ATP-dependent reactions were measured. Fig. 2 depicts simul-
taneous registration of ATP-dependent reverse electron trans-
fer and ATP hydrolysis as catalyzed by ‘activated” and ‘deacti-
vated’ SMP. The presence of azide almost completely prevented
the initial rates of net ATP hydrolysis and also completely
prevented ATP-dependent reverse electron transfer when the



A.V. Syroeshkin et al.]| FEBS Letters 366 (1995) 29-32

reactions were initiated by the ‘deactivated’” SMP. The ATP-
induced Al ,-generaton as seen from the response of the mem-
brane potential-sensitive probe [27] was also inhibited by azide
when particles with ‘deactivated” F,-F, ATPase were used
(Fig. 3).

4. Discussion

Most of the present-day ideas concerning the mechanism of
oxidative phosphorylation are based on the structural and ki-
netic studies of purified F,’s or preparations of F —F, which are
uncapable of net ATP synthesis. Numerous reports on the
kinetics of ATP hydrolysis by F, or F|-F, preparations differ-
ent degree of resolution have appeared in the literature but
advanced studies on the kinetics of ATP synthesis have been
relatively rare [28-30] although it has been claimed that oxida-
tive phosphorylation is much less sensitive to azide than ATP-
ase [31,32]. In fact, we were not aware of any reports where the
time-course of ATP hydrolysis and synthesis were studied
under the same experimental conditions. Many years ago we
have reported that ADP(Mg**)-deactivated F,-F, ATPase is
capable of ATP synthesis [20] and concluded that the inhibitory
ADP binds to a site which is not the same as that where ADP
leaves F, during the steady-state ATP hydrolysis [12,20]. Much
effort have been put forward over past 15 years to attribute
ADP-specific inhibition to catalytic or non-catalytic ATPase
sites but clear-cut consensus does not appear to be reached
([33-36] and references cited therein). The results presented in
this report strongly support and reinforce our original observa-
tion on the catalytic competence of ADP(Mg”*) inhibited F,-F,
ATPase in ATP synthesis. If inhibitory ADP resides at ATPase
catalytic site, as it have been concluded from the location of
2-azido-ADP trapped by azide on the catalytic site peptide of
S-subunit [19,37], then our data unumbiguesly show that three
equipotential nucleotide-binding site mechanism [5,6] is not
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Fig. 2. Time-course of ATP hydrolysis (upper curves) and ATP-depend-
ent, succinate-supported NAD" reduction catalyzed by the coupled
active (A) and deactivated (B) F—-F, ATPase. The standard reaction
mixture contained 1 mM ATP and 0.5 mM NAD" (other components
are indicated in section 2). 100 mM sodium azide was present in (B).
Both ATP hydrolysis and NAD" reduction were more than 95% sensi-
tive to oligomycin (12 nM); the reverse electron transfer was completely
prevented by uncoupler (not shown). Figures on the curves indicate the
rates expressed in mmoles of ATP hydrolyzed or NAD" reduced per
min per mg of protein.
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Fig. 3. ATP-dependent Oxonol-VI response in coupled submitochon-
drial particles. SMP (0.1 mg) were placed in 2 ml of the standard
reaction mixture containing no bovine serum albumin nucleotides and
succinate. 1.5 mM oxonol VI added before the spectral responce in-
duced by further additions was monitored as indicated. (A) Activated
particles no azide was present. (B) ADP(Mg*")-deactivated particles,
100 mM azide was present. The final concentrations were: succinate (S)
16 mM; ATP 1 mM; MgCl, 5 mM; gramicidin D (G) 0.2 mg; oligomycin
(Oligo) 12 nM.

operating during ATP synthesis. Several reports in the litera-
ture contradict equipotentiality of the nucleotide-binding sites
on fB-subunits (e.g. [38] and references cited therein). Mention
should be made that the nucleotide-binding site(s) which is
‘catalytic’ during the steady-state ATP hydrolysis may function
as ‘regulatory’ site(s) during the steady-state ATP synthesis.
The central issue of this report concerns the questionable iden-
tity of the molecular events during ATP synthesis and hydroly-
sis by F,—F, ATPase/synthase. It worth noting that F,—ATPase
protein inhibitor (IF,) which is an intrinsic part of the mammal-
ian ATP synthase complex is also known to be a ‘unidirec-
tional’ inhibitor of ATP hydrolysis [39]. Although A, de-
pendence of F,—F—IF, interaction have been proposed to ex-
plain the lack of inhibitory effect of IF, on oxidative phospho-
rylation [40], such explanation is hard to reconcile with our
more recently reported data [41]. In summary, we would like
to emphasize that the difference in the catalytic step-by-step
mechanism of ATP synthesis and hydrolysis may be a general
phenomenon for F\—F, type ATP synthases.

Acknowledgements: This work was supported by Russian Foundation
for Fundamental Research (Grant 93-04-20214) and International Sci-
ence Foundation (Grant MR 2000). We thank Dr. Elena Maklashina
and Mr. Mikchail Galkin for their kind help during this work.

References

{1] Abrahams, J.P., Leslie, A.G.W., Lutter, R. and Walker, J.E.
(1994) Nature 370, 621-628.

[2] Fillingame, R.H. (1990) in: The Bacteria (Krulwich, T.A. ed.) vol.
12, pp. 345-391, Academic Press, Oriando, FL.

[3] Cross, R.L. and Nalin, C.M. (1982) J. Biol. Chem. 257, 2874-2881.

[4] Cross, R.L. (1988) J. Bioenerg. Biomembr. 20, 395-405.

[5] Cross, R.L. (1992) in: Molecular Mechanisms in Bioenergetics
(Ernster, L. ed.) pp. 317-330, Elsevier, Amsterdam.

[6] Boyer, P.D. (1993) Biochim. Biophys. Acta 1140, 215-250.

[71 Berden, J.A., Hartog, A.F. and Ebel, C.M. (1991) Biochim. Bio-
phys. Acta 1057, 151-156.

[8] Hammes, G. (1983) Trends. Biochem. Sci. 8, 131-134.

[9] Senior, A.E. (1988) Physiol. Rev. 68, 177-231.



32

[10] Fitin, A.F., Vasilyeva, E.A. and Vinogradov, A.D. (1979) Bio-
chem. Biophys. Res. Commun. 86, 434-439.

[11] Minkov, I.B., Fitin, A.F., Vasilyeva, E.A. and Vinogradov, A.D.
(1979) Biochem. Biophys. Res. Commun. 89, 1300-1306.

[12] Vasilyeva, E.A., Fitin, A.F., Minkov, [.B. and Vinogradov, A.D.
(1980) Biochem. J. 188, 807-815.

[13] Vasilyeva, E.A., Fitin, A.F., Minkov, [.B. and Vinogradov, A.D.
(1982) Biochem. J. 202, 9-14.

[14] Bulygin, V.V. and Vinogradov, A.D. (1991) Biochem. J. 276, 149~
156

[15] Vasilyeva, E.A., Minkov, L.B., Fitin, A.F. and Vinogradov A.D.
(1982) Biochem. J. 202. 15-23.

[16] Murataliev, M.B., Milgrom, Y.M. and Boyer, P.D. (1991) Bio-
chemistry 30, 8305-8310.

[17] Muneyuki, E., Makino, M., Kamata, H., Kagawa, Y., Yoshida,
M. and Hirata, H. (1993) Biochim. Biophys. Acta 1144, 62-68.

[18] Schobert, B. (1993) Biochemistry 32, 13204-13211.

[19] Hyndman, D.J., Milgrom, Y.M., Bramhall, E.A. and Cross, R.L.
(1994) J. Biol. Chem. 269, 28871-28877.

[20] Minkov, I.B., Vasilyeva, E.A., Fitin, A.F. and Vinogradov, A.D.
(1980) Biochem. Int. 1, 478-485.

[21] Vinogradov, A.D., Vasilyeva, E.A. and Evtushenko, O.A. (1985)
in: Proc. FEBS Congr. 16th, part B, pp. 291-299, VNU Science
Press.

[22] Bulygin, V.V., Syroeshkin, A.V. and Vinogradov, A.D. (1993)
FEBS Lett. 328, 193-196.

[23] Kotlyar, A.B. and Vinogradov, A.D. (1990) Biochim. Biophys.
Acta 1019, 151-158.

[24] Yalamova, M.V., Vasilyeva, E.A. and Vinogradov, A.D. (1982)
Biochem. Int. 4, 337-344.

[25] Chance, B. and Nishimura, M. (1967) Methods Enzymol. 10, 641—
650.

A.V. Syroeshkin et al. | FEBS Letters 366 (1995) 29-32

[26] Ernster, L. and Lee, C.-P. (1967) Methods Enzymol. 10, 729-738.

[27] Basford, C.L. and Thayer, W.S. (1977) J. Biol. Chem. 252, 8459
8463.

[28] Kayalar, C., Rosing, J. and Boyer, P.D. (1977) I. Biol. Chem. 252,
2486-2491.

[29] Shuster, S., Reinhart, G.D. and Lardy, H.A. (1977) J. Biol. Chem.
252, 427-432.

[30] Perez, J.A. and Ferguson, S.J. (1990) Biochemistry 29, 10503—
10518.

[31] Robertson, H.E. and Boyer, P.D. (1955) J. Biol. Chem. 214, 295—
305.

[32] Kobayashi, H., Maeda, M. and Auraku, Y. (1971) J. Biochem.
(Tokyo) 81, 1071-1077.

[33] Bullough, D.A., Brown, E.L., Saario, J.D. and Allison, W.S.
(1988) J. Biol. Chem. 263, 14053-14060.

[34] Jault, J.-M. and Allison, W.S. (1994) J. Biol. Chem. 269, 319-325.

[35] Milgrom, Y.M. and Cross, R.L. (1993) J. Biol. Chem. 268, 23179—
23185.

{36] Weber, J., Wilke-Mounts, S. and Senior, A.E. (1994) J. Biol.
Chem. 269, 20462-20467.

[37] Milgrom, Y.M. and Boyer, P.D. (1990) Biochim. Biophys. Acta
1020, 43-48.

[38] Hisabori, T., Kobayashi, H., Caibara, C. and Yoshida, M. (1994)
J. Biochem. (Tokyo) 115, 497-501.

[39] Ernster, L., Carlsson, C., Hundal, T. and Nordenbrand, K. (1979)
Meth. Enzymol. 55, 399-407.

[40] Van de Stadt, R.J., De Boer, B.L. and Van Dam, K. (1973) Bio-
chim. Biophys. Acta 292, 338-349.

[41] Vasilyeva, E.A., Panchenko, M.V. and Vinogradov, A.D. (1989)
Biokhimiya (Moscow) 54, 1213-1221.



