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By using an NADH-regenerating system, different steady states were obtained in which the electron flux through each

respiratory unit was modulated. Under these conditions it was observed that, at constant AzH*, the ATP/O value de-

creased with increasing electron flux. This flux-yield dependence can be regarded as evidence in support of indirect cou-
pling at the proton pump level.

Oxidative phosphorylation; ATP/O stoichiometry; Mitochondria; (Yeast)

1. INTRODUCTION

Knowledge of mechanistic stoichiometries in
coupling between respiration and phosphorylation
catalysed by mitochondria is of considerable in-
terest for the understanding of the energetics of
cells. As a matter of fact, conflicting results in the
determination of these stoichiometries have been
the object of a great deal of discussion concerning
isolated mammalian mitochondria [1-3]. The
problem in coming to an agreement appears to be
partially one of technical difficulties (review [4]).
However, some experiments have suggested a
change in stoichiometry of proton pumping by the
electron transport chain [5-9] or by the ATPase
[6]. If one considers such a possibility, ATP/2e”
stoichiometries, measured at the individual coup-
ling sites, can vary according to the experimental
conditions used for determination.

In this paper, we show that the value of ATP/O
increases when respiratory flux slows down in
response to a limitation of substrate supply. Such a
flux-dependent change, without any relation with a
variation of AZH", could be due to a variability in
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the degree of coupling of proton pumps im-
plicated.

2. MATERIALS AND METHODS

2.1. Preparation of mitochondria

Cells of diploid wild-strain Saccharomyces cerevisiae (yeast
foam) were grown aerobically at 28°C in a complete medium
(pH 4.5) with 2% lactate as carbon source. The cells were
harvested in logarithmic growth phase and mitochondria were
isolated from protoplasts as described in [10]. Protein concen-
tration was measured by the biuret method using bovine serum
albumin as a standard.

2.2. Determination of ATP/0O

Mitochondrial oxygen consumption was measured at 27°C in
a 1.5-ml thermostatically controlled chamber equipped with a
Clark oxygen electrode (Gibson) connected to 2 microcomputer
giving an on-line display of rate values. Basal medium was as
follows: 0.65 M mannitol, 0.36 mM EGTA, 3 mM Tris-P;,
10 mM Tris-maleate (pH 6.7), 10 «M RbCl and 0.01 xg valino-
mycin/ml. Substrate supply was either a saturating concentra-
tion of different substrates or a NADH regenerating system:
4 mM glucose 6-phosphate, 2 mM NAD* and various amounts
of glucose-6-phosphate dehydrogenase (EC 1.1.1.49). The rate
of ATP synthesis was initiated by addition of 1 mM ADP; after
acid extraction, ATP was measured by 3 different methods: (i)
32p; incorporation in adenine nucleotides as previously de-
scribed in [11]; (i) glucose 6-phosphate formation in the
presence of non-limiting amounts of hexokinase, 1 mM MgCl,
and 10 mM glucose, or (iii) by disappearance of P; in the incuba-
tion medium. P; concentration was determined according to
[12).
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2.3. Measurement of ApH and Ay

Matrix space was determined by using [*H]water and inner
membrane impermeable [“C]sucrose, Ay and ApH by distribu-
tion of *Rb (in the presence of valinomycin) and [*H)acetate,
respectively [13]. Routinely, after equilibration (3 min), mito-
chondria were separated from the medium by rapid centrifuga-
tion (30 s) through a silicone oil layer (silicone AR200 fluid).

2.4. Determination of NAD* and NADH
NAD* and NADH concentrations were determined by the
technique described in [14].

3. RESULTS AND DISCUSSION

Mitochondria isolated from S. cerevisiae in ex-
ponential phase of growth present 3 main
characteristics: (i) lack of phosphorylation site cor-
responding to coupling site 1 of animal mitochon-
dria [15-17]; (ii) ability to oxidize exogenous
NADH by a NADH dehydrogenase located
towards the outer surface of the inner membrane
[18]; (iii) the ability to oxidize lactate by using
directly the third site span [15]. Our first aim was
to determine ATP/O stoichiometries at sites 2 + 3
and 3 by applying an experimental procedure
which minimized the effect of endogenous un-
coupler.

Tsou and Van Dam [19] have shown that low
concentration of uncoupler depresses phosphoryla-
tion rate at every rate of respiration but has little
effect on the slope of the linear relationship be-
tween respiratory and phosphorylation rates when
these rates vary with respiratory chain inhibitors.
Consequently, the effect of endogenous uncoupler
can be largely avoided by determining the ATP/O
or ATP/2e” stoichiometry from the slope of this
relationship. Such a property has been confirmed
and used in previous studies with mammalian mito-
chondria [1,3]. This approach appears to be par-
ticularly suitable for measuring the ATP/O ratio in
yeast mitochondria where the state 4 respiration is
always higher than in mammalian mitochondria.
Fig.1A shows an antimycin titration of phos-
phorylation and respiratory rates with external
NADH as substrate. Each of the techniques used to
measure ATP could lead to misestimations of
phosphorylation rate, i.e., either an underestima-
tion due to ATPase contaminating activity (**P in-
corporation or P; disappearance methods) or an
overestimation mainly due to adenylate kinase ac-
tivity (glucose 6-phosphate method). However,
whatever the method used for ATP estimation, the
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Fig.1. Measurement of ATP/O at sites 2+ 3 and 3 by
respiratory chain inhibitor titrations. Mitochondria (0.6 mg
protein) were suspended in 1.5 ml respiratory medium sup-
plemented with (A) 2 mM NADH, (B) 5 mM succinate and (C)
3 mM TMPD + 4 mM ascorbate. In (A), 3 different methods
were used for ATP measurements (see section 2): either *?P; in-
corporation into adenine nucleotides (%) or glucose 6-phosphate
formation (@) or P; disappearance (O); inhibitors used were an-
timycin in (A,B) or cyanide in (C). Varp is given as nmol
ATP-min~'-mg™! protein and Vo, as ngatom O-min™!-mg™!
protein.

experimental points were distributed on the same
straight line, indicating that neither contaminating
ATPase activity nor adenylate kinase activity
changed significantly ATP synthesis rate estima-
tions (fig.1A). By using the experimental procedure
presented in fig.1A, with antimycin or cyanide as
inhibitors, ATP/O ratio was determined with dif-
ferent respiratory substrates. It appeared that
ATP/0O was about 1.5 with succinate (see fig.1B)
or ethanol. (not shown) or 1 with substrates oxi-
dized at site 3 as TMPD + ascorbate (fig.1C) or lac-
tate (not shown). These results are in agreement
with those obtained recently in mammalian mito-
chondria [3]: 1.5 and 1 at sites 2 + 3 and 3, respec-
tively. However, with substrates considered to
donate their electrons to site 2 the external side of
the membrane, such as NADH (see fig.1A) or
glycerol phosphate (not shown), ATP/O quotient
is about 1.25. Thus, ATP/O values seem to depend
on location of the dehydrogenase either on the
outer or inner faces of the internal membrane. This
difference seems linked to the site 2 span where
ATP/2¢™ with NADH as substrate is only half of
that with ethanol or succinate. From a
physiological point of view, it is interesting to note
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that phosphorylation with NADH is only slightly
higher than that with lactate which donates its elec-
trons directly to the site 3 span.

Since yeast mitochondria possess a NADH de-
hydrogenase located towards the outer surface of
the inner membrane, it is easy to limit the
respiratory rate by NADH supply. For such a pur-
pose, mitochondria were incubated in a medium
containing a NADH regenerating system, as
described in section 2. At various steady states, ob-
tained by different amounts of glucose-6-phos-
phate dehydrogenase, respiratory and phos-
phorylation rates were determined. As shown in
fig.2A, the ATP/O ratio decreases as a function of

respiratory rate, from 1.8 for 120 ngatom

O-min~'-mg™! protein to 0.95 for 400 ngatom
O-min~'-mg~! protein, and then remains con-
stant. The ATP/O value obtained in this way, at
high respiratory rate, is lower than that measured
by antimycin titration when NADH concentration
is saturating (cf. figs 1A and 2A). However, it
should be noted that the experimental conditions
are different. For instance, as shown in fig.2B, the
NADH/NAD" value is always below 0.7 when us-
ing the regenerating system; when 2 mM NADH is
used as substrate (fig.1A) it is calculated that at the
end of the experiment, the NADH/NAD™ value is
still higher than 5.

A change in ATP/O stoichiometry indicates
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Fig.2. Dependence of ATP/O, AZH* and NADH/NAD" ratio
on respiratory rate. Mitochondria were suspended in 1.5 ml
respiratory medium containing a NADH regenerating system
(see section 2) with various amounts of glucose-6-phosphate de-
hydrogenase. For a given enzyme concentration, ATP/O (e),
AgH* (%) (A), and NADH/NAD" ratio (B) were determined at
steady state. ATP formation was estimated by 3*P; incorpora-
tion into adenine nucleotides (see section 2).
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either a modification in the stoichiometry of at
least one of the proton pumps involved (i.e.,
respiratory chain or ATP synthase), or a variation
in proton leak. As shown in fig.2A, AzH?
measured during phosphorylation is constant when
respiratory rate increases up to 400 ngatom
O-min~!-mg™! protein. Above this value, 47H*
decreases slowly when respiratory rate rises. The
main observation is that ATP/O value decreases in
a flux-dependent manner at constant AzH*. There-
fore, this change in ATP/O is not a consequence of
proton leak modification but must be due to altera-
tion of either the H*/2e~ stoichiometry of the
respiratory chain or the H*/ATP stoichiometry of
ATP synthase, or both. A change in stoichiometry
of proton pumping by the respiratory chain of rat
liver mitochondria has been reported [8,9]. How-
ever, in the present experiments, the H*/2e~
stoichiometry decreases as a function of increasing
Ay. These results indicate that the yield of ox-
idative phosphorylation depends both on AzH*
[8,9] and on flux (this paper) values.

Limitation of respiratory activity by using a
NADH regenerating system is a fundamentally dif-
ferent approach from that using inhibitor titration.
In fact, in the first method, the electron flux
through each respiratory unit is modulated, even
when, in the second procedure, the number of
functional units is changed. Consequently, the first
method is most suitable for investigating relation-
ships between the flux and the reaction yield.

The flux-yield dependence which is a general
feature of the behaviour of a working engine can be
taken as evidence in favour of indirect coupling at
the pump level.

REFERENCES

[1] Beavis, A.D. and Lehninger, A.L. (1986) Eur. J. Biochem.
158, 315-322.

[2] Ferguson, S.J. (1985) Biochim. Biophys. Acta 811, 47-95.

[3} Stoner, C.D. (1987) J. Biol. Chem. 262, 10445-10453.

[4] Hendler, R.W. and Shrager, R.1. (1987) J. Bioenerg. Bio-
memb. 19, 551-569.

[5] Pietrobon, D., Azzone, G.F. and Walz, D. (1981) Eur. J.
Biochem. 117, 389-394.

[6] Pietrobon, D., Zoratti, M. and Azzone, G.F. (1983) Bio-
chim. Biophys. Acta 723, 317-321.

[7} Zoratti, M., Favaron, M., Pietrobon, D. and Azzone,
G.F. (1986) Biochemistry 25, 760-767.

[8] Murphy, M.P. and Brand, M.D. (1987) Nature 329,
170-172.

201



Volume 254, number 1,2

[9] Murphy, M.P. and Brand, M.D. (1988) Eur. J. Biochem.

173, 637-644.

[10] Guerin, B., Labbe, P. and Somlo, M. (1979) Methods En-
zymol. 55, 149-159.

[11] Rigoulet, M. and Guerin, B. (1979) FEBS Lett. 102, 18-22.

[12] Beremblum, I. and Chain, E. (1938) Biochem. J. 32,
286-294.

[13] Rottenberg, H. (1979) Methods Enzymol. 55, 547-569.

[14) Rydstrom, J. (1979) Methods Enzymol. 55, 261-275.

202

FEBS LETTERS

August 1989

[15] Ohnishi, T., Kawaguchi, K. and Hagihara, B. (1966) J.
Biol. Chem. 241, 1797-1806.

[16] Matoon, J.R. and Sherman, F. (1966) J. Biol. Chem. 241,
4330-4338.

{17] Kovac, L., Bednarova, H. and Greksak, M. (1968) Bio-
chim. Biophys. Acta 153, 32-42.

[18] Von Jagow, G. and Klingenberg, M. (1970) Eur. J. Bio-
chem. 12, 583-592.

[19] Tsou, C.S. and van Dam, K. (1969) Biochim. Biophys.
Acta 172, 174-176.



