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Respiration in non-phosphorylating yeast mitochondria.
Roles of non-ohmic proton conductance and intrinsic uncoupling
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Respiratory rate, protonmotive force and charge /O ratio were measured under two different kinds of steady state
in non-phosphorylating yeast mitochondria: (i) when the electron flux was modulated by a variable limitation in
electron supply or (ii) when oxygen consumption was decreased by respiratory chain inhibitor titration. We showed
that the relationships between either Ap or charge /O ratio and respiratory rate are different under the two kinds
of steady state, indicating different degrees of intrinsic uncoupling in respiratory chain. Moreover, we observed a
non-ohmic dependence between H *-conductance and Ap. We concluded that the high rate of static-head respira-
tion in yeast mitochondria was determined both by the non-ochmic proton conductance of the inner membrane and

the saturation of the redox proton pump slipping.

Introduction

In mitochondria isolated from yeast, the static head
(state 4) respiration is much higher than that measured
with rat liver mitochondria, with the same substrates.
The fact that the efficiency of oxidative phosphoryla-
tion (ie., P/O ratio) with succinatc or TMPD +
ascorbate as respiratory substrates [1-4], and the value
of Ap maintained in state 4 [5-7] are similar in these
two kinds of mitochondrion, is in opposition with the
hypothesis that a high value of proton conductance,
alone, is accountable for the static-head respiration of
isolated yeast mitochondria. Indeed, an increase in the
leakage conductance has been observed to result both
in an accelerated respiration and a lowering of Ap [8].
In isolated mammalian mitochondria treated with
oligomycin to block ATP synthesis, it is generally ob-
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sulfate; TMPD, tetramethyl-p-phenylenediamine.
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served that the relationship between Ap and respira-
tory rate is non-proportional [6,9-12]. Indeed, respira-
tory rate can be significantly decreased by using in-
hibitors either of electron supply or electron transport
with only a weak drop or without significant change in
Ap. Two main explanations have been put forward for
this behaviour: (i) as the scalar and the vectorial reac-
tions in H*-pumps are assumed to be tightly coupled,
such a relationship is a direct consequence of a large
increase in the passive proton conductance of the inner
membrane for a weak increase of Ap at high Ap
[6,13,14]; indeed, a non-ohmic change in H* conduc-
tance at high Ap seems to be demonstrated in mam-
malian mitochondria [12,13,15,16]; (ii) stoichiometry of
proton pumping by the respiratory chain (the number
of protons translocated vectorially across the respira-
tory chain per electron transferred) decreases as Ap is
raised, a mechanism called ‘slip’ [10,11,17,18]. Theoret-
ically, it is easy to discriminate between these two
processes: the first depends only on the Ap (and the
membrane considered), whereas the second could vary
in response to many factors: i.e., forces (4p and AGO/R
or AGp) and all the properties of the proton pumps
involved. Nevertheless, this long-standing riddle has
not yet been resolved, partly because the experimental
results are generally contradictory [14,16-18] and also
because these two processes may work together (see
Ref. 19 for review). More recently, other approaches



294

have been proposed to distinguish experimentally be-
tween effects of proton leak and redox slip on energy
transduction processes [20,21].

Mitochondria isolated from Saccharomyces cere-
visine present an ability to oxidize exogenous NADH
by an NADH dehydrogenase located towards the outer
surface of the inner membrane [22]. By using an
NADH-regenerating system, we have observed that, at
constant Ap, the ATP/O ratio decreased while elec-
tron flux increased [4). In contrast, when respiratory
rate was modulated by antimycin titration, both Ap
and ATP /O ratio remained constant. This discrepancy
has been interpreted as a difference in the degree of
coupling of proton pumps implicated, under these two
different kinds of steady state. In this paper, we have
compared the Ap, the respiratory rate and the
charge /O ratio, measured under two different kinds of
steady state in non-phosphorylating yeast mito-
chondria: (i) when the electron flux through each respi-
ratory unit was modulated by a variable limitation in
electron supply; (ii) when the rates of respiration vary
in response to a limitation in the number of functional
units by using respiratory chain inhibitor. We showed
that the rclationship between Ap and respiratory rate
is different under the two kinds of steady state, reflect-
ing different degrees of intrinsic uncoupling in respira-
tory chain. When the eclectron flux through cach respi-
ratory unit was modulated, the intrinsic uncoupling of
this proton pump was a saturating process which in-
creased when respiratory rate increased. We concluded
that the static-head respiration was determined both by
the non-ohmic proton conductance of the inner mem-
brane and the saturation of the intrinsic uncoupling of
the respiratory chain.

Materials and Methods

Preparation of mitochondria. Cells of diploid wild-
type Saccharomyces cerevisiae (yeast foam) were grown
acrobically 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 mito-
chondria were isolated from protoplasts as described in
Ref. 23. Protein concentration was measured by the
biuret method using bovine serum albumin as a stan-
dard.

Respiration assay. Oxygen consumption was mea-
sured at 27°C in a 1.5 ml thermostatically controlled
chamber equipped with a Clark oxygen electrode (Gil-
son) connected to a microcomputer giving an on-line
display of rate values. Mitochondria (0.5 mg/ml) were
incubated in the following basal medium: 0.65 M man-
nitol, 0.36 mM EGTA, 3 mM Tris-P;, 5 pM Tris-
acetate, 10 mM Tris-maleate (pH 6.7), 20 pug
oligomycin/ml supplemented with 10 uM RbCIl and
0.01 pg valinomycin/ml. Substrate supply was an

NADH-regenerating system: 4 mM glucose 6-phos-
phate, 2 mM NAD™ and various amounts of glucose-
6-phosphate dehydrogenase (EC 1.1.1.49) from Leu-
conostoc mesenteroides which is able to work with
NAD™ as cofactor.

Measurement of ApH and AY by distribution of
labelled probes. Matrix space was determined by using
[*H]water and inner membrane impermeable
[*Clsucrose, A¥ and ApH by distribution of **Rb (in
the presence of valinomycin) and [*H]acetate, respec-
tively [24]. Routinely, after equilibration (3 min), mito-
chondria were separated from the basal medium by
rapid centrifugation (30 s) through a silicone oil layer
(silicone AR 200 fluid). These measurements were
made under strictly the same conditions as respiration
assays (see above).

Determinations of K */ O ratio and AV by K* elec-
trodes. The technique for measuring electrical
charge/O (q*/0) ratios at steady-state was as de-
scribed by Murphy and Brand [18]. This method is
based on strict equality of the rate of charge efflux
from mitochondria, catalyzed by a proton pump, to the
charge influx, catalyzed by valinomycin, at a given
steady state. Mitochondria (2 mg/ml) Wwere incubated
in 8 ml of basal medium (without Rb) supplemented
with 2 pg valinomycin/ml at 28°C. Potassium concen-
tration was monitored with a potassium-sensitive elec-
trode (F 2321 K Radiometer). At a given steady-state,
obtained either by various amounts of glucose-6-phos-
phate dehydrogenase (EC 1.1.1.49) or by different
amounts of myxothiazol, an inhibitor of b-c, complex
of respiratory chain (in the presence of saturating
concentration of enzyme), the respiratory rate was
measured and charge efflux was determined from the
initial rate of K* efflux following addition of 2 pug
myxothiazol /ml. Since the potassium-sensitive elec-
trode gave a logarithmic response to K*, the initial
rate of efflux was determined from linearized replots
as described in Ref. 18.

AY (in mV) was calculated from the distribution of
K™ by the Nernst equation:

A¥ =60 log([K* in/[K* Jow)

The extramitochondrial K* concentration was de-
termined using a K*-sensitive clectrode (sce above).
The intramatricial K* accumulation was estimated us-
ing the difference in external K* concentrations at
given steady states and after complete respiratory chain
inhibition. Intramatricial K* concentration was calcu-
lated using the matrix volume determined in parallel.

ATPase activity measurement. ATP hydrolysis was
assayed at 28°C in the following medium: 0.65 M
mannitol, 10 mM Tris maleate, 0.36 mM EGTA, 5 mM
potassium phosphate, 5 mM MgCl,, 25 ug
antimycin/ml, 0.5 pg valinomycin/ml and 0.1 mM



carboxyatractylate (pH 6.7). Mitochondria (1 mg pro-
tein /ml) were incubated in this medium in the absence
or in the presence of 0.1% Triton X-100 (v/v) and the
reaction was started by addition of 1 mM ATP. ATP
hydrolysis was measured by bioluminescence method
as previously described in Ref. 26.

Succinate ferricyanide oxidoreductase. Mitochondria
(1 mg protein /ml) were incubated in the basal medium
(see above) in the presence of 1 mM KCN, 2 mM
ferricyanide, 4 mM succinate and 2.5 pg valinomy-
cin/ml, with or without Triton X-100. Ferricyanide
reduction was followed at 436 nm in an Eppendorf
spectrophotometer using the absorbance coefficient 0.4
mM~!em™.

Succinate PMS DCIP oxidoreductase. Mitochondria
(1 mg protein/ml) were incubated in the basal medium
(see above) in the presence of 2.5 ug antimycin/ml, 10
mM succinate, 200 oM DCIP and 2 mM PMS with or
without 0.1% Triton X-100. This activity was measured
as described in Ref. 27.

Results

The mitochondrial fraction appears to contain less
than 5% of broken organelles, as suggested by three
sets of experiments {not shown): (i) the ATPase activity
insensitive to carboxyatractylate; (ii) the succinate-
ferricyanide oxidoreductase activity insensitive to an-
timycin; (iii) and the succinate-PMS-DCIP oxidoreduc-
tase. For cach test, the maximum activity correspond-
ing to completely broken mitochondria was obtained in
the presence of low concentrations of Triton X-100
(see Materials and Methods).
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Relationships between Ap and respiratory rate

Since yeast mitochondria possess an NADH dehy-
drogenase located towards the outer surface of the
inner membrane, it is easy to limit the respiratory rate
by NADH supply. For such a purpose, mitochondria
were incubated in a medium containing a NADH-re-
generating system, i.e., 4 mM glucose 6-phosphate, 2
mM NAD™ and various amounts of glucose-6-phos-
phate dehydrogenase inducing different steady-states
(conditions 1). As shown in Fig. 1A, the static-head
respiratory rate increased as a function of the enzyme
concentration to reach a maximal value of 320 natoms
0/min per mg protein for 0.5 unit/ml of enzyme
added. This value and the corresponding Ap (see
below) are identical to those measured in state 4 when
saturating NADH concentration is used as respiratory
substrate instead of NADH-regenerating system (not
shown). In the presence of 3 uM CCCP, a concentra-
tion of this protonophore which completely collapsed
Ap, the respiration was not modified for a low amount
of glucose-6-phosphate dehydrogenase (up to 0.1
unit/ml) and stimulated above this amount of enzyme
(Fig. 1A). This shows that under 0.1 unit/ml glucose-
6-phosphate dehydrogenase exerts full control. Maxi-
mal uncoupled respiration was obtained for 1.5 unit /ml
of enzyme added. Another possibility for modulating
the respiratory rate,.under coupled (state 4) or uncou-
pled conditions, was the inhibitor titration. Fig. 1B
shows such a titration with myxothiazol (conditions 2).
Even when respiratory rate is very low, it is always
largely stimulated by Ap dissipation.

ApH and AV were measured under the two kinds
of steady state corresponding to conditions 1 and 2 in

(Myxo) Jta. et

I3

Fig. 1. Dependence of respiratory activity on either glucose-6-phosphate dehydrogenase or myxothiazol concentrations. Mitochondria (0.5

mg/m}) were suspended in basal medium (sce Materials and Methods). Respiratory rate was measured either at static-head () or after addition

of 3 uM CCCP (©). Additions were: in (A) different amounts of glucose-6-phosphate dehydrogenase; in (B) 1.6 unit enzyme /ml with different

myxothiazol concentrations. The results for a representative experiment are presented; similar results were obtained with three different
) mitochondria preparations.
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the absence of CCCP. As shown in Fig. 2A, the maxi-
mal ApH and AV are reached for very low respiratory
rate (about 30 natoms O/min per mg protein) when
this latter is limited by NADH supply. However, the
respiratory rate can be further increased up to a maxi-
mal value of 320 natoms O/min per mg protein with-
out any apparent change in Ap (see also Fig. 2C), so
that 10% of the maximal respiration seems sufficient to
compensate the proton leak. In contrast, under condi-
tions 2 (myxothiazol titration), a slight decrease in
respiratory rate corresponded to a decrease in both
ApH and AY (Fig. 2B). The same result was obtained
when antimycin was used instead of myxothiazol (not
shown). Consequently, there is more than one relation-
ship between Ap and respiratory rate; at the same
respiratory rate, limitation in NADH supply led to a
Ap greater than that maintained when respiratory chain
itself was partially inhibited (Fig. 2C). In conclusion,
the respiratory chain is more efficient under conditions
1, except at very low respiratory rate.

Determination of K */ O stoichiometry

The electrical charge/O (K*/0) ratio was deter-
mined at different steady states by using the technique
described by Murphy and Brand [18]. At a given steady
state, it is assumed that the rate of charge efflux (J,,,)
from mitochondria catalyzed by respiratory chain is
strictly equal to the rate of charge influx (J,,). In the
presence of a non-limiting amount of valinomycin, ad-
dition of a respiratory chain inhibitor (i.e., myxothia-
zol), by blocking electron flux and consequently H*
efflux, leads to a K* efflux equal to the H* leak.
Consequently, the initial rate of K* efflux reflects J,.
Fig. 3 shows the dependence between ecither AY (mea-
sured by K*-electrode) or K* /O ratio and the respira-
tory rate under the two sets of experimental conditions
previously described. AY measured by Rb distribution
(Fig. 2A and B) or by K*-electrode (Fig. 3A and B)
were similar except for the low values of respiratory
rate (under 60 natoms O/min per mg protein) ob-
tained by myxothiazol titration (compare Figs. 2B and
3B), indicating that addition of non-limiting concentra-
tion of valinomycin did not change significantly the
membrane properties. Under conditions 1, K* /O value
decreased from 5 to 1 as a function of respiratory rate
increase. In contrast, under conditions 2 (myxothiazol
titration) K* /O value was low (approx. 1) and constant
when respiratory rate was greater than 40 natoms
O/min per mg protein.

It is worth noting that, at low values of respiratory
rate (under 20 natoms O/min per mg protein), it is
very difficult to determine the right K*/O ratio, what-
ever the means used for limiting respiration. Indeed, at
low AY, the method sensitivity was diminished, result-
ing obviously in difficulty in interpreting experimental
data.
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Fig. 2. Relationships between either AY or ApH and respiratory
rate. AV (#) and ApH (0) were determined by **Rb and [*H)acetate,
respectively, as described in Materials and Methods under two kinds
of steady state corresponding to either NADH-regenerating system
(A) or myxothiazol titration (B). Oxygen consumption and Ap were
measured under the same conditions in parallel experiments as
detailed in Materials and Methods. Protonmotive force obtained
from (A) (M) and (B) (+) against respiratory rate (C). The two kinds
of steady state are studied in parallel with the same mitochondria
preparation. The points shown are from three different experiments
carried out with three different mitochondria preparations. Each
point is the means of three or four determinations. Error bars
have been omitted since a standard deviation is always smaler tlan
6 mV for dp.
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Fig. 3. A¥ and K* /O stoichiometry as a function of respiratory rate. K¥ /O stoichiometry (®) determination were carried out by simultaneously

measuring oxygen and potassium concentrations as described in Materials and Methods. (A) and (B) correspond to different steady states

obtained as in Fig. 1A and Fig. 1B, respectively. AY (*) was determined from K* concentrations of the medium as described in Materials and

Methods. The two kinds of steady state are studied in parallel with the same mitochondria preparation, on the same day. The points shown are
from four different experiments carried out with three different mitochondria preparations.

low AY, the method sensitivity was diminished, result-
ing obviously in difficulty in interpreting experimental
data.

Taking into account the results presented in Figs. 2
and 3, it is possible to deduce the variation of the H™
conductance as a function of Ap. This can be realised
by dividing J+ (equal to J,;+ leak) by the correspond-
ing Ap value for each respiratory rate induced, either
by NADH supply limitation (conditions 1) or by in-
hibitor titration (conditions 2). Whatever the means
used for varying respiratory rate, there was only one
relationship between H*-conductance and Ap (Fig. 4).
This result was to be expected if Ji/Ap was an actual
measurement of H conductance. At low Ap, the H*
conductance value was 0.2 nmol H* /min per mg pro-
tein per mV; for upper values of Ap, H* conductance
increased exponentially as a function of Ap, indicating
a non-chmic dependence.
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Fig. 4. Variation of H* conductance as a function of Ap. Jg+ and

Av were from Figs. 3A and B. For the calculation of Ap, ApH was

from Figs. 2A and B. As in previous experiments, two kinds of steady

state were compared: different amounts of glucose-6-phosphate de-

hydrogenase () and different myxothiazol concentrations at satura-
tion in NADH supply (a).

Discussion

A non-ohmic dependence between passive proton
permeability and Ap has been observed in many bio-
logical membranes, including the mitochondrial inner
membrane of mammals [6,9-13,16,18]. From Fig. 4, it
appears that in yeast mitochondria, the H* conduc-
tance varics with Ap, as expected if the proton flux is a
non-ohmic function of the potential. Moreover, the H*
conductance of yeast mitochondria was 4-fold higher
than that reported in rat liver mitochondria [12,13,15].

The question arises whether such an increase in
H™*-conductance can in itself fully account for the
non-linear relationship between respiratory rate and
Ap in yeast mitochondria, as previously proposed in rat
liver mitochondria [6,13,14]. However, another expla-
nation has been suggested in which the stoichiometry
decrease in redox proton pump at high Ap is responsi-
ble for this behaviour [10,11). Such an intrinsic uncou-
pling of a proton pump, also called slip, scems to
depend on numerous factors: the value of Ap[16,18,25],
the effects of some drugs [29,30], the kinetic regulation
[7,31] and the size of the flux through the proton pump
considered [4].

In yeast mitochondria, at a given respiratory rate
obtained with the same respiratory substrate, Ap is
greater when the electron supply is a limiting process
than when respiratory chain activity is modulated by
inhibitor (Fig. 2C). An explanation could lie in a mito-
chondrial heterogeneity with different dependences on
cither the substrate concentration or the inhibitor titra-
tion of the uncoupled respiration of the various mito-
chondrial populations [28]. Such an explanation is un-
likely, since the broken mitochondria fraction is less
than 5%. Morcover, it is well known that, in the
uncoupled state, practicaily the total control is exerted
by the respiratory chain and, in this context, the in-
hibitor of the respiratory chain will more strongly de-
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crease the respiratory rate of mitochondria presenting
weak or no coupling. In contrast, when the electron
supply is a limiting process, all the kinetic control is
exerted by the glucose-6-phosphate dehydrogenase
added. Indeed, the heterogeneity of mitochondrial
preparation could explain that Ap is more important
when the respiratory chain is modulated by inhibitors.

However, the results that we have found are oppo-
site. In assuming an homogeneous mitochondrial popu-
lation, the facts described in Fig. 2C constitute strong
indirect cvidence that the stoichiometry of this proton
pump is higher under the former conditions except

when the respiratory rate fell below 20 natom O/min-

per mg protein. Direct measurements of the charges
translocated as a function of respiratory rate show that
the K*/O ratio is approx. 1 at state 4 respiration.
When the rate of respiration varies in response to a
limitation in the number of functional units (titration
with myxothiazol), the K*/O ratio remains constant
for a respiratory rate above 40 natom O/min per mg
protein. Below this value, K* /O slightly increases. In
contrast, when the clectron flux through each respira-
tory chain unit is modulated by a variable limitation in
electron supply, the K*¥/O ratio increases exponen-
tially from 1 to 5 as the respiratory rate decreases. In
conclusion, as previously proposed [4], the decrease in
proton pumping efficiency of the respiratory chain
seems to depend on the size of electron flow, although
at low respiratory rate we cannot exclude an effect of
the Ap value. This decrease of proton pump efficiency
reflects an increase in pump slippage. Moreover, the
increase in slip is a saturating function of the respira-
tory rate; state 4 respiration which is normally obtained
under conditions where the electron supply is not
controlling corresponds to a maximal value of the slip.

The experiments reported here show that the ener-
getic status of static-head respiration is controlled by
both leak and slip. The exponential increase in HY
conductance defines the Ap value at this steady state
which is buffered at necar 200 mV. When electron
supply is limited, a low respiratory ratc is sufficient for
maintaining this force. But, in the absence of such a
limitation, respiratory rate in state 4 corresponds to a
saturation of slip, a statc in which the efficiency of the
proton pump is the weakest.

Limitation of respiratory rate by using respiratory
chain inhibitor titration is not a suitable method for
investigating the relationships between respiratory rate
and Ap. Indeed, under this condition the electron flux
through each respiratory unit is supposed to remain
constant and at maximal slipping value, in contrast to
the other method using the NADH-regenerating sys-

tem. The slip in state 4 appears to be higher in yeast
(K*/0 = 1) than in rat liver (K*/O = 2.3, see Ref. 18)
mitochondria. The fact that the efficiency of P/O in
yeast and in mammalian mitochondria is similar (cf.
Introduction) can be taken as evidence that the energy
dissipation by proton pump slippage decreases more in
yeast than in mammalian mitochondria as function of
Ap.
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