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Top-down control analysis of temperature effect on oxidative

phosphorylation
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The effects of temperature on the control of respiration rate,
phosphorylation rate, proton leakage rate, the protonmotive
force and the effective ATP/O ratio were determined in isolated
rat liver mitochondria over a range of respiratory conditions by
applying top-down elasticity and control analyses. Simultaneous
measurements of membrane potential, oxidation and phosphoryl-
ation rates were performed under various ATP turnover rates,
ranging from state 4 to state 3. Although the activities of the
three subsystems decreased with temperature (over 30-fold be-
tween 37 and 4 °C), the effective ATP/O ratio exhibited a
maximum at 25 °C, far below the physiological value. Top-down
elasticity analysis revealed that maximal membrane potential
was maintained over the range of temperature studied, and that
the proton leakage rate was considerably reduced at 4 °C. These
results definitely rule out a possible uncoupling of mitochondria
at low temperature. At 4 °C, the decrease in ATP/O ratio is
explained by the relative decrease in phosphorylation processes
revealed by the decrease in depolarization after ADP addition
[Diolez and Moreau (1985) Biochim. Biophys. Acta 806, 56-63].
The change in depolarization between 37 and 25 °C was too
small to explain the decrease in ATP/O ratio. This result is best

explained by the changes in the elasticity of proton leakage to
membrane potential between 37 and 25 °C, leading to a higher
leak rate at 37 °C for the same value of membrane potential.
Top-down control analysis showed that despite the important
changes in activities of the three subsystems between 37 and
25 °C, the patterns of the control distribution are very similar.
However, a different pattern was obtained at 4 °C under all
phosphorylating conditions. Surprisingly, control by the proton
leakage subsystem was almost unchanged, although both control
patterns by substrate oxidation and phosphorylation subsystems
were affected at 4 °C. In comparison with results for 25 and
37 °C, at 4 °C there was evidence for increased control by the
phosphorylation subsystem over both fluxes of oxidation and
phosphorylation as well as on the ATP/O ratio when the system
is close to state 3. However, the pattern of control coefficients as
a function of mitochondrial activity also showed enhanced
control exerted by the substrate oxidation subsystem under all
intermediate conditions. These results suggest that passive mem-
brane permeability to protons is not involved in the effect of
temperature on the control of oxidative phosphorylation.

INTRODUCTION

The physical properties of biological membranes are of functional
significance and under physiological control. The purpose of this
study was to investigate their role (via the proton conductance of
the mitochondrial inner membrane) in the control of oxidative
phosphorylation by varying the temperature. Top-down control
analysis was used because it seemed the most convenient tool to
discriminate between the various effects of temperature modi-
fication. The literature is poorly documented on the effect of low
temperature on oxidative phosphorylation in isolated mito-
chondria [1-6]. The studies published so far have concluded that
there is a decrease in oxidative phosphorylation efficiency with
temperature from 25 to 10 °C [5,6]. A loss of mitochondrial
membrane integrity at low temperature has been discounted but
no clear explanation has been proposed [6]. However, no
measurement of proton leakage has so far been performed under
these conditions and the effect of low temperature on oxidative
phosphorylation itself is still unclear, as well as the decrease in
phosphorylation efficiency observed between 25 and 37 °C [6].
The first insight from the present study is the measurement of
membrane potential to investigate the internal membrane con-
ductance to protons and to further document its exact role on

phosphorylation efficiency and control of distribution in oxi-
dative phosphorylation.

These questions were investigated by top-down control analy-
sis, an efficient method that provides an immediate overview of
the control structure of the whole pathway under investigation
[7-9]. This approach groups the system into two or three
subsystems of reactions connected by a common intermediate
[10]. It was first applied to determine the control of oxidative
phosphorylation in animal [7,8,11,12] or plant mitochondria
[13,14] under variable phosphorylating conditions. In those
studies, the kinetic responses of substrate oxidation, the
phosphorylation reactions and proton leakage to their common
intermediate (the protonmotive force, Ap) were measured under
different ATP turnover conditions. This analysis also offers the
opportunity to study the distribution of control on complex
functions [15], for example the ATP/O ratio [16]. In the present
study we took advantage of the capabilities of the top-down
approach to investigate the effect of complex modulators on a
system. Indeed, it has been successfully applied to discriminate
between the different effects of thyroid hormones on hepatocytes
[9,17,18]. Recent papers also show its use to discriminate between
the various poisonous effects of heavy metals on mitochondrial
functions [19-21].

Abbreviations used: Ap, protonmotive force; A¥, membrane potential; ApH, pH gradient across the mitochondrial inner membrane; J,, rate of
oxygen consumption by the respiratory chain reactions; J, rate of oxygen consumption required to pump protons out at the rate equal to the rate of
proton entry through proton leakage; J,, rate of ATP synthesis; C/Jr, overall control coefficient of subsystem i over J; (J,, J, or J;) or AY or ATP/O ratio;

i [P i . ; . + ; i
exy, overall elasticity of subsystem i to A¥; RC, respiratory control; TPP™, tetraphenylphosphonium ion.
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The effect of temperature — a typical complex effector — on an
integrated system such as oxidative phosphorylation is quite
complex to assess, because temperature has different effects on
the different enzyme subsystems as well as on membrane proper-
ties. There were two stages in this study: first we applied
top—down elasticity analysis to characterize temperature effects
on the inner mitochondrial membrane conductance to protons;
secondly we measured control coefficients to quantify the control
exerted by the system parameters (subsystems) over the values
taken by the system variables (fluxes, fluxes ratio and the value
of Ap). These analyses were carried out at different temperatures
on isolated rat liver mitochondria oxidizing succinate at various
ATP turnover rates.

EXPERIMENTAL
Preparation of rat liver mitochondria

Male Wistar rats (8 weeks old, average weight 200 g) were killed
by cervical dislocation and liver was removed and homogenized
in ice-cold sucrose buffer [0.3 M sucrose, SmM Tes, 0.2 mM
EGTA, 19% (w/v) BSA, pH 7.2]. Mitochondria were isolated by
the method of Cannon and Lindberg [22] and kept on ice in
sucrose buffer.

Simultaneous monitoring of respiration rate, membrane potential
and phosphorylation rate

Oxygen consumption, membrane potential and ATP synthesis
were determined simultaneously in a glass vessel (final volume
3ml) in a medium containing 100 mM KCI, 40 mM sucrose,
10 mM KH,PO,, 5 mM MgCl,, | mM EGTA, 1% (w/v) BSA,
pH 7.2,and 5 M rotenone. Mitochondrial protein concentration
in the vessel varied from 250 pg/ml (37 and 25 °C) to 1.2 mg/ml
(4 °C). Mitochondrial concentration was 2.4 mg/ml for proton
leakage measurements at 4 °C after control of the absence of
effect of protein concentration on the results (results not shown).
Succinate (5 mM) was used as substrate. Further additions are
detailed in the figures. Oxygen uptake was measured polaro-
graphically with a Clark type electrode (Rank Brothers), pH
changes with a sensitive pH electrode. Membrane potential was
followed by wusing a laboratory-constructed tetraphenyl-
phosphonium (TPP¥)-sensitive electrode coupled to a remote
Ag/AgCl-saturated reference electrode.

Respiration rates were calculated with respect to calibration of
the oxygen electrode with air-saturated medium containing
220 uM O, at 37 °C, 240 uM O, at 25 °C and 385 uM O, at 4 °C
[23].

Membrane potential (AY) was calculated by using the
equation of Kamo et al. [24]:

AY = (RT/F)log(v/V)—(RT/F)log(104/@) 1) (1)

where v is the mitochondrial matrix volume, V is the volume of
the measurement medium and AE is the deflection of the TPP*
electrode from the baseline, derived from the calibration of the
electrode. The mitochondrial matrix volume was taken as 1.21 ul
per mg of protein, according to Goubern et al. [25]. The
calibration of the TPP* electrode consisted of doubling the
TPP*concentration (from 3 to 6 M) before the addition of
mitochondria. Non-specific TPP* binding was accounted for by
subtracting 50 mV from all measured AY values [25]. It was
apparent that ApH was relatively constant (about 5-10 mV) at
25 °C, under different conditions of phosphorylation in 10 mM
phosphate-containing buffer [9]. This value was not different
from the mitochondrial-cytosolic pH gradient, measured by
NMR spectroscopy, on a whole rat liver perfused at 4 °C [26].
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Figure 1 Scheme of oxidative phosphorylation in rat liver mitochondria

The system consists of all the steps within the box and is divided into three subsystems of
reactions (inner boxes); the three subsystems are connected by the common thermodynamic
intermediate (Ap). The ADP—atractyloside system was used to maintain intermediate
phosphorylation rates, and malonate titrations were carried out for the determination of elasticity
coefficients.

ApH was negligible compared with measured membrane
potentials (180 mV as average value) and do not appear very
different at 4 °C. Membrane potential was therefore a suitable
parameter for this study, especially because it was continuously
measured in our experimental device. The low value of ApH does
not interfere with control analysis as fractional changes are used
for elasticity and control analyses (see below). State 3 membrane
potential values reported below in Figure 3 are the lowest values
obtained after ADP addition, usually during the second addition.
The values obtained were similar to those obtained after addition
of a saturating ADP concentration for control analysis experi-
ments.

The pH changes were converted into H* consumption by
titrating the suspension with titrated HCI at the end of the
kinetics. HCl injections also showed that the time response of the
pH electrode was never rate-limiting for kinetic studies. H*
consumption was converted into ATP synthesis by using the
following equilibrium [27]:

ADP* + P~ 4+ mH* - ATP"" + H,0 )

with m = g+r—p. The value of m was calculated for all
experiments from the total proton consumption measured after
phosphorylation of a known amount of ADP. Conditions were
chosen so that the pH variation never exceeded 0.1 for the whole
range of the kinetics.

Protein determination

Mitochondrial protein concentration was determined by the
Bradford method [28].

Top-down analysis

Following previous use [13] of top-down metabolic control
analysis [8], we divided the system of oxidative phosphorylation
into the following three subsystems linked by the common
intermediate Ap: the substrate oxidation subsystem producing
Ap (substrate translocases, dehydrogenases, respiratory chain
complexes) and the two subsystems that consume the Ap, either
coupled to ATP synthesis (the phosphorylation subsystem,
including the ATP synthase and the ATP/ADP-translocase and
the phosphate translocase) or without ATP synthesis (proton
leakage subsystem including the passive permeability of the
mitochondrial inner membrane to protons, and any cation cycling
reactions) (Figure 1).
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Complete top-down control analysis requires the measurement
of the fluxes through the different subsystems, and determination
of the corresponding elasticity coefficients over Ap for every
condition of phosphorylation studied. The fluxes through sub-
strate oxidation (J,) and phosphorylation (J,) subsystems were
measured simultaneously with the determination of membrane
potential. Proton leakage flux (J)) was calculated for the same
value of membrane potential from independent titration curves
(see below). Appropriate titrations of the different fluxes were
carried out to determine the elasticities of the three subsystems to
Ap and the control coefficients of the respiratory chain, the
phosphorylation system and proton leakage over each flux, over
the value of Ap and the ATP/O ratio.

Determination of overall elasticity coefficients to A'Y

The overall elasticities of the chain, proton leakage and
phosphorylation subsystems to protonmotive force were calcu-
lated as described by Hafner et al. [8]. Determination of the
elasticity of a subsystem to the protonmotive force consists of
modifying Ap by an adequate titration of a subsystem that differs
from the subsystem under consideration. This analysis has been
performed for different conditions of ATP synthesis set up by
using various atractyloside concentrations in the presence of
excess ADP. The hexokinase—glucose system could not be used
for these studies because the balance of H* is null under these
phosphorylating conditions. For every ATP turnover set up, the
different fluxes have been measured under steady-state
conditions; i.e. when a true constant value of A¥Y was obtained.

The elasticity of the respiratory chain (Ap-producing sub-
system) to Ap was obtained from the titration of the
phosphorylation system (Ap-consuming subsystem) with
atractyloside: the addition of increased concentrations of in-
hibitor induces increased steady-state values of Ap that cause
reajustments of the flux through the respiratory chain. The
elasticity of the respiratory chain in any phosphorylating con-
dition is defined as the ratio between the fractional change in the
respiration flux (dJ,/J,) and the fractional change in Ap
(dAp/Ap), approximated to the fractional change in AY
(dAY/AY). Elasticity coeflicients can be determined from the
plot of J, against AW obtained during atractyloside titration and
corresponds to the normalized slope of the titration curve
multiplied by AY/J,:

exp = (dJ,/dAY).(AY/T) (©)

The elasticity of proton leakage to Ap was obtained from the
titration of the Ap-producing subsystem with malonate in the
absence of phosphorylation (using 0.5 xg of oligomycin per mg
of protein). Under these conditions, the flux through the res-
piratory chain under steady-state conditions exactly matches the
proton leakage flux (the only Ap consumer). The elasticity of
proton leakage to Ap corresponds to the ratio between the
fractional change in the proton leakage flux (expressed as
equivalent oxygen consumption) and the fractional change in Ap
(i.e. to the normalized slope of the malonate titration curve
multiplied by A¥/J)) from the plot of J, against AY:

ey = (dJ,/dAY).(A¥/J) &)

The main improvement in the study presented here over all
previous reports is that the elasticity of phosphorylation sub-
system to Ap under all phosphorylating conditions was directly
determined during the titration of respiratory chain by malonate.
The fractional change in the flux of phosphorylation (dJ,/J,)
divided by the fractional change in Ap allows the direct calculation

of the overall elasticity to Ap (without any correction for proton
leakage), because J, was measured simultaneously by using a
pH-sensitive electrode. At a given AY the elasticity coefficient
corresponds to the normalized slope of phosphorylation rate (at
a given concentration of atractyloside) during malonate titration,
multiplied by AY/J:

6xy = (dJ,/dAY).(AY/T) ©)

where AW is the membrane potential, J, is the flux through the
respiratory chain, J, is the flux through the proton leakage
branch (both expressed as rates of oxygen consumption) and J,
is the flux through the phosphorylation branch (expressed as the
rate of ATP synthesis).

Determination of overall control coefficients

Overall control coefficients are defined as the fractional change in
flux (flux control coefficient) or in Ap (concentration control
coefficient) in response to an infinitesimal change in the activity
of the subsystem under consideration.

Overall flux control coefficients were calculated in every
phosphorylating condition from the overall elasticities by using
the 12 equations given in Hafner et al. [§], and those derived from
the summation theorems, the connectivity property [29,30] and
the branching theorem of metabolic control analysis [31]. The
equations include here the stoichiometric coefficient for the
expression of J, as oxygen consumption on the basis of the now
generally accepted value of 1.5 for the mechanistic (maximal)
ATP/O ratio for succinate oxidation [16].

Determination of control coefficients over the effective ATP/0
ratio

Control coefficients over the value of the effective ATP/O ratio
were determined from the same data set. The effective ATP/O
ratio is the amount of total ATP produced per total oxygen
consumed (expressed as n-atoms of O). Therefore the control
coefficient of each subsystem over the effective ATP/O ratio is
given by [15,16]:

C?rl'P/() — Cvi/p_ Cll(_ (6)

where 7 represents the different subsystems.

RESULTS AND DISCUSSION
Effect of temperature on oxidative phosphorylation

The effect of temperature on the parameters of mitochondrial
activity was first assessed by a classical study of oxidative
phosphorylation, by using simultaneous measurements of oxygen
consumption, membrane potential and phosphorylation rate.
The same device was used later for the elasticity and control
analyses.

Typical experimental traces recorded at 4, 25 and 37 °C are
presented in Figure 2. The general features were the same for all
temperatures studied. After calibration of the TPP*-sensitive
electrode with increasing concentrations of TPP*, addition of
mitochondria induced a decrease in TPP* concentration in the
medium, indicating TPP* uptake by mitochondria in response to
the generation of a transmembrane potential, probably owing to
the presence of endogenous respiratory substrates. Subsequent
addition of succinate caused the onset of oxygen uptake and a
further increase in membrane potential. The addition of a limiting
amount of ADP resulted in a concomitant increase in oxidation
rate and a decrease in membrane potential (state 3), owing to the
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Figure 2  Simultaneous recordings of respiration, membrane potential and
pH changes at different temperatures

Assays were performed at 4, 25 and 37 °C as described in the Experimental section. Respiration
was initiated by the addition of 5 mM succinate. Final uncoupling was obtained by addition of
2.5 uM carbonyl cyanide m-chlorophenylhydrazone; further additions are detailed on each
trace.

onset of phosphorylation, as measured by the pH electrode [27].
After phosphorylation of added ADP, the decrease in oxidation
rate was associated with an increase in membrane potential; both
returned to the values obtained after succinate addition (state 4).
The addition of an uncoupler (carbonyl cyanide m-chlorophenyl-
hydrazone) caused the collapse of the membrane potential and
the complete release of TPP* from the mitochondria.

Under the conditions used for the control analysis, sim-
ultaneous measurement of the different parameters was very
useful for the calculation of oxidative phosphorylation force and
fluxes in a stationary state. These conditions were obtained by
addition of ADP at a saturating concentration, and measure-
ments were made after a constant membrane potential had been
obtained.

Experiments similar to those presented in Figure 2 allow the
variation of the different parameters of oxidative
phosphorylation to be studied as a function of temperature
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Figure 3 Temperature dependence of various energetic parameters

Every data point represents the mean+S.D. for at least eight assays (from a total of ten
independent mitochondrial preparations). (R) Respiratory rates were measured in the absence
(state 4, O) or in the presence (state 3, @) of ADP (see Figure 2); the corresponding
phosphorylation rates are also recorded (). (B) ATP/0 (QO) and respiratory control ()
ratios were calculated from experiments similar to those presented in Figure 2. (C) Membrane
potential values were measured under state 4 () and state 3 (@) conditions; the resulting
depolarizations (state 4 minus state 3, [ll) are also recorded.

(Figure 3). Figure 3A illustrates the rapid increase in the
oxidation rate with temperature, both in state 3 and in state 4. A
similar variation was observed for ATP synthesis rate (Figure
3A). We observed a halving in oxidation and phosphorylation
rates between 37 and 25 °C, and a large, unexpected decrease to
one-tenth between 25 and 4 °C. The oxidative phosphorylation
efficiency (ATP/O ratio) and the respiratory control (RC) ratio
were also calculated (Figure 3B). In contrast with oxidation and
phosphorylation rates, these parameters exhibited a maximum
at 25 °C. The increase in ATP/O and RC ratios between 37 and
25 °C is quite surprising (see also [6]) and the validity of these
ratios as unequivocal criteria of mitochondrial integrity may be
questioned. Therefore, in comparison with 25 °C, mitochondria
present a lower phosphorylation efficiency, indicating a possible
uncoupling, either at 37 °C or at 4 °C.

Additional information was drawn from the measurements of
membrane potential values with the TPP*-sensitive electrode
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(Figure 3C). The membrane potential value is maximal under
state 4 conditions and reflects directly the mitochondrial inner
membrane integrity. Comparable results were obtained at 25 and
37°C (mean 189 mV), and only a slight decrease (99,) was
observed at 4 °C (173 mV) (Figure 3C). Therefore this homoeo-
stasis of membrane potential strongly suggests that the lower
ATP/O and RC ratios at 4 or 37 °C are not the consequence of
mitochondrial uncoupling. In contrast, changes in state 3 mem-
brane potential values presented a very different picture. Whereas
these values were also identical at 25 and 37 °C (140 mV), an
increase was observed at 4 °C (153 mV). Therefore the main
effect of temperature on membrane potential was observed on
depolarization (change in membrane potential in response to
ADP addition), which showed a large dependence on temperature
between 25 and 4 °C (Figure 3C). The decrease in depolarization
in this temperature range reveals a relative inhibition of the
phosphorylation subsystem activity, as already described by
Diolez and Moreau [32], consistent with the decrease in ATP/O
and RC ratios. Effectively no change in depolarization was
observed during progressive uncoupling, and an increase was
observed during progressive inhibition of the respiration sub-
system [32]. The apparent uncoupling at 4 °C is the direct
consequence of the increase in membrane potential in state 3,
leading to an increase in proton leakage. The same explanation
cannot be used for the decrease in oxidative phosphorylation at
37 °C, as the same values of membrane potential were observed
at 25°C and at 37°C. Although true uncoupling may be
discarded in all conditions from the measurements of mito-
chondrial membrane potential, it is clear that the mechanism
responsible for the decrease in phosphorylation efficiency is
different at 37 °C and at 4 °C.

Top-down elasticity analysis of proton leakage

The above results suggested a possible modification of proton
leakage with temperature. The protonmotive force is the obliga-
tory intermediate between the different subsystems of oxidative
phosphorylation; it is produced by the reactions of substrate
oxidation and consumed by two types of processes linked
(phosphorylation) or not (proton leakage) to ATP synthesis (see
Figure 1). Proton leakage short-circuits phosphorylation and its
evolution is of fundamental importance in the effective oxidative
phosphorylation efficiency. We showed previously that proton
leakage is dependent only on the protonmotive force and not on
mitochondrial activity [33]. Therefore the activity of proton
leakage is represented by the relationship between oxygen
consumption and AY obtained under conditions of progressive
inhibition of the respiratory chain in the absence of
phosphorylation (excess oligomycin), when proton leakage is the
only subsystem that consumes AW. As a consequence, this
relationship also reflects the elasticity of the mitochondrial inner
membrane conductance to protons to AY.

Oxidation rates were plotted against membrane potential
values [34]; the results are presented in Figure 4. Note that the
scales for O, consumption are different, but that the AY scale is
the same at 4, 25 and 37 °C. The relationships between AY and
oxidation rate were similar under the different conditions of
temperature, and the now classical non-ohmic curve [35] for
proton leakage has been obtained at all temperatures studied.
However, the shape changed progressively from 37 to 4 °C,
becoming steeper. The main consequence was a more rapid
decrease of proton leakage for intermediate values of AY when
temperature was decreased. In other words, membrane potential
showed an increased resistance to the inhibition of respiration at
low temperature. The ability of mitochondria incubated at 4 °C
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Figure 4 Mitochondrial membrane conductance to protons

Membrane potential and oxidation rates were measured simultaneously during progressive
inhibition by malonate (0—18 mM) of the respiratory chain oxidizing succinate (5 mM) in the
presence of excess oligomycin (0.5 g per mg of protein). Experiments were performed on
mitochondria incubated at 4 °C (top panel), 25 °C (middle panel) or 37 °C (bottom panel) and
data are taken from a total of ten independent mitochondrial preparations (three distinct assays
for each experiment).

to generate such a high membrane potential, despite the decrease
in oxygen consumption to one-twentieth of that at 37 °C, reflects
a huge diminution in the proton conductance of the inner
membrane with temperature. As an example, an oxidation rate
of 4 nmol O, per min per mg protein allows the generation of a
maximal membrane potential of 173 mV at 4 °C (Figure 4, top
panel), but only of 85 mV at 37 °C (Figure 4, bottom panel). This
analysis demonstrates a direct effect of temperature on the
mechanism of proton leakage.

Top-down control analysis of oxidative phosphorylation

In the top-down analysis, the proton leakage titration curves
presented in Figure 4 allow the calculation of the elasticity of
proton leakage to AY. Proton leakage is the only subsystem that
cannot be measured directly under phosphorylating conditions.
However, the strict relationship between proton leakage and AY
[33] allows the use of these titrations for the calculation of proton
leakage for any given value of AY. The elasticity curves of
respiration and phosphorylation subsystems to AW, as well as
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Figure 5 Effect of temperature on the kinetic responses of the different
subsystems to AW

4 (O), J, (A) and J (A) were measured at different AW values during respiration on

succinate over a range of conditions between state 4 and state 3 at different temperatures. The
different rates of phosphorylation were set up by atractyloside (0-3 «M) in the presence of
excess ADP (1 mM). For each temperature, data points come from one typical experiment
carried out on a single mitochondrial preparation. Proton leakage elasticity was deduced from
the titration of respiration in the absence of phosphorylation. The elasticity coefficients to AY
of each subsystem of reactions, and the overall control coefficients, were calculated individually
from similar plots of three independent experiments.

the different fluxes, were directly determined under stationary
conditions as described in the Experimental section.

Figure 5 shows typical experiments used to calculate all the
elasticity and control coefficients at each temperature. The
relationship between oxidation rate and membrane potential
obtained under various phosphorylating conditions set up by
atractyloside titration (in Figure 5) describes the elasticity curve
for the respiratory chain to AW. The elasticity analysis of the
phosphorylation subsystem to AY was obtained directly, in
contrast with our previous work [13,14], by simultaneously
measuring phosphorylation rate and AY. This analysis was
carried out by titrating AW at each ATP turnover condition with
increasing malonate concentrations. Both oxidation and
phosphorylation rates were measured during these experiments
but only the latter was used for calculations and is presented in
Figure 5 (A); oxidation rate was omitted for the sake of clarity.
We observed that temperature lowering affected the elasticities of
the three subsystems. Another interesting observation was that

Flux control coefficient over Jc

% of maximal phosphorylation rate

Figure 6 Control coefficients over J, at different temperatures

Control exerted by the substrate oxidation system ([],<>), the phosphorylation system (@, A)
and proton leakage (I, 4 ) over the rate of substrate oxidation with succinate as substrate
at 4 °C (upper panel), 25 °C and 37 °C (lower panel). Phosphorylation was set at different
steady state rates with different concentrations of atractyloside in the presence of excess ADP
(1 mM). Data points are taken from three independent experiments.

phosphorylation occurred for all temperatures around a median
of 160 mV. This result emphasized the homoeostasis of the
protonmotive force (confirmed below with the top-down control
analysis). These data were used to calculate the overall control
coefficients of the three subsystems over the different fluxes and
over AV [8] presented in the figures below (see the Experimental
section for details).

Interestingly, in every phosphorylating condition, no
significant difference in the control pattern was found between 25
and 37 °C. This finding was quite surprising, considering the
important differences in the oxidation and phosphorylation rates
(see Figure 3) as well as in the proton leakage rate (see Figure 4).
The distribution of control and therefore the mechanism of the
regulation of oxidative phosphorylation seemed unchanged while
all parameters were affected. Therefore results obtained at 25 and
37 °C were combined in a single graph for comparison with those
obtained at 4 °C.

Figure 6 shows the effect of lowering the temperature on the
distribution of control over the rate of oxygen consumption, J,.
The distribution of control coefficients at high temperature (25 or
37 °C; Figure 6, lower panel) was quite similar to published
results from Brand and co-workers [7,8,13]. Small differences can
be explained by the absence of added hexokinase from our
system, this enzyme being part of the phosphorylation subsystem
in their experiments and thus participating in control distribution.

At 4 °C the pattern of control distribution was drastically
modified. There was a considerable increase in control by
substrate oxidation reactions, which exert most of the control on
the oxidation rate over the whole range of phosphorylation rates.
The remaining control was shared between proton leakages
(state 4) and phosphorylation subsystem. This was accompanied
by a complete inversion of the distribution of control near state
4; the control shifted from the proton leakage at 25-37 °C to the
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Figure 7 Control coefficients over Jll at different temperatures

Control exerted by the substrate oxidation system ([],<>), the phosphorylation system (@, A)
and proton leakage (I, @) over the rate of phosphorylation with succinate as substrate at 4 °C
(upper panel), 25 °C and 37 °C (lower panel). Conditions as in Figure 5.

respiration subsystem at 4 °C. For intermediate ATP turnover,
control was exerted mainly by the phosphorylation subsystem at
37-25°C and by the respiratory chain subsystem at 4 °C.
Therefore the more marked difference in the control of the
oxidation rate occurred under low and intermediate
phosphorylating conditions. The increase in control by the
phosphorylation subsystem at 4 °C, as described in [4] for state
3 by using the inhibitor technique, only occurs under conditions
very close to state 3.

The distribution of control over the phosphorylation rate is
presented in Figure 7. We observed a general increase in control
by the phosphorylation subsystem at 4 °C on the rate of ATP
synthesis, which exerted most of the control under all
phosphorylating conditions. A real decrease in control by the
substrate oxidation subsystem is observed only under conditions
very close to state 3 at this temperature, in contrast with 25 or
37 °C. However, the control was always shared between the
phosphorylation and substrate oxidation subsystems, with almost
no control by proton leakage.

Figure 8 shows the flux control coefficients of the three
subsystems on proton leakage and is of particular interest for
understanding the regulation of phosphorylation efficiency. Ow-
ing to the very specific (non-ohmic) relationship between proton
leakage rate and membrane potential, very high values of control
coefficients on proton leakage rate were measured. These values
are positive for the respiratory chain and the leakage subsystem
and negative for the phosphorylation subsystem. The negative
values represent the negative (inhibitory) effect of
phosphorylation on the leaks: the increase in ATP synthesis
leads to a decrease in AY, which is responsible for the decrease
in leak rate. This phenomenon was considerably enhanced at low
temperature, and negative control coefficients close to — 3.0 were
measured. These results are the consequence of the important
changes in the elasticity curves of the proton leakage to AY at
4 °C (see Figures 4 and 5).

4.0

O [u]
a

3.0 | o

o a a
20 b 8 o B
a
m o
1.0 oob ]
| ]
o 00 | L : }
=
g e e oo
¢ a0 f
) b ® (4
o

5-20— 4°C hd o0 o
K] ¢ o b
€
S 40
¥
-
g o
g
[=]
v
>
=
2
|59

20F 25-37°C

0 20 40 60 80 100

% of maximal phosphorylation rate

Figure 8 Control coefficients over J, at different temperatures

Control exerted by the substrate oxidation system ([],<>), the phosphorylation system (@, A)
and proton leakage (I, 9 ) over the rate of proton leakage with succinate as substrate at 4 °C
(upper panel), 25 °C and 37 °C (lower panel). Conditions as in Figure 5.

By comparison, the concentration control coefficients of the
different subsystems on the value of AY presented in Figure 9
were very small. This result has been obtained for all top-down
metabolic control analyses carried out so far, and appears as a

Concentration control coefficient over Ay

25-37°C

-0.2

0 20 40 60 80 100

% of maximal phosphorylation rate

Figure 9 Control coefficients over AW at different temperatures

Control exerted by the substrate oxidation system ([J,<>), the phosphorylation system (@, &)
and proton leakage (I, ¢) over AW with succinate as substrate at 4 °C (upper panel), 25 °C
and 37 °C (lower panel). Conditions as in Figure 5.
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Figure 10 Control coefficients over the ATP/0 ratio at different
temperatures

Control exerted by the substrate oxidation system ([J,<>), the phosphorylation system (@, A)
and proton leakage (I, ) over the ATP/0 ratio with succinate as substrate at 4 °C (upper
panel), 25 °C and 37 °C (lower panel). Conditions as in Figure 5.

constant feature of mitochondrial function. Some variations
were observed through the range of ATP turnover but values
always remained below 0.2 in absolute value. The shapes were
slightly modified but we can almost superimpose the two graphs
of Figure 9.

Under physiological conditions, one of the most important
parameters with AW is the apparent efficiency of phosphorylation,
expressed as the effective ATP/O ratio. This ratio increases as
the phosphorylation rate increases and approaches the mech-
anistic ATP/O ratio under state 3 conditions, where proton
leakage is minimized. In state 4, there is no net ATP synthesis
and all the proton current is via the leakage pathway; therefore
the effective ATP/O ratio is zero [16]. The increase in
phosphorylation rate is linked to the decrease in the proton
leakage rate via the decrease in AY (see Figure 5). The control
exerted by the different subsystems on the ATP/O ratio can be
calculated from the analysis presented in Figures 6 and 7. For
each subsystem the control exerted over the ATP/O ratio is the
difference between the control over J, (Figure 7) and over J,
(Figure 6), as the effective ATP/O ratio at the steady state is the
ratio of the fluxes of phosphorylation and substrate oxidation
[16] (see the Experimental section). These control coefficients
reflect the global effect of each subsystem on the effective
efficiency of phosphorylation.

The negative control by the proton leakage subsystem was low
under all ATP turnover conditions except close to state 4 (Figure
10); under phosphorylating conditions the pattern was not
markedly affected by the change in temperature. The main
changes observed concerned the two other subsystems: the
general increase in positive control by the phosphorylation
subsystem was compensated for by a general increase in negative
control by the respiratory chain subsystem. Positive control by
the phosphorylation subsystem reflects the fact that any increase
in phosphorylation activity causes an increase in the ATP/O

ratio. The other interesting result is the increase in absolute value
of the negative control by the respiratory chain on the ATP/O
ratio at 4 °C, indicating that an increase in substrate supply, for
example, would cause a decrease in the ATP/O ratio, i.e. a
greater increase in the leakage pathway than in the
phosphorylation reactions. These results are the direct conse-
quence of the changes in the elasticity of the proton leakage
towards the membrane potential and of the fact that the proton
leakage rate was higher under all phosphorylating conditions at
4 °C. In comparison with high temperatures, the whole pattern
of control indicates that the efficiency of phosphorylation
becomes highly sensitive to all changes in conditions.

Conclusions

The analysis presented here was designed to study the effect of a
complex effector, i.e. temperature, on oxidative phosphorylation.
Succinate was chosen because it seemed significant and therefore
gives a valid picture of how control is distributed [16]. It was
shown that the overall reaction rates were greatly reduced with
temperature, as previously observed [5,6,36], whereas maximal
membrane potential was only slightly affected at 4 °C.
Interestingly, the classical parameters of mitochondrial integrity
(respiratory control and ATP/O ratios) did not follow this
temperature variation (see Figure 3) and presented a maximum
at 25 °C, well below the physiological value of 37 °C (see also
[6]). As previously demonstrated [32,37], the increase in state 3
membrane potential value between 25 and 4 °C is sufficient to
explain the decrease in phosphorylation efficiency at 4 °C: the
decrease in depolarization can be ascribed only to a relative
inhibition of the phosphorylation flux and is responsible for an
increase in the proton leakage flux [32,37]. The picture was very
different when we compared 25°C with 37 °C, because
depolarization was almost unchanged: no clear explanation
emerged from these results. We could, however, make a parallel
with our previous observation that depolarization was not
modified when mitochondria were progressively uncoupled,
indicating that changes in inner mitochondrial membrane con-
ductance to protons do not affect depolarization [32].

Top-down elasticity analysis of the proton leakage reactions
towards membrane potential values gave additional useful in-
formation. The proton leakage rate decreased drastically with
temperature, even though comparable maximal values of mem-
brane potential were maintained. However, the dependence of
proton leakage on membrane potential was progressively
modified (Figure 4): the main change observed was a relative
increase in leakage rate for intermediate and low values of
membrane potential when temperature increased (see Figure 4).
This progressive change in membrane conductance to protons
with temperature (no drastic change was observed here) explains
the surprising change of the ATP/O ratio between 25 °C and
37 °C by an increase in the leakage rate at equivalent proton-
motive force.

Top-down control analysis was, however, necessary for under-
standing the complex effect of temperature and for identifying
the main sites of its action on oxidative phosphorylation over the
total range of ATP synthesis. The complete analysis led to
another important result: despite the large differences in all
activities as well as phosphorylation efficiency, the patterns of
control seemed strictly identical between 37 and 25 °C under all
phosphorylating conditions. Therefore the differences observed
at 4 °C cannot be ascribed solely to the drastic decrease in
mitochondrial activities but must be due also to a relative
decrease in activities or changes in elasticities of the subsystems
to AY. Temperature affected all mitochondrial properties studied
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here, as well as the three subsystems activities, as shown by
elasticity analyses (see Figure 5). The changes in membrane
conductance to protons with temperature did not seem to play a
crucial role because they affected neither the protonmotive force
nor the control pattern. Top-down control analysis clearly
showed that the other subsystems were both responsible for the
changes in the control pattern at 4 °C, depending on the activity
of the mitochondria. Under state 3 conditions, the relative
inhibition of the phosphorylation subsystem prevailed. However,
the control pattern on J, clearly indicates that a modification of
the substrate oxidation subsystem was predominant under all
other conditions, including state 4.

We thank Dr. E. Thiaudiére and B. Quesson for their help with the mathematical
treatment of the data.
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