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INFLUENCE OF DIFFERENT ENERGY DRAINS ON THE INTERRELATIONSHIP BETWEEN THE RATE
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The respiration of rat liver mitochondria was stimulated by three different ways of energy drain: (a) partial un-
coupling (equivalent to direct collapse of the proton-motive force), (b) intramitochondrial utilization of ATP for
citrulline synthesis, and (c) extramitochondrial utilization of ATP for glucose phosphorylation. At identical rates
of respiration, the intramitochondrial ATP : ADP ratios were the same in all three systems. Furthermore, the
proton-motive force was the same in partially uncoupled mitochondria and in the presence of hexokinase plus
glucose up to a respiration rate amounting to about 60% of that of the fully active state. However, external ATP :
ADP ratios were considerably different in various systems at comparable rates of oxygen uptake, being the lowest
under conditions when ATP was being utilized externally. On this basis, it is concluded that the respiratory rate is
controlled directly by the proton-motive force and the mitochondrial ATP-synthesizing system operates under
near-equilibrium conditions with respect to the membrane energy state parameters. However, a disequilibrium
exists at the step of the transport of ATP from mitochondria to the external (cytoplasmic) compartment.

Introduction oside inhibition in experiments with isolated hepato-
cytes [4] shows that this control may also be impor-
tant for the cellular situation.

Wilson and coworkers [5,6] developed the concept
of a thermodynamic equilibrium between the extra-
mitochondrial phosphorylation potential and the

intramitochondrial redox couples of the respiratory

The rate of respiration of isolated mitochondria
can be experimentally varied between the resting
state (state 4) and the fully active state (state 3). Ear-
lier studies [1,2], simulating the expenditure of
energy preferentially in the extramitochondrial com-

partment, have shown that the rate of mitochondrial
respiration depends on the extramitochondrial ATP :
ADP ratio. According to Kunz et al. [3], this depen-
dence is a consequence of the kinetic control of res-
piration by the adenine nucleotide translocator. The
linear relationship between O, uptake and atractyl-

* To whom correspondence should be addressed.
Abbreviation: FCCP, carbonyl cyanide p-trifluoromethoxy-
phenylhydrazone.

chain between nicotinamide nucleotides and cyto-
chrome c. According to these authors, the respiratory
control is based on a disequilibrium at the terminal
step of the respiratory chain, namely cytochrome
oxidase. However, in experiments with an intramito-
chondrial ADP-regenerating system, we demonstrated
that the rate of respiration could be changed indepen-
dently of the extramitochondrial ATP: ADP ratio
[7]. This finding could not be explained in terms of
the equilibrium model as proposed by Wilson and
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coworkers [5,6]. To cast more light on the problem
of respiratory control, in the present study we inves-
tigated the relationships between the respiratory rate,
intra- and extramitochondrial patterns of adenine
nucleotides and the proton-motive force under
various steady-state conditions.

Nicholls and Bernson [8] investigated this inter-
relationship in brown adipose tissue, without regard
to the intramitochondrial adenine nucleotides. We
applied a new method of simultaneous determination
of external and intramitochondrial adenine nucleo-
tides without the separation step [9] and made use of
the possibility of significant stimulation of mitochon-
drial respiration by an intramitochondrial ATP-con-
suming system [7].

The rational basis of the experimental approach of
the present investigation is shown in Scheme I. It
presents four interconnected ‘energy pools’ which can
be separately disturbed experimentally. For example,
an increase in proton conductivity of the inner mito-
chondrial membrane by a low concentration of an un-
coupler directly decreases the proton-motive force.
Consequently, energy flux through the ATP-synthe-
sizing system and the adenine nucleotide translocator
is decreased. On the other hand, under conditions of
a high rate of citrulline synthesis, intramitochondrial
ATP is utilized and the flux through ATP synthase is
high whereas the flux through the adenine nucleotide
translocator may be negligible. Finally, when ATP is
utilized externally, as in the classical system with the
glucose-hexokinase trap, the fluxes through both ATP
synthase and the translocator are high.

The results demonstrate that the relationship
between the rate of respiration, the protonmotive
force and the intramitochondrial ATP : ADP ratio is
almost the same in all systems, which means that this
relationship does not depend on the site of energy
drain. It is therefore suggested that the rate of respira-
tion is controlled directly by the proton-motive force
and the ATP-synthesizing complex and that the respi-
ratory chain operates near equilibrium in the sense
that there is near-equilibrium state between the respi-
ratory chain (AG,y, Scheme I), the proton-motive
force (Ap = Auy+/F) and the intramitochondrial
phosphorylation potential (AGp, ). In contrast, the
external phosphorylation potential depends on the
site of the energy drain. Under conditions of equal
respiratory rates, the external ATP: ADP ratio is
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Scheme I. Scheme of energy fluxes and its drain.

lower in the glucose-hexokinase system than in the
two other energy drain systems depicted in Scheme I.
Therefore, we conclude that the adenine nucleotide
translocation is not a part of the near-equilibrium sys-
tem of oxidative phosphorylation.

Materials and Methods

Liver mitochondria were prepared [10] from rats
fed either with normal laboratory chow or with a
high-protein diet (75 g casein, 25 g starch, 2.5 g sun-
flower oil and 1.5 g NaCl) ad libitum for 4—6 days.
The high-protein diet was used to enhance the activ-
ity of carbamoyl-phosphate synthetase I [11]. Mito-
chondria used to synthesise citrulline were washed
and resuspended in 150 mM mannitol. Mitochondria
were incubated at 25°C in a closed oxygraphic cell
either in a saline medium (50 mM KCl, 20 mM
KHCO;, 5 mM KH,PO,, 10 mM glutamate, 15 mM
glucose, 0.5 mM EDTA, 2 mM MgCl,, 25 mM Tris-
HCl and 150—200 uM ATP, pH 7.2, gassed with 95%
0O, and 5% CO,) or in a sucrose medium (110 mM
sucrose, 60 mM KCl, 15 mM glucose, 10 mM KH,-
PO,4, S mM MgCl,, 0.5 mM EDTA, 10 mM glutamate,
0.5 mM malate, 60 mM Tris-HCI and 150-200 uM
ATP, pH 7.2, gassed with pure O,). The rate of O,
uptake was monitored using a rate-meter similar to
that described by Sargent and Taylor [12]. Calcula-



34

tion of O, uptake was based on the O, concentra-
tion in media gassed with pure O, and with an O,/
CO, mixture (1123 and 1067 uM, respectively)
recalculated from the O, concentration given in Ref.
13.

For determination of adenine nucleotides, samples
were withdrawn and inactivated with HCIO,4. After
neutralization, ATP, ADP and AMP were determined
by enzymatic methods as described by Lamprecht
and Trautschold [14] and Jaworek et al. [15], respec-
tively. Extra- and intramitochondrial adenine nucleo-
tides were measured without separation of mitochon-
dria from the incubation medium by the procedure
recently described [9]. In this method, several samples
containing the same medium but various amounts of
mitochondria are incubated in parallel. Since the
amount of mitochondrial adenine nucleotides is pro-
portional to the amount of mitochondria and the
amount of external nucleotides is constant, both sets
of values can be obtained from a plot as exemplified
in Fig. 1. A crucial point for this method is that all
incubations used for calculation must have an identi-
cal metabolic state. This was ensured either by the
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Fig. 1. Rate of O, uptake and the content of adenine nucleo-
tides in mitochondria during citrulline synthesis as plotted
against protein content. Illustration for the procedure of
determining extra- and intramitochondrial content of adenine
nucleotides. A, rate of O, uptake (4) and the content of total
adenine nucleotides (medium plus mitochondria) (o). B, total
content of specific adenine nucleotides (medium plus mito-
chondria): ATP (e), ADP (+) and AMP (o).

capacity of carbamoylphosphate synthetase I (see
linear dependence of the respiratory rate on the
amount of mitochondria in Fig. 1A) or by adjusting
the incubations with hexokinase or an uncoupler to
the same relative rate of respiration (see also Ref. 9).
Protein was determined by the biuret method
[16]. The membrane potential (Ay) and pH differ-
ence (ApH) between the intramitochondrial compart-
ment and the medium were calculated from the distri-
bution of [*H]triphenylmethylphosphonium [17] and
['*Clacetate [18] in the presence of 0.28 M unlabel-

les acetate, respectively. The concentrations of the

labelled compounds were determined after separation
of mitochondria from the medium by centrifugation
(10000 X g, 1 min) through silicone oil (prepared by
mixing silicone oils DC 200 and DC 550 from William
F. Nyke, Inc. New Bedford, MA, U.S.A,, in the pro-
portions of 17 : 183) into HCIO,. The matrix space
was calculated as the difference between the [*H]-
H,0 space and the [**C]sucrose space. This measure-
ment was made from parallel incubations adjusted
to the same conditions as for determination of Ay
and ApH.

Results

As demonstrated previously [7,19,20], the stimu-
lation of O, uptake by ornithine is usually lower than
that produced by an excess of hexokinase plus glu-
cose, even in the case of mitochondria from rats
kept on a high-protein diet. Therefore, in order to

Ornithine
plus

NH,CI

b
—Zero of the first derivative

Fig. 2. O, uptake of mitochondria during citrulline synthesis
(A) and glucose 6-phosphate formation (B). The two traces
indicate O, concentration (a) and the rate of O, uptake (b,
i.e., the first derivative of trace a). HK, hexokinase.



TABLEI

ADENINE NUCLEOTIDE PATTERNS IN MITOCHON-
DRIA DURING RESPIRATION STIMULATED BY
CITRULLINE SYNTHESIS (A) AND BY PHOSPHORYLA-
TION OF GLUCOSE (B)

The values are means+ S.D. (n=7). The respiration rate
amounted to 43 and 44.5% of the fully active state in A and
B, respectively.

Nucleotide Amount or concentration
Intramitochondrial External
(nmol/mg protein) (uM)

(A) Citrulline synthesis
ATP 102+ 0.9 153 + 4
ADP 3.1:0.2 29+ 07
AMP 0410.1 33+ 03
Total 13.6:1.0 159 + 4
ATP: ADP 3305 53 14

(B) Hexokinase-glucose system
ATP 961+0.6 151 ¢+ 3
ADP 3.0:04 66+ 1.6
AMP 041:0.1 37+ 0.2
Total 13 0.7 161 = 3
ATP: ADP 3.2:06 23 + 6
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compare adenine nucleotide patterns in the two ATP-
utilizing systems, it was necessary to keep the respira-
tion rate in both systems at the same level. This was
performed by adjusting the amount of hexokinase, as
illustrated in Fig. 2. To measure adenine nucleotide
patterns, the procedure described under Materials and
Methods and shown in Fig. 1 was followed with both
systems.

As shown in Table I, for mitochondria respiring at
the same rate in the ornithine system and the hexo-
kinase-glucose system, the intramitochondria ATP:
ADP ratios were identical. There was, however, a
large difference in the external ATP: ADP ratio,
namely it was much lower in the system utilizing ATP
extramitochondrially (hexokinase plus glucose) than
in the case where ATP was ptilized intramitochon-
drially (synthesis of citrulline). Additionally, it was
recently shown for both systems [21] that at identi-
cal respiratory rates, the membrane potential Ay and
ApH were the same. This finding does not fit to the
postulated [22] near-equilibrium operation mode of
the adenine nucleotide translocator.
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Fig. 3. Relationship between the rate of respiration and the intra- and extramitochondrial ATP : ADP ratios. Mitochondria (11.4—
28.2 mg protein) were incubated in the sucrose medium and respiration was stimulated to preset rates by the addition of either
hexokinase (o, @) or FCCP (2, ). Open symbols represent external and full symbols internal ATP : ADP ratios. The resting state

is represented by squares (o, w).

Fig. 4. Relationship between the rate of respiration and the proton-motive force (Ap), the membrane potential (Ay) and —59
ApH gradient. w, resting state; o, respiration stimulated by increasing amounts of hexokinase; a, respiration stimulated by increas-

ing amounts of FCCP.
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To investigate the relationship between the pro-
ton-motive force and the intramitochondrial adenine
nucleotide pattern, we compared two systems charac-
terized by different fluxes through ATP synthase at
the samne rate of respiration, namely the glucose-hexo-
kinase system and a partially uncoupled system (see
Scheme I). Fig. 3 shows external and intramitochon-
drial ATP : ADP ratios under such conditions as plot-
ted against the rate of respiration. It is evident that in
both systems the intramitochondrial ATP : ADP ratio
is identical and decreases in the same way with
increasing respiration. In contrast, external ATP:
ADP ratios are quite different in both systems, the
ratio in partially uncoupled mitochondria being
always higher than that in mitochondria incubated in
the presence of hexokinase plus glucose and respiring
at the same rate.

As shown in Fig, 4 for the same preparations of
mitochondria, the proton-motive force decreased
with increasing O, uptake. For lower rates of respira-
tion, the values of Ap and its component Ay and
ApH were very similar in both systems. However, at
higher respiration rates, Ap was somewhat lower for
the uncoupler-stimulated respiration, which is in good
agreement with observations of other authors {23
25].

The data presented in Figs. 3 and 4 can be further
used for evaluation of the intramitochondrial ATP :
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Fig. 5. Dependence between intramitochondrial ATP : ADP
ratio and the proton-motive force. Data taken from Figs. 3
and 4. (®) Measurement of Ap in the fully active state.

ADP ratio in the fully active state (state 3). The esti-
mation of this value by the method used in this inves-
tigation [9] is not possible because a prerequisite for
this method is a definite relationship between the
respiration rate and the distribution of adenine
nucleotides. This is, however, not ensured in the
maximum active state where the extramitochondrial
ATP: ADP ratio can be lowered by an excess of
hexokinase without a reflection in the respiratory
rate [2]. Therefore, we plotted the intramitochon-
drial ATP : ADP ratios (taken from Fig. 3) against the
proton-motive force (taken from Fig. 4).

The plot shown in Fig. 5 gives a straight line. It is
therefore reasonable to extrapolate the plot up to the
value of Ap measured for the fully active state, viz.,
195 mV. The intercept (dashed lines in Fig. 5) gives
a value for the intramitochondrial ATP: ADP ratio
very close to unity.

Discussion

For the elucidation of the regulation of oxidative
phosphorylation we attempted to see whether or not
the steps, viz., the synthesis of ATP and its export
from mitochondria to the external compartment, are
near-equilibrium. The experimental approach was
based on measuring adenine nucleotides and mem-
brane energy state parameters at different stationary
fluxes (Scheme I). The rationale for this approach
wag as follows. If in different mitochondrial systems
respiring at the same rate and having the same pro-
ton-motive force but characterized by different
fluxes through ATP synthase the intramitochondrial
adenine nucleotide patterns are identical, then that is
the demonstration of a near-equilibrium state of the
reaction catalyzed by the synthase. If, in addition,
fluxes through the ATP translocator were different
but the external adenine nucleotide ratios remained
the same, then the near-equilibrium state would also
extend over the translocator. On the contrary, a
change of adenine nucleotide patterns with changing
the flux is an indication of a disequilibrium.

As depicted in Scheme I, a comparison of the par-
tially uncoupled system with the hexokinase-glucose
system could offer a suitable approach to the evalua-
tion of the equilibrium state of the reaction catalyzed
by mitochondrial ATP synthease. In both systems,
the flux through ATP synthase was quite different



and this difference increased with increasing respira-
tory rate. Nevertheless, the proton-motive force
declined in both systems in an identical way up to
60% of the maximum respiratory rate (Fig. 4). Simul-
taneously, the intramitochondrial ATP: ADP ratio
also decreased (Fig. 3). The reason for the difference
in Ap in the range of fast respiration (Fig. 4) is still
unclear. We assume that this phenomenon is a meth-
odological problem as discussed by Azzone et al.
[25]. However, on the basis of the chemiosmotic
theory, we conclude from the identity of the intra-
mitochondrial ATP : ADP ratios at the same rate of
respiration over the whole range (Fig. 3) that the
mediator Ap should also be identical. The interrela-
tionship between the rate of respiration and the intra-
mitochondrial ATP: ADP ratio corresponds to the
‘control characteristic’ reported for the extramito-
chondrial one [2]. In the present investigation, intra-
mitochondrial P; was not measured. However, since it
can be assumed that it does not change considerably,
changes of the ATP: ADP ratio could be taken as a
reflection of changes in the intramitochondrial phos-
phorylation potential (AGp, ). It follows from the
results shown in Figs. 3 and 4 that Auy* must repres-
ent the most important factor in the control of the
rate of respiration, as suggested by Nicholls and Bern-
son [8], since respiratory rate and proton-motive
force changed in both systems in an identical way up
to 60% of the maximum respiratory rate. This corre-
lation was independent of the site of energy drain. In
addition, a close relationship seems to exist between
the proton-motive force and AGp, . This means that
no measurable driving force was needed to increase
the flux through the ATP synthase. Therefore, a near-
equilibrium operation of the ATP synthase can be
concluded to occur.

A comparison of the partially uncoupled system
with the hexokinase-glucose system shows that not
only the flux through ATP synthase, but also that
through the adenine nucleotide translocator is differ-
ent, being higher in the glucose-hexokinase system
than in partially uncoupled mitochondria. The action
of this electrogenic [26] transport system is control-
led by three factors: the electrical membrane poten-
tial, and the intramitochondrial and extramitochon-
drial ATP: ADP ratios. In the case of mitochondria
respiring at the same rate in the uncoupler-stimu-
lated system and the hexokinase-glucose system, two
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of these factors, namely the membrane potential and
the internal ATP : ADP ratio, are identical. However,
the external ATP: ADP ratios are different and this
difference increases with increasing respiration rate
(Fig. 3). For mitochondria respiring at higher rates,
the differences in corresponding fluxes through the
adenine nucleotide translocator also increase. It seems,
therefore, that a significant part of AG is utilized to
increase the flux through the adenine nucleotide
translocator. It can be concluded, therefore, that the
translocator does not operate near equilibrium under
our conditions, since a driving force is needed to
enhance the flux.

Further support to this postulate was provided by
comparison of the hexokinase-glucose system with
mitochondria synthesizing citrulline. In the latter
system, ATP is utilized intramitochondrially and the
flux through the adenine nucleotide translocator is
negligible. When respiring at the same rate, mitochon-
dria in both systems are characterized by an identical
proton-motive force and identical internal ATP : ADP
ratios (Table I). There is, however, a 2-fold difference
in the external ATP: ADP ratio. This is again an indi-
cation of a disequilibrium of the translocation step,
since an increased flux through the carrier must be
connected with an increase in AG. The most likely
explanation of this disequilibrium is a competitive
inhibition of the inward transport of ADP by external
ATP [27-30]. As shown with the use of a mathe-
matical model [31], this inhibition would be suffi-
cient to explain the observed disequilibrium. In con-
clusion, we postulate that the respiratory rate is con-
trolled by Apy+ (in the small range between about
195 and 225 mV) or by the internal phosphorylation
potential because of the near-equilibrium operation
of the ATP synthase. Many regulatory functions of
the adenylate system may make it advantageous for
the cell to change to one adenine nucleotide pool
quite independently of the other. As shown by the
experiments presented here, this relative indepen-
dence of adenine nucleotide patterns can result due
to the disequilibrium at the adenine nucleotide trans-
locator.
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