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For the fist time the mitochondrial process of oxidative phosphorylation has been studied by determining the
extent and initial rates of electron flow, H+ translocation, O2 uptake and ATP synthesis under close to in vivo
concentrations of oxygen. The following novel results were obtained. 1) The real rates of O2 uptake and ATP
synthesis are orders of magnitude higher than those observed under state-3 metabolic conditions. 2) The
phosphorylative process of ATP synthesis is neither kinetically nor thermodynamically related to the respiratory
process of H+ ejection. 3) The ATP/O stoichiometry is not constant but varies depending on all, the redox
potential (ΔEh), the degree of reduction of the membrane and the relative concentrations of O2, ADP, and protein.
4) The free energy of electron flow is not only used for the enzymatic binding and release of substrates and
products but fundamentally for the actual synthesis of ATP from ADP and Pi. 5) The concentration of ADP that
produces half-maximal responses of ATP synthesis (EC50) is not constant but varies depending on both ΔEh and
O2 concentration. 6) The process of ATP synthesis exhibits strong positive catalytic cooperativity with a Hill
coefficient, n, of ~3.0. It is concluded that the most important factor in determining the extent and rates of ATP
synthesis is not the level of ADP or the proton gradient but the concentration of O2 and the state of reduction
and/or protonation of the membrane.
Key words: Energy transduction, proton gradient, free energy of electron flow and ATP synthesis

Introduction
The central and most important aspect of the
mitochondrial process of energy transduction in
aerobic organisms is the mechanism by which the free
energy of respiration is transformed into the chemical
of ATP. Since the formulation of the chemiosmotic
hypothesis [1], it is firmly believed that the processes
of electron flow, H+ ejection, O2 uptake and ATP
synthesis
are
always
kinetically
and
thermodynamically related. Thus, it is common
practice to evaluate the number of molecules of ATP
formed per atom of oxygen consumed by simply
evaluating the H+/O ratio [2], or by solely determining
the amount of O2 consumed under state-3 metabolic
conditions [3]. In this context, it is also stated that (a)
“electrons do not flow from fuel molecules to O2 unless
ATP needs to be synthesized” [4], and (b) the
respiratory energy of electron flow is only used to bind
ADP and Pi and to release the spontaneously formed
ATP from the catalytic sites of the synthase [5-8]. It is
also asserted that the control of electron flux by O2 is

minimal and that in a way not specified the
phosphorylative process of ATP synthesis controls the
flow of electrons through the mitochondrial
respiratory chain [9]. We provide here evidence that
the process of ATP synthesis does not depend on the
vectorial ejection of H+ and the magnitude of the
proton gradient, but on the net flow of electrons
through the entire respiratory chain. Consequently, it
is not sufficient to evaluate the energy metabolism of
the cell by only determining the H+/O ratio in
oxygen-pulse experiments [2] or the amount of O2
consumed under state-3 metabolic conditions [3]. It is
postulated that the form of energy directly involved in
the process of ATP synthesis is not the chemical (ΔpH)
but the electrical (ΔΨ) component of the protonmotive
force (Δp), and that the most important factor in
controlling this process is O2 not ADP.

Material and Methods
Source of Enzymes, Chemicals and Materials
Mitochondria and sub-mitochondrial particles
from rat liver (RLM and SMP) were prepared as
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The process of ATP synthesis was determined
using both a luciferase procedure and a high-pressure
column procedure (HPLC). The latter was used to
insure that in consecutive reactions the disappearance
of the previously formed ATP is due to complete
hydrolysis rather than to a reduction of O2 to levels
that are much below the Km of the luciferase for O2
[14,15]. True initial rates of ATP synthesis and O2
consumption were simultaneously determined as
follows. First, aliquots of either SMP or mitochondria
were injected into the closed reaction chamber of the
luminometer filled with the standard medium already
supplemented with a respiratory substrate. Second,
the reaction mixture was incubated for several minutes
until every trace of O2 disappeared from the medium.
Third, 50 μl of luciferin/luciferase mixture was added
and the system further incubated until every trace of
both O2 and ATP disappeared from the medium as
detected by both the luciferase reaction and the O2
electrode. Fourth, 1 to 10 μl of standard medium
containing from 2 to 400 nmols of ADP were added
into the cell and the system again incubated until the
O2 and ATP (contaminating the sample of ADP) added

Oxygen consumed (nmol O)

Methods to determine the extent and initial rates of
ATP synthesis

together with the sample of ADP disappeared from the
medium.
Fifth,
the
process
of
oxidative
phosphorylation was initiated by injecting from 0.2 to
20 μl of air- or O2-saturated medium containing from
0.115 to 30 μM O2 (0.23 to 60 nmols O) and both ATP
synthesis (light emission) and O2 consumption were
simultaneously recorded at 120 cm/min.
The amount of O2 consumed during the net
synthesis of ATP was calculated by subtracting the
amount of O2 consumed until the net synthesis of ATP
ceased from the amount of O2 added at zero time. The
amount of ATP formed at the moment the net
synthesis of ATP ceases was determined by measuring
the distance between the base line and the top of the
trace (see Figs. 1b and 2). This distance was then
compared with standard curves constructed by adding
different levels of ATP to air-saturated mediums in the
presence and absence of respiratory substrates [16].
The impairing accumulation of oxyluciferin (a product
of the luciferase reaction) was prevented by limiting
the amount of ATP formed to a maximum of 25 μM
[16, 17].

Oxygen consumed (nmol O)

previously described [10]. Horse-heart-cytochrome c
type IV, ATP, ADP, NADH and succinate were
products of Sigma Aldrich Co. The “ATP Monitoring
Reagent” (a mixture of luciferin and luciferase) was
from Bio Orbit. The reagents used to determine the
extent of ATP synthesis using the HPLP procedure [11]
were all of grade purity. The luminometer was a
product of LKB and the fast oxygen electrode,
constructed and used as previously described [12, 13],
had a 90% response time of about 10 milliseconds. The
air-tight closed reaction chamber of the luminometer
was fitted with the O2 electrode and its reference. The
output of both the oxygen electrode and luminometer
were suitably modified by changing the amperage
and/or the voltage and fed into a KIPP and ZONEN
multi-channel recorder usually running at a chart
speed of 120 cm/min. The contents of the reaction
chamber were stirred with a magnetic bar rotating at
about 1000 rpm. The standard reaction medium (1.0 ml
of final volume at 25oC) contained 200 mM sucrose, 50
mM KCl, 10 mM Na-KPi, pH 7.05, 2 mM MgSO4, 6.0
μM cytochrome c, and 50 μl of a dilution of
luciferin/luciferase mixture in 5.0 ml of water. The
presence of cytochrome c in the standard medium was
necessary to replace the cytochrome c lost during the
preparation of SMP. The enzymes were suspended in
the reaction mixture and the uptake of O2 and
synthesis of ATP determined as described bellow.
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Figure 1. Maximal rates of O2 consumption and ATP synthesis
can only occur in reactions catalyzed by a fully reduced
mitochondrial membrane. The air-saturated standard reaction
medium was that described under Experimental Procedures,
with 230 μM O2, 10 mM succinate and 0.15 mg of RLM protein.
In the first portion of this representative experiment (Figs. 1a),
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the reaction was initiated by adding 300 nmols of ADP and the
extent and rates of O2 uptake and ATP synthesis simultaneously
recorded for 5 min. The reaction was let to continue,
unrecorded, for at least 25 min until both O2 and ATP
completely disappeared from the medium (see Experimental
procedures). In the second portion of the experiment (Fig. 1b),
the reaction was initiated by adding 4.6 nmols of O (2.3 μM O2)
to the now fully reduced suspension of mitochondria already in
the presence of 300 nmols of ADP. This is a representative
experiment of at least four independent determinations.
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Figure 2. A strict kinetic and stoichiometric correlation between
ATP synthesis and O2 uptake only exists during the initial phase
of the entire process of oxidative phosphorylation. The standard
reaction medium contained 0.02 mg of SMP protein
supplemented with 10 mM succinate and 50 μM ADP. After the
SMP consumed all the O2 and there was no trace of ATP left in
the medium (see Fig. 1b) the reactions were initiated by
consecutively adding 18.4 nmols of O in (a), 2.76 in (b) and 0.92
in (c). The time course of both O2 consumption and ATP
synthesis were simultaneously recorded during the first 2
seconds of the process of oxidative phosphorylation. Each unit
of O2 uptake in the y-axis represents 0.036 nmols of O for the
additions of 0.92 and 2.76 nmols of O, and 0.197 nmols of O for
the addition of 18.4 nmols of O. Each unit of ATP synthesis
represents 0.03, 0.06 and 0.2 nmols of ATP for the additions of
0.92, 2.76 and 18.4 nmols of O, respectively. Traces shown are
representative of at least three independent determinations of
each condition.

The initial rates of ATP synthesis were
determined within the first 500 ms by measuring the
steepest portion of the trace. The ATP/O stoichiometry
was evaluated during the phase of oxidative
phosphorylation in which the processes of ATP
synthesis and O2 consumption were kinetically and
thermodynamically related (see Figs. 1b and 2).
The time-courses of O2 consumption and H+
translocation were simultaneously determined as
previously described [18, 19]. Changes in the redox
state of cytochrome aa3 and the related rates of O2
consumption were determined during the first 500 ms
of reactions initiated by adding O2 to fully reduced
samples of RLM and purified cytochrome c oxidase

[13, 20]. The degree of cooperativity between catalytic
sites of the synthase was determined at different ΔEh in
the presence of different concentrations of O2 and ADP
using the following form of Hill equation:
log (v/Vmax-v) = n log [ADP] – n log EC50

….(1)

in which v represents the fractional velocity of
ATP synthesis. The value of v can range from zero (in
the absence of ADP) to 1.0, the Vmax obtained when the
fully reduced membrane is in the presence of optimal
concentrations of O2, ADP and protein (see below).
The Hill coefficient, n, or degree of cooperativity
between catalytic sites of the synthase, was determined
by measuring either the rates of synthesis during the
steepest portion of the sigmoidal curve or the amount
of ATP formed at the moment the net synthesis of ATP
ceases. The concentration of ADP that produces
half-maximal responses is evaluated by determining
either half-maximal rates (EC50) or half-maximal
extents (K0.5) of ATP synthesis.

Results and Discussion
I. Optimal states of reduction and/or protonation of
the mitochondrial membrane are essential for the
most efficient processes of oxidative
phosphorylation.
Figure 1 (a and b) show the simultaneously and
continuously recorded time courses of O2 uptake and
ATP synthesis in a reaction catalyzed by RLM under
two different states of reduction and/or protonation.
In Fig.1a the process of oxidative phosphorylation is
initiated by adding 300 nmols ADP to mitochondria
respiring in state-4 in the presence of ~230 μM O2
(classic conditions). After 5 min of reaction, the process
of oxidative phosphorylation is let to continue for at
least 25 min until O2 and ATP completely disappear
from the medium as detected by both the
oxygen-electrode and the luciferase reaction (see
Methods and Procedures). A non-luminescent
procedure was also utilized to insure that the
disappearance of ATP was not only due to a level of O2
that is below the KM of the luciferase. When both O2
and ATP really disappeared from the medium a pulse
of only 2.3 μM O2 was injected and the time course of
the reaction followed at much higher speeds until a
second period of anaerobiosis was attained (Fig. 1b).
The data show that the process of oxidative
phosphorylation
has
the
following
novel
characteristics. First, even in the presence of in vivo
levels of O2 (<46 μM) [21, 22], the rates of ATP
synthesis and O2 uptake are orders of magnitude
higher in reactions catalyzed by fully reduced RLM
than in those catalyzed by mostly oxidized RLM in the
presence of ~230 μM O2 or state-3 [23]. Thus, although
the process of oxidative phosphorylation is oxygen
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dependent throughout the physiological range of
oxygen tensions (near zero to 230 μM or 150 torr) [24,
25]. Data presented in Fig. 1b show that in the presence
of only 2.3 μM O2 the rate of ATP synthesis (~1,700
nmols · min-1 · mg protein-1) is more than 3fold higher
than in the presence of ~230 μM (500 nmols · min-1 ·
mg protein-1 in Fig. 1a). Under state-3 metabolic
conditions, the rates of O2 uptake and ATP synthesis
are mostly impaired because the reaction is initiated by
adding ADP to a mitochondrial membrane that in
state-4 is charged with reactive oxygen species (ROS)
and nearly devoid of labile protons [26, 27]. This type
of impairment is only “partially reversed by the addition of
phosphate and phosphate acceptor” [3]. Distinctly, when
the reaction is initiated by adding O2 to either,
mitochondria, SMP or intact cells [32] devoid of ROS
and fully reduced and/or protonated the steady state
rates of O2 uptake and ATP synthesis take place under
optimal conditions. In fact, the purpose of the
warm-up period that athletes perform just before enter
a prolonged physical competition is to get ride of
reactive oxygen species at the same time that the
mitochondrial membrane attains a state of optimal
reduction. Second, only a fraction of the O2 consumed
in the entire process of oxidative phosphorylation is
actually utilized in kinetic and thermodynamic
correlation with the extremely fast phase of ATP
synthesis. In fact, Fig. 1b shows that from a total of 4.6
nmols of O consumed in the entire reaction only 2.5
nmols are utilized during the steady-state synthesis of
2.7 nmols of ATP. In Fig. 1a the fraction of O2
consumed in direct correlation with the net synthesis
of ATP only occurs during the very initial and elusive
portion of state-3 that passes undetected when the O2
trace is greatly condensed to show the entire time
course of the reaction. Third, most of the O2 consumed
in the entire process of oxidative phosphorylation
occurs during the respiratory period in which the rates
of O2 uptake are very low and the previously formed
ATP is hydrolyzed in a process that coincides with the
re-reduction (not the oxidation) of cytochrome aa3
(Figs. 1 and 2). In conclusion the result of this
experiment demonstrates that a strict kinetic and
thermodynamic correlation between O2 consumption
and ATP synthesis only occur when the mitochondrial
membrane is maximally reduced and/or protonated.

II. The rates of O2 consumption and ATP synthesis
are kinetically and thermodynamically related only
during the “active” or fast phase of the respiratory
process.
It is firmly believed that, regardless of the
magnitude of the ΔEh and the concentration of ADP,
the extent of ATP synthesis depends directly on the

146
amount of O2 consumed in the entire process of
oxidative phosphorylation. The results presented in
Fig. 2 and Table 1 show, however, that the net
synthesis of ATP only occurs during the “active”
respiratory process in which the flow of electrons [28,
29] and the reduction of O2 to water [13, 30] take place
at extremely fast rates. Note that in spite of the very
large difference in the amount of O2 totally consumed
(from 0.92 to 18.4 nmols O) only a fraction of this O2
(from 0.65 to 9.93 nmols O) is directly utilized in the
net synthesis of ATP (0.65 to 12.27 nmols). Note also
that not only the extent but also the initial rates of ATP
synthesis (72.9, 14.3 and 4.2 μmol · min-1 · mg protein-1)
depend on the amount of O2 initially consumed. It is
mechanistically significant that even in the presence of
extremely low levels of O2, the ATP/O stoichiometry is
a direct function of O2 concentration (see Table 1).
These findings are supported by observations that
both humans and guinea pigs native to high altitude
can perform the same type of work or synthesize the
same amount of ATP utilizing less O2 than their
counterparts from sea level [31, 32]. It must be
emphasized that only under absolute resting
conditions, i.e. under state-1 metabolic conditions [3],
cells operate under steady-state conditions with a
constant and unchanged supply of substrates, O2, and
ADP. Under in vivo “active” conditions, however, the
extent and rates of ATP synthesis constantly change,
depending on the availability of O2 that decreases even
along the path of a single capillary. In summary, these
results provide evidence that, a) the most important
factor in controlling the rate of ATP synthesis is not the
level of ADP but rather the level of O2 and, b) the
respiratory processes of electron flow and O2 reduction
control the phosphorylative process of ATP synthesis
and not vice versa as is currently believed [4, 9].
Table 1. Oxygen dependence of the oxidative phosphorylation
process of ATP synthesis.
O2 totally O2 initially
Consumed Consumed
(nmols O) (nmols O)

ATP
formed
(nmols)

ATP/O
Rates of ATP
Stoichiometry
Synthesis
-1
(μmols·min ·mg
-1)

0.92±0.03

0.65±0.02

0.65±0.02

4.2±0.1

1.00±0.01

2.76±0.08

1.75±0.05

1.97±0.08

14.3±0.2

1.13±0.01

18.4±0.5

9.93±0.13

12.27±0.18

72.9±1.4

1.24±0.02

Note: Experimental conditions were as those described for Fig. 2.
The amounts of ATP formed were determined at the moment in
which both the net synthesis of ATP and the fast phase of O2
consumption ceased. The initial rates of ATP synthesis were
determined within the first 300 ms of reaction. Values are
arithmetical means ± SDn-1 of at least three independents
determinations
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III. The phosphorylative process of ATP synthesis is
neither kinetically nor thermodynamically related
to the respiratory process of H+ ejection.

+

ATP formed, O2 consumed, H ejected
and CYT aa3 redox state (units)

In accordance with the chemiosmotic hypothesis
[1] it is firmly believed that the processes of electron
flow, H+ ejection, O2 consumption and ATP synthesis
are all kinetically and thermodynamically related.
Consequently, the extent of ATP synthesis is usually
determined by measuring either the H+/O ratio [2] or
the amount of O2 consumed under state-3 metabolic
conditions [3]. Until now, however, no attention has
been paid to the fact that all, the flow of electrons, the
consumption of O2 and the over all process of
oxidative phosphorylation are polyphasic in nature
[13, 28, 30]. In fact, data compiled in Fig. 3 show that
the vectorial process of H+ ejection [18, 19], is neither
kinetically nor thermodynamically related to the flow
of electrons, the net oxidation of cytochrome aa3, the
consumption of O2 and the net synthesis of ATP. Note
that the net ejection of H+, as determined under
optimal oxygen-pulse conditions [18, 19, 33], only
begins to occur during the respiratory process in which
the rates of O2 consumption are very slow and the
cytochrome aa3 undergoes net reduction. The lack of
stoichiometric correlation between the vectorial
ejection of H+ and the processes of H+ uptake, O2
consumption and ATP synthesis has also been
demonstrated in reactions catalyzed by both paracoccus
denitrificans and purified cytochrome aa3 [30, 34]. These
results show that the most important factor in
controlling the synthesis of ATP is not ADP, but O2
and that the proton gradient generated by the
respiratory process of H+ ejection is not directly related
to the actual process of ATP synthesis.
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Figure 3. The vectorial ejection of H+ is neither kinetically not
stoichiometrically related to the processes of cytochrome aa3
oxidation, O2 uptake and ATP synthesis. The basic medium was
identical to that described under Experimental Procedures. All
the reactions were performed in oxygen-pulse experiments by
adding O2 to fully reduced samples of RLM. The uptake of O2
and the changes in the redox state of cytochrome aa3 were

simultaneously initiated by adding 9.2 nmols of O to a fully
reduced suspension of 3.5 mg of mitochondrial protein. Every
unit in the y-axis represents 0.24 nmols of O and a ΔA of 1.2 x
10-4 at 605-630 nm. The ejection of vectorial H+ was determined
by adding 55 nmols of O to a fully reduced sample of 4 mg of
mitochondrial protein. Every unit in the y-axis represents 3.37
nmols of H+ [18, 19]. The synthesis of ATP was initiated by
adding 4.6 nmols of O, like in Fig. 1b. Every unit in the y-axis
represents 0.036 nmols of ATP. Traces correspond to
representative experiments of at least three independent
determinations.

IV. The ATP/O stoichiometry is a function of all,
the ΔEh, the redox state of the membrane and the
levels of O2, ADP and protein.
The consensus is that the ATP/O stoichiometry is
a constant the value of which only depends on the
magnitude of the ΔEh. The results presented in Fig. 4
show, however, that under close to in vivo
concentrations of O2, i.e. below 36 μM O2 or 23 torr [21,
22], the number of molecules of ATP formed per atom
of O2 consumed varies depending on all, the ΔEh and
the relative concentrations of ADP, O2 and protein. In
fact, Fig. 4a shows that in the presence of NADH (a
high ΔEh) and 100 μM ADP, the ATP/O ratio increases
from ~1.0 to a maximum of 3.39 when the
concentration of O2 increases from 0.23 to 15.0 μM. At
the same ΔEh but in the presence of 25 μM ADP, the
ATP/O ratio increases from 0.1 to only 1.87. In the
same range of O2 concentrations but in the presence of
cytochrome c (low ΔEh) and 100 μM ADP the ATP/O
ratio remains close to the maximum of 1.33. In the
presence of 25 μM ADP, however, the ATP/O ratio
increases from near zero to only 0.126. Figure 4b shows
that not only the total amount of ATP formed (Fig. 4a)
but also the initial rates of ATP synthesis vary
intricately depending on all, ΔEh, O2 and ADP. Thus, in
the presence of NADH and 100 μM ADP the initial
rates of ATP synthesis increase from near zero to 214
μmol · min-1 · mg prtoein-1 when the level of O2
increases from 0.92 to 23 nmols O (0.46 to 11.5 μM). In
the presence of NADH and only 25 μM ADP the rates
increase from less than 1.0 to only 60.7 μmol · min-1 ·
mg prtoein-1. In the same range of O2 concentrations
(0.46 to 11.5 μM), but in the presence of cytochrome c
and 100 μM ADP the rates of ATP synthesis increase
from less than 3.78 to a near maximum of 61.4 μmol ·
min-1 · mg protein-1. Under the same conditions but in
the presence of only 25 μM ADP the rates increase
from near zero to only 12.3 μmol · min-1 · mg protein-1.
Figure 4c show that the net synthesis of ATP depends
not only on the ΔEh and the initial concentrations of O2
and ADP but on the concentration of protein as well.
Unexpectedly however, the data show that the extent
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of ATP synthesis decreases as the concentration of
protein increases. This odd effect of protein is
explained considering that the effective number of
collisions between O2 and cytochrome aa3 depends
directly on the molar ratio between O2 and protein.
Thus, when the concentration of protein is increased
maintaining constant the concentration of O2, the
energy directly involved in the synthesis of ATP is
substantially reduced. Indeed, the real ATP/O
stoichiometry is not a constant but varies exquisitely
depending on a large array of factors, amongst which,
the most important is the level of oxygen. The
reproducibility of the data was confirmed in more than
5 independent experiments by determining the
arithmetical means ± SDn-1 using a fixed parameter and
changing the rest. The “P” value was < 0.05 for most
levels of O2, ADP and protein.

V. The free energy of electron flow is essential not
only for the binding or release of substrates and
products but also for the synthesis of ATP from
ADP and Pi.
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to 30.0 nmols of O to fully reduced suspensions of 0.009 mg of
SMP supplemented with either 5 mM NADH or cytochrome c in
the presence of 100 and 25 μM ADP. The ATP/O ratio in Fig. 4a
was determined at the moment in which the net synthesis of
ATP ceased and the fast initial phase of O2 consumption was
abruptly interrupted (see Figs. 1 and 2). The arithmetical means
± SDn-1 of at least 5 independents determinations performed at
O2 concentrations of 5, 10 and 15 μM had a statistical
significance “P” < 0.05. Error bars were eliminated to improve
the Fig. In Fig. 4b, the rates of ATP synthesis were determined
during the first 500 ms of reaction by measuring the steepest
portion of the traces. Each unit represents 1 μmole in the
presence of cytochrome c and 3.57 μmole in the presence of
NADH. In Fig. 4c the extent of ATP synthesis was determined
in reactions initiated by adding from 0.46 to 60 nmols O to
anaerobic and fully reduced suspensions of 0.09, 0.225, 0.45 and
0.9 mg of SMP protein in the presence of 100 μM ADP and 5.0
mM NADH.

80

O2 added (nmol)

Figure 4. The ATP/O stoichiometry depends on all, the ΔEh and
the relative concentrations of ADP, O2 and protein. The reaction
mixtures were as described under Experimental Procedures. In
Fig. 4 (a and b), the reactions were initiated by adding from 0.92

It was impressibly asserted that the covalent
structure of ATP can be readily formed in the presence
or absence of substrates or of oxidation inhibitors [5-8].
Figure 5 show, however, that even in the presence of
very low levels of ATP and high of O2, Pi and ADP
(optimal conditions for a spontaneously synthesis of
ATP during an equilibrium period) the actual
synthesis does not occur if there is no net flow of
electrons. Instead, the hydrolysis of a miniscule
amount of ATP (a contaminant of the sample of ADP)
takes precedence over the actual synthesis of ATP, a
process that continuous until a seemingly endless
period of equilibrium is attained in which the rates of
synthesis and hydrolysis of ATP are exactly the same
[16]. This period of equilibrium is only interrupted
when succinate is added and the free energy of
electron flow brings about the actual synthesis of ATP
from the ADP and Pi already bound to the membrane.
It is evident that, when the mitochondria are incubated
“with Pi labeled with 18O and 32P and unlabeled ATP in the
presence or absence of substrates or of oxidation inhibitors”
[8], 18O is incorporated into Pi during the period of
equilibrium in which the synthesis and hydrolysis of
ATP are equal. What is remarkable in Fig. 5 is that,
even in the presence of very high levels of O2 (~230
μM) and ADP (400 μM) the initial rate of ATP
synthesis is only 12.37 nmols · min-1 · mg-1, i.e., ~103
times lower than in Figs. 1 and 2. Obviously, under
state-3 metabolic conditions the mitochondrial
membrane is not under optimal conditions, most likely
due to the impairing effect of reactive oxygen species
(see above). Indeed, these results demonstrate that the
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For the first time evidence is here provided that,
contrary to what is generally believed, the
concentration ADP at which the rate of ATP synthesis
is half its maximal value is not constant but varies
subtly depending on both ΔEh and O2 concentration.
Unlike the hyperbolical hydrolysis of ATP that is
entirely independent of ΔEh and O2 [16], Fig. 6a show
that for same concentration of ADP the initial rates of
ATP synthesis increase directly depending on both ΔEh
and O2 concentration [35]. Figure 6b demonstrates that
the concentration of ADP required for half maximal
rates of ATP synthesis (EC50) is an inverse function of
ΔEh and O2, decreasing from 76.0 to 36.7 μM when both
the concentration of O2 and the magnitude of ΔEh
increase. It is remarkable that the EC50 for ADP is the
same (41.0 μM) whether in the presence of cytochrome
c or NADH only when the concentration of O2 in the
presence of cytochrome c is 5fold higher than in the
presence of NADH. The Hill coefficient, n, on the other
hand, has a constant value of ~3.0 that is entirely
independent of ΔEh and O2 concentration. These results
contrast assertions that the sigmoidal synthesis of ATP
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VI. The concentration of ADP required for half
maximal response of ATP synthesis is an inverse
function of both ΔEh and O2 concentration.
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Figure 5. Demonstration that the free energy of electron flow is
indispensable for the actual synthesis of ATP from ADP and Pi.
The medium was that described under Experimental Procedures.
The experiment was initiated by adding 400 nmols of ADP and
6.3 nmols of ATP (as contaminant of ADP) to an air-saturated
medium free from RLM and succinate. After 1.5 min of
incubation, 1.0 mg of RLM protein was added to initiate the
hydrolysis of the 6.3 nmols of ATP that proceed without the
uptake O2 until a seemingly endless state of equilibrium was
attained. This period of equilibrium was only interrupted when
either succinate (10 Mm) was added to initiate the simultaneous
processes of O2 uptake and ATP synthesis or the concentration
of O2 was near zero.
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mechanistically identical [7].
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free energy of electron flow is essential not only for the
binding and release of substrates and products to and
from the ATP synthase but most importantly for the
synthesis of ATP from ADP and Pi.
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Figure 6. The concentration of ADP at which the rate of ATP
synthesis is half its maximal value is regulated by both O2 and
ΔEh. Reactions were initiated by adding from 4.6 to 23.0 nmols
O (figures in parenthesis) to anaerobic and fully reduced
samples of 0.01 mg of SMP in the presence of either 5.0 mM
NADH or 100 μM cytochrome c and the indicated amount of
ADP (x-axis). The same type of sigmoidal curve was obtained
by comparing the amount of ADP initially present with either
the initial rates of ATP synthesis (Fig. 6a) or the maximal
amounts of ATP formed. Figure 6b shows that the Hill
coefficient, n (~3.) is a constant that is independent of ΔEh or
amount of O2 added. The concentration of ADP that produces
half-maximal rates (EC50) or extents (K0.5) of ATP synthesis can
be calculated from equation 1 when the log (v/Vmax-v) = 0.

Conclusions
1. The phosphorylation of ADP and the net
synthesis of ATP cannot occur in the absence of a
respiratory substrate and the net flow of electrons (ΔΨ)
toward oxygen.
2. The synthesis of ATP from ADP and Pi can
efficiently take place in the absence of a proton
gradient and the chemical component (ΔpH) of the
protonmotive force, Δp.
3. The level of O2, not the level of ADP, is the most
important factor in determining the rate of oxidative
phosphorylation.
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4. The ATP/O stoichiometry is not constant but
varies depending on all, the (ΔEh), the redox state of
the membrane and the relative levels of ADP, O2 and
protein.
5. The concentration of ADP at which the extent
and rates of ATP synthesis is half maximal is not
constant but decreases as the ΔEh and the concentration
of O2 increase.
6. The energy metabolism of the cell cannot be
adequately
evaluated
by
determining
the
mitochondrial H+/O ratio or the amount of O2
consumed under steady-3 metabolic conditions.
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