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OXIDATIVE PHOSPHORYLATION*
W. N. ALDRIDGE
Medical Research Council, Toxicology Research Unit, Carshalton, England
(Received for publication 8. 7. 1959)

A brief review is given of the history of the experimental demon-
strat’on of oxidative phosphorylation. The properties of the system which
can be measured using mitochondria have been described and these have
been brought together in a diagrammatic scheme which illustrates the
dissection of the process into various parts by the use of toxic substances.

In this lecture my afim is to tell you mainly about the practical aspects
of the problem and to illustrate the points discussed with examples
using the preparation of mitochondria we use at Carshalton. Since the
properties of mitochondria may vary with the method of preparation
1 think it will be useful to consider as many aspects as possible on the
one preparation. The problem of oxidative phosphorylation and its re-
action mechanisms is in a state of flux at the moment. I shall try to
show the extent of our knowledge.

The importance of adenosine triphosphate (ATP) to the economy of
biological organisms hardly needs to be emphasized. It is a key sub-
stance and is the means whereby the energy liberated by the oxidation
of substances (particularly carbohydrates) may be trapped, stored and
utilised for the synthesis of large molecular weight substances of the
body. It is well known that ATP is synthesised during anaerobic gly-
colysis. Two molecules of ATP are used to produce hexose 1.6 dipho-
sphate from glucose. After splitting the molecule into triose phosphate,
each half yields two molecules of ATP, one at the phosphoglycerolde-
hyde and the other from phospho-enolpyruvate stages. Therefore four
molecules of ATP are formed and two used giving an overall yield of
two molecules of ATP from each glucose converted to lactate. The free
energy loss for glucose to two moles lactate is =57 K. cal/mole whereas
from two moles lactate to carbon dioxide the loss in free energy is
-629 K. cal/mole. By anaerobic glycolysis only a small proportion of
the available energy is trapped.

* Lecture given at the Institute for Medical Research, Zagreb, July 1959.
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The early observations (1937-40) of Kalckar (1, 2) and more particu-
larly Belitzer (3, 4) first demonstrated that during the oxidation of
three carbon substrates, inorganic phosphate disappeared from the me-
dium and was recovered as phospho-creatine, creatine acting as the
phosphate acceptor. These processes are nrevented by cyanide or under
anaercbic conditions and were therefore definitely related to oxidative
processes. The ratio of phosphate removed to oxygen absorbed (¥/0 ra-
tio = x mole phosphate removed / u atom oxygen absorbed) was ap-
proximately 2.0. Belitzer pointed out that if the intermediates of the
Krebs tricarboxylic acid cycle were all phosphorylated and the phos-
phate transferred to ADP to form ATP then a ?/0 ratio of not more
than 1.0 could be obtained. It was therefore suggested that the energy
from electron transport was being utilised to form ATP. Unlike anae-
robic glycolysis the oxidation ot pyruvate by the tricarboxylic acid
cycle does not involve phosphorylated substrates in the formation of
ATP,

The measurement of accurate yields of oxidative phosphorylation are
technically difficult. The early work was carried out upon minces of
tissue where the breakdown of ATP formed was rather high. The de-
monstration (5, 6) that isolated mitochondria carry out oxidative phos-
phorylation was a major step forward. However, the system whereby
electron transport is coupled so that ATP is formed is a very labile one
and damage to mitochondria will cause large losses of ATP due to
hydrolysis. In addition disrupted mitochondria such as Kirlin-Hartree
preparations carry out oxidation of succinate but no phosphorylation is
associated with it.

It is only since the demonstration that mitochondria carry out oxi-
dative phosphorylation (5, 6) that the determination of the yield of oxi-
dative phosphorylation may be attempted. Unlike tissue homogenates
slices and minces, mitochondrial preparations contain little endogenous
substrate. Since the preparation of mitochondria was first placed on a
practical working basis (7, 8) the /0 ratios have steadily risen so that
now values of 2.7 may be obtained for pyruvate oxidation even when
determined at 37°. With early preparations and also still with mito-
chondria from some tissues it was essential to work at lower tempera-
tures to ensure reasonable stability of the preparation. It seems there-
fore that the */0 ratio for pyruvate oxidation should be 3.0. We have
recently carried out some experiments with a preparation of stable liver
mitochondria. When hexokinase and glucose is added to these mito-
chondria oxidising pyruvate a stimulation of the oxygen uptake of
about four times is obtained. This continues while inorganic phosphate
is being incorporated through ATP into glucose to form glucose 6-phos-
phate until all the inorganic phosphate has been removed from the me-
dium. When ths occurs the rate of oxygen uptake falls to exactly the
same rate as without hexokinase. The unstimulated oxygen uptake may
therefore be considered separately and even if phosphorylation is in-
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volved in it the phosphorylated intermediates cannot be -trapped and
measured by the »hexokinase and glucose technique.« Although we
added a large amount of hexokinase (100 units) in this experiment, ma-
ximum stimulation may be obtained by around 15 units. Making the
assumntion that when only just sufficient hexokinase is added to pro-
duce maximum stimulation, the unstimulated oxygen uptake is not in-
volved in the phosphate uptake measured, we have made the measure-
ments given in Table 1. The F/0 ratio is seen to be 3.0 for pyruvate

oxidation.
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Fig. 1. Effect of addition of hexokinase and glucose upon pyruvate oxidation by liver
mitochondria. Hexokinase (100 units) added. Temp. 37°. (Figures in brackets are

u mole inorganic Plflask)

Table 1.

Time ()

Wit HEXOKINASE

(31.6)

Oxidative phosphorylation measured using minimal amounts of hexokinase

Liver mitochondria  Pyruvate 37°
Hexokinase 16 units/flask
For other conditions see (21).

Expt.
(1)
0, uptake, with hexokinase.

(ug. atom/mg. protein/hr.) 9.49 + 0.26
0, uptake, unstimulated.

(ug. atom/mg. protein/hr.) 296 £0.11
Difference 723+ 0.28
P. uptake

(umole./mg. protein/hr.) 21.95 + 1.04

P/0 ratio. 3.04£0.19

Expt.
(@)

10.45 £ 0.23

2.89+0.13
7.56 £ 0.28

22.35 % 0.65
2.96 +0.14
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With three phosphate molecules incorporated for every atom of oxy-
gen absorbed it seems very probable that there should be three sites of
phosphorylation in the electron {ransport chain. The experimental de-
monstration that there are three sites has been made, but involved many
technical difficulties, the main one being that added coenzymes do not
readily penetrate into intact mitochondria. For instance, although g-hy-
droxybutyrate is readily oxidised by intact mitochondria without added
cytochrome C, added reduced coenzyme I is not oxidised unless cyto-
chrome C is added (9). Phosphate is esterified with f-hydroxybutyrate
as substrate but not with reduced coenzyme I with cytochrome C pre-
sent. The latter oxidation is not inhibited by Antimycin A whereas the
former is very sensitive (10). Lehninger showed that pretreatment of
the mitochondria with hypotonic solutions allowed reduced coenzyme
I to be oxidised without added cytochrome C; this oxidation is sensitive
to Antimycin A and phosphate is esterified. These findings are ex-
plained by postulating that the reduced coenzyme I cannot penetrate
unless the permeability of the mitochondria is modified by pretreatment
with hypotonic solutions for a short time. Expeniments using these tech-
niques produced the first direct proof that phosphorylation occurs in the
electron transport chain between reduced coenzyme I and oxygen with
P/0 ratios of more than 2.0 (9).

Phosphorylation between cytochrome C and oxygen has also been
demostrated (11, 12). Ascorbic acid was used to reduce cytochrome G
non enzymatically and the mitochondria were pretreated with hypotonic
solutions to allow penetration of reduced cytochrome C. More recently
a direct measurement of phosphorylation associated with the oxidation
of reduced cytochrome C by oxygen has been made (13), F/0 ratios of
less than 1.0 being obtained. By similar techniques phosphorylation as-
sociated with the oxidation of B-hydroxybutyrate by cytochrome C (14)
has been measured, the P/0 ratios being more than 1.5 but less than 2.0.

There are therefore three phosphorylation steps associated with the
passage of electrons up the respiratory chain. One step is associated
with the oxidation of reduced cytochrome C and the other two probably
with the oxidation of reduced coenzyme I by flavo protein and of re-
duced flavio protein by cytochrome C. Three phosphorylation steps in
the respiratory chain are also in good agreement with thermodynamic
data upon the free energy change of the reactions. The free energy
change from coenzyme I to oxygen is 50-51 K.cal./mole (15) and that
due to the formation of three moles ATP is 36 K.cals. (16), an effi-
ciency of utilisation of available energy of around 70%. -

All the .available experimental evidence points to the oxidation of
one mole of succinate being associated with the fiarmation of two moles
of ATP; this is also in agreement with the free energy data available
(15, 16) with an efficiency of utilisation of energy of 60-70%.

Earlier it was pointed out that oxidative phosphorylation is particu-
larly sensitive to damage of the mitochondria and until recently all




OXIDATIVE PHO'SPHORYLATION 65

attempts have failed to fractionate the mitochondria into smaller par-
ticles and still obtain oxidative phosphorylation. However, Lehninger
and co-workers have succeeded in disrunting liver mitochondria by
treatment with digitonin and have isolated submitochondrial particles
which will carry out oxidative phosphorylation with f-hvdroxybutyrate
as substrate (17). This preparation is proving extremely valuable in the
study of mechanisms of oxidative phosphorylations; I shall be describ-
ing some of this work later. However, these submitochondrial particles
only oxidise f-hydroxybutyrate and succinate. At Carshalton we were
interested in the metabolism of whole intact mitochondria and in par-
ticular wished to use results obtained on the action of trialkyltins on
mitochondria iz vitro to explain results obtained i vivo. Briefly, using
a special homogeniser and 0.3 M sucrose for isolation and a medium
with the ratio of the concentrations of potassium, magnesium and phos-
phate roughly as is found in the intracellular fluid of the liver, a re-
liable preparation of liver mitochondria has been obtained (18). Oxi-
dation 1s stable for up to 8 hr. at 37 in an electrolyte medium and upon
the addition of enzymes utilising ATP such as hexokinase and glucose
(see Fig. 1.) or potato apyrase a 3—4 fold stimulation of oxygen uptake
is obtained. No ccenzymes need be added. Their stability is indicated
by the results of an experiment illustrated in Fig. 2. When apyrase is
added at zero true oxidation is stimulated 4-fold. Unstimulated oxi-
dation continues at a linear rate for 2 hr. If apyrase is then tipped in
again a 4-fold stimulation is cbtained. This indicates that the unstimu-
lated mitochondria which have been metabolising pyruvate for 2 hr. at
87% have still sufficient coenzymes to give the maximum rate of oxi-
dation uptake upon the addition of apyrase. A similar stimulation is
obtained upon adding 2 : 4-dinitrophenol. The importance of the large
stimulation by apyrase or hexokinase is that we know that 70-80%0 of
oxygen uptake is associated with phosphorylation. For studies of oxi-
dative phosphorylation this is extremely valuable. It also follows from
such a stimulation that just as phosphorylation is dependent upon oxy-
gen uptake so also is oxygen uptake dependent upon phosphorylation
of ADP. This means that the inhibit'on of oxygen uptake will be ob-
tained by inhibiting any enzyme in the electron transport chain or in
the energy transferring chain between electron transport and ATP.
This has important consequences for the interpretation of results show-
ing that respiration is inhibited.

I now wish to consider what measurements may be made with these
mitochondria. The ¥/0 ratio may be easily measured. A lowering indi-
cates uncoupling of oxidative phosphorylation. Much work has been
carnied out with 2 :4-dinitrophenol which will lower inorganic phos-
phate uptake without lowering oxygen uptake (19). This is also true of
several other phenols (20). When oxygen uptake is lowered as well as
the P/0 ratio it is essential to show that with the particular preparation
of mitochondria that a true respiratory inhibition does not also lower
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Fig. 2, Oxidation of pyruvate by liver mitochondria with and without apyrase.
Apyrase (110 units) added. Temp. 37.

the P/0 ratio due to secondary disruptive processes (21). It is curious
how few papers contain this essential control experiment. Another point
is that there is a difference between uncoupling and inhibiting oxidative
phosphorylation. If phosphate uptake is lowered with no lowering of
oxygen uptake then uncoupling has been demonstrated. However when
oxygen uptake is also inhibited it is much more difficult to decide at
what stage oxygen uptake is being prevented.

The inorganic phosphate — ATP exchange reaction is another pro-
perty which may be readily measured. If liver mitochondria are placed
in a medium containing ATP but no substrate and radioactive inorganic
phosphate is added there is a rapid exchange between the P32 and the
terminal phosphorus atoms of ATP (22, 23, 24). With liver mitochon-
dria both adenosine diphosphate (ADP) and ATP become labelled but
not the monophosphate (AMP). The labelling of the disphosphate may
be due to the presence of myokinase in liver mitochondria (25). In Ta-
ble 2 are the results of an experiment showing the incorporation of la-
belled inorganic phosphate into ADP and ATP and the influence of the
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Table 2.
Effect of inorganic phosphate concentrations upon the ATP — P% exchange

For basic medium see (21)
pH 6.7-6.8, Temp. 37°

Inorganic P P exchanged (umole/mg. protein/hr.)
concentration
(#mole/ml.) After 10 min. At equilibrium.
0.35 1.11 1.42
0.58 1.17 2.05
1.30 2.89 431
421 413 9.50
15.1 5.75 14.80

concentration of inorganic phosphate upon this labelling. This process
is rapid for, in 10 min., the ATP is labelled halfway toward the equili-
brium position. Both ADP and ATP are labelled but AMP is not. As
the concentration of inorganic phosphate is raised the amount of phos-
phate incorporated into the nucleotides is increased. Fig. 3. shows' that,
as would be expected, the increase is exponentially related to the con-
centration of inorganic phosphate. This is a useful finding for it means
that when determinations of this exchange reaction are made in the
presence of substances whih cause breakdown of ATP and the liberation
of inorganic phosphate the rate of the exchange may be corrected for
this rise in inorganic phosphate concentration. No exchange occurs bet-
ween P32 and any other nucleotides such as those of guanosine, cytidine
or inosine triphosphate (24).

A recent addition to the exchange rcactions is the incorporation of
labelled ADP into ATP (24, 26). This has been demonstrated with ADP
labelled with P32 or C!4 but has only been caried out with submitochon-
drial particles and not with intact mitochondria. Many other enzymes
can catalyse such an exchange and it is essential to have a preparation
free from such enzymes. The ADP-ATP exchange is a fast reaction and
is not influenced by the concentration of inorganic phosphate (27).
Although this exchange is prevented by 2 : 4-dinitrophenol, after ageing
the particles the reaction becomes insensitive to 2 : 4-dinitrophenol as
the P32 — ATP exchange reaction disappears (27). It is considered that
the ADP-ATP exchange reaction is a property of the terminal step in
oxidative phosphorylation process.

Finally there is oxygen uptake, and adenosine triphosphatase
(ATPase) stimulated by 2 : 4-dinitrophenol. We have been using 2 : 4-
dinitrophenol to dissect the energy transferring chain and have been
examining the effect of drugs upon these two properties (21). The justi-
fication of the use of 2 :4-dinitrophenol in this way will be discussed
later. In Table 3 is a list of the properties and their values which we
have obtained using as far as possible strictly comparable conditions.
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Fig. 3. Effect of the concentration of inorganic phosphate on the ATP-P% exchange
reaction. Conditions as in Table 2.

Table 3.

Rates of processes carried out by liver mitochondria
Figures in brackets are number of experiments

Oxygen uptake. #0y/mg protein/hr.
Unstimulated 241+ 35 (11)
With apyrase 942+ 9.4 (11)
With 2 : 4 Dinitrophenol 934+ 7.8 (7)
(1.5 — 3 X 10—5M)
With hexokinase 99.4 + 149 (27)
Phosphate metabolism. #mole P/mg protein/hr,
ATPase 0.39 + 0.26 (9)
ATPase + 2 : 4-Dinitrophenol 131+ 0.88 (6)
(8 X 10—5M)
Oxidative phosphorylation 261+ 0.18 {27)
(P/0 ratio)
Oxidative phosphorylation 982+ 41

(phosphate uptake)
ATP - P? exchange 7.2
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The oxidative rate in the presence of hexokinase and glucose, apyrase
or 2 : 4-dinitrophenol is the same with pyruvate as substrate. The ade-
nosine triphosphatase activity of the mitochondria is very low but is
increased 35 times by the addition of 3 X 10— M. 2 : 4-dinitrophenol.
Phosphorylation associated with pyruvate oxidation proceeds at a rate
of 20-27 x mole P/mg protein/hr., 2 : 4-dinitrophenol activated ATPase
at a little more than half and the P32 — ATP exchange reaction at less
than one third of this rate. Whether these results indicate real differ-
ences in mechanisms or whether they are due to the experimental con-
ditions cannot be decided at present.

I would like to consider now how all these properties of oxidation
and phosphorylation are fitted together to give our present hypotheses
about the processes of oxidative phosphorilation. 2 : 4-Dinitrophenol is
being used continually as a tool to study oxidative phosphorylation.
What is the evidence that its action is due to a modification of the nor-
mal processes of oxidative phosphorylation? 2 :4-Dinitrophenol pre-
vents phosphate uptake without affecting oxygen uptake (19, 20) and
also stimulates the hydrolysis of adenosine triphosphate by mitochondria
(29). The original suggestion that this stimulation is due to a modifi-
cation of the energy transferning chain is due to Hunter (29) but has
now been generally accepted (30, 31, 32, 83). The concentration which
stimulates ATPase activity is the same as that which prevents phos-
phate uptake during oxidation (29, 30, 31, 20). Studies on submitochon-
drial particles produced by sonic disintregation (34) or treatment with
digitonin (17) have shown that ATPase stimulated by 2 : 4-dinitrophe-
nol and oxidative phosphorylation have the same specificity for nucleo-
tides of adenine and the same pH activity range. Strong evidence that
both ATPase and oxygen uptake induced by 2 :4-dinitrophenol are
modifications of the normal oxidative phosphorylation processes may be
denived from studies of a range of nitro and halo phenols (20) and the
trialkyltins (21). The concentrations of the phenols which stimulate
oxygen uptake uncouple oxidative phosphorylation and stimulate
ATPase are identical (20). Each of these systems are inhibited to the
same degree by each of six trialkyltins tested (21).

By similar experiments it is considered that the ATP-P32 and the
ADP-ATP exchange reactions are also part of the normal oxidative
phosphorylation processes. All have the same pH optima (34) the same
nucleotide specificity (27), and are inhibited by 2 :4-dinitrophenol in
fresh preparations of submitochondrial particles (27). Recent obser-
vations have, however, shown that the trialkyltins inhibit the ATP-P3*
exchange (85) but not the ADP-ATP exchange (36).

It is therefore the current view that all of these processes are prop-
erties of the normal oxidative phosphorylation processes.

In Fig. 4. the position is presented diagrammatically. The respiratory
chain given is that accepted as the present position though there is still
some doubt about the positions of cytochromes b and c¢ (43). It has been
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presumed that the initial steps of the energy transferring chains from
the three sites must involve different reactions. The three sites of oxi-
dative phosphorylation are all completely inhibited by 10— M. 2 :4-
dinitrophenol (38, 39) and oxidation phosphorylation associated with
pyruvate and succinate oxidation are inhibited by trialkyltins (21). It
has however been suggested that the ATPase in liver mitochondria with
different pH optima may be associated with the different sites of oxi-
dative phosphorylation (33, 37).

However, the relation of these measurements to those described above
is not understood for only one of the ATPases (pH optimum 6,3) is
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Fig. 4. Diagrammatic representation of the processes of oxidative phosphorylation.
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activated by 10—5 M 2 : 4-dinitrophenol, the other two (pH optima at
8.5 and 7.4) requiring higher concentrations (83). The simplest hypo-
thesis is that the energy transferring chains from the point where 2 : 4-
dinitrophenol acts to ATP formation are similar, if not identical, and
have accordingly been shown as a single process in Fig. 4.

The point where 2 : 4-dinitrophenol is shown to act is quite arbitary
but the other observations are shown relative to it. Without substrate
present ATP is hydrolysed. When substrate is being oxidised the energy
of some intermediate 15 diverted and not used to form ATP. The sti-
mulated ATPase is rather a symptom of the primary disorder produced
by 2 :4-dinitrophenol which may be detected when the mitochondria
are examined without substrate. Since oxidative phosphorylation, oxi-
dation and ATPase stimulated by 2 :4-dinitrophenol are all equally
sensitive to trialkyltins, it seems probable they act at the same site
though they must have different mechanisms of action (21).

The ADP-ATP exchange is not sensitive to 2 : 4-dinitrophenol when
it is dissociated from the ATP-P32 exchange (27). It is considered to be
the last stage in the oxidative phosphorylation. The position of the
ATP-P3? exchange is much more uncertain, It is inhibited by trialkyl-
tins (35) 'and therefore, since trialkyltins and 2 : 4-dinitrophenol act at
the same site, an intermediate containing phosphate should be involved.
However, on other grounds other workers have reached the opposite
conclusion (34) and it has been suggested that the ATP-P32 exchange
is only concerned with one of the sites of oxidative phosphorylation
(44). Therefore although in Fig. 4 the ATP-P3? exchange is shown to
extend further towards electron transport than the 2 :4-dinitrophenol
stimulated ATPase this is not yet certain.

Finally it has been shown by several workers that barbiturates do not
inhibit oxidative phosphorylation with succinate as substrate (40, 41,
42) and this has been confirmed in our laboratory (45). It must be con-
cluded on the basis of the current views of the respiratory chain that
barbiturates act only on oxidative phosphorylation associated with the
dehydrogenase using coenzyme 1. In addition barbiturates do not inhibit
ATPase induced by 2 : 4-dinitrophenol.

It should be emphasized that this is only a working hypothesis and in
many ways my personal one. There is no doubt that it will be drastic-
ally modified as more experimental results are obtained.

I think you will have been interested to hear of the part played by
toxic substances in reaching our current views on oxidative phosphory-
lation. It is our view at Carshalton that they will play an ever increas-
ing part in the intracellular dissection of biochemical processes.
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Sadrzaj
OKSIDATIVNA FOSFORILACIJA

Kratki prikaz razvo'a eksperimentalnog istraZivanja na podruéju oksidativne fosfo-
rilacije. Opisana je upotreba mitohondrija u svrhu ispitivanja svojstava sistema oksi-
dativne fosforilacije, a $ematski prikaz ilustrira pojedine stepene procesa, koje se
moglo dokazati upotrebom toksi¢kib supstancija.
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