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I.

INTRODUCTION

There are two major enzymatic pathways which are primarily involved in
the transfer of energy. In photosynthesis, energy in the form of light is used
by plants to cause electrons to move from water (E'o = + 0 - 8 I V ) to the
electron carrier ferredoxin (E'o = — 0-42V). Energy in this form is apparently
of little use and it is converted to N A D P H or A T P and finally to reduced
carbon compounds mostly in the form of carbohydrates, fats and proteins.
These compounds constitute the main store of energy in biological systems.
The second process involved in the transfer of energy is cellular respiration;
here the reduced carbon compounds are rearranged and pairs of hydrogen
atoms are removed to produce reduced coenzymes. These electron donors
are then oxidized and the energy liberated is conserved in the form of
A T P . Figure 1 shows the main types of energy transfer processes which occur
during cellular respiration. They can be divided into two groups, the first
being glycolysis which is thought to take place in the soluble phase of the
cytoplasm although there are reports (Barker et al, 1966) that it may be
associated with a membrane system. Only a small a m o u n t of energy is
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transferred during this process and is characterized by the substrate level
phosphorylation which is catalysed by the enzyme phosphoglyceryl kinase.
The major amount of energy transfer occurs in the second group and is
located in the mitochondria and can be sub-divided into (a), substrate level
phosphorylation and (b), oxidative phosphorylation. Substrate level phos
phorylation is connected with the conversion of Æ -ketoglutarate to succinate
via the high energy intermediate succinyl-coenzyme A. W o r k on plant mito
chondria has shown that A T P rather than G T P is the final product of substrate
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FIG. 1 The transfer of energy during cellular respiration.
level phosphorylation and that phosphohistidine may be an intermediate in
the transfer process (Palmer and Wedding, 1 9 6 6 ; N o r m a n et al., 1 9 6 5 ) .
The process of oxidative phosphorylation is quantitatively more important.
Here reduced coenzymes are oxidized by molecular oxygen and the energy
liberated coupled to the synthesis of A T P ; this constitutes the main energy
transfer function of the mitochondria.
II.

OXIDATIVE

PHOSPHORYLATION

It is convenient, for the purpose of discussion, to divide the process of
oxidative phosphorylation into three sections: (a), the rearrangement of the
carbon compounds so that the electrons can be withdrawn to produce the
electron donor necessary for oxidative phosphorylation; (b), the transfer of
electrons from the various donors to molecular oxygen and (c), the conserva
tion of energy associated with this oxidation.
A . R E A R R A N G E M E N T O F C A R B O N C O M P O U N D S ASSOCIATED
THE GENERATION OF ELECTRON

WITH

DONORS

The mitochondria contain the enzymic apparatus necessary to produce
electron donors from pyruvate derived from carbohydrates, fatty acids and
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amino acids. The central system for the production of electron donors is the
tricarboxylic cycle which is outlined, more as a hydrogen metabolizing cycle
than a carbon metabolizing cycle, in Fig. 2. The tricarboxylic acid cycle, as
illustrated, uses acetyl-coenzyme A to produce carbon dioxide and reduced
coenzymes; it is also able to use as a substrate any compound that can be
first converted to any one of the intermediates of the cycle. Pyruvate entering
the cycle is decarboxylated and then reduced to acetyl-coenzyme A by the
enzyme complex pyruvate kinase, α-lipoic acid being the hydrogen acceptor
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VlJpoate (SH) 2
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FIG. 2 Outline of the tricarboxylic acid cycle and associated reactions which
produce the electron donors necessary for oxidative phosphorylation.
in this reduction. Fatty acids are another important source of substrates for
cellular respiration, particularly in plant material which contains large amounts
of oil and fat. The glycerol residue is converted to glycerol phosphate a n d
is then directly oxidized by the electron transport system of the mitochondria
to produce dihydroxyacetone phosphate which passes out of the mitochondria
to be metabolized by the glycolytic system (Stumpf, 1955). The free fatty
acid can then be converted into acetyl-coenzyme A by the process of β-oxidation
and in this form can enter the tricarboxylic acid cycle. The enzymes respon
sible for β-oxidations of fatty acids are known to be associated with the mito
chondria (Stumpf and Barber, 1956) and produce both F A D H 2 and N A D H
as electron donors during the reaction.
G
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Recently it has been shown (Rossi et al, 1966a) that in sonicated animal
mitochondria a second mechanism exists to activate fatty acids which is
insensitive to the uncoupling activity of dinitrophenol and is closely coupled
to the oxidation of α-ketoglutarate and involves the use of G T P , generated as
(1) Acyl-CoA synthetase (6.2.1.2)
R.CH2.CH2.COOH + CoA + A T P ^ R . C H 2. C H 2. C O . C o A + AMP + P-Pi
(2) Acyl-CoA dehydrogenase (1.3.2.2.)
R.CH2CH2CO.C0A + F A D ^ R C H . C H . C O . C o A + F A D H 2
(3) Enoyl-CoA hydranase (4.2.1.17)
R.CH.CH.CO.CoA + H 2 0 ^ R.CHOH.CH2.CO.C0A
(4) 3-hydroxyacyl-CoA dehydrogenase (1.1.1.35)
R.CHOH.CH 2.CO.CoA + N A D + ^ R . C O . C H 2. C O . C o A + NADH + H+
(5) Acetyl-CoA acytransferase (2.3.1.16)
R.CO.CH 2.CO.CoA + C o A ^ R . C O . C o A + CH3CO.C0A
FIG. 3 The enzymes and reactions involved in the production of acetyl coenzyme A
from fatty acids during the process of β-oxidation.
the result of substrate level phosphorylation, as the energy source. The
significance of this reaction is unknown but it does raise two interesting
points. In the first case, it is a more efficient system than the mechanism
involving A T P since only one phosphate molecule is removed from the G T P :
G T P + R-CH2CO2H + C o H S H

> R - C H 2 - C O - C 0 A + G D P + Pi,

rather than the pyrophosphate being removed from the A T P (see Fig. 3).
Secondly, this activating system shows high activity towards fatty acids which
are known to uncouple oxidative phosphorylation (Van den Bergh, 1966)
and it is possible that this system may be able to act as a self defence mechanism,
allowing the mitochondria to activate fatty acids when oxidative phosphory
lation is completely uncoupled from electron transport.
In tissues where protein breakdown predominates, i.e. some germinating
seeds and senescent tissue, it is possible to use amino acids as substrates for
cellular respiration. Amino acids usually enter the tricarboxylic cycle as the
corresponding keto acids formed by transamination with a-ketoglutarate
acting as the acceptor for the amino groups. The glutamate thus formed can
be converted to α-ketoglutarate by the enzyme glutamic dehydrogenase with
the production of ammonia and N A D P H . Both the transaminase and glu
tamic dehydrogenase are found in isolated mitochondria (Davies et al, 1964).
Clearly the mitochondria have the ability to rearrange pyruvic acid, fatty
acids and amino acids and produce a variety of electron donors (summarized
in Table I) suitable for oxidation during oxidative phosphorylation.
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B. OXIDATION OF ELECTRON DONORS
The next stage of the energy transfer process is the removal of electrons
from the electron donors and their transfer to molecular oxygen with the con
trolled liberation of energy. The process is mediated by the electron transport
chain which consists of proteins with firmly b o u n d prosthetic groups such as
iron porphyrins and flavin nucleotides which are attached to the inner mem
brane of the mitochondria. Τΐιφ composition of the electron transport chain
is basically similar in both animals and plants although mitochondria from
plants have lower concentrations of cytochromes. The greatest difference
between the plant and animal system probably lies in the cytochrome b region
of the chain. Plant mitochondria are thought to contain several different
types of cytochrome b; Hackett ( 1 9 5 9 ) has suggested that one of the cytoTABLE 1

Electron donors produced during the rearrangement
of carbon compounds.
Substrate

Initial electron donor produced

Pyruvate

reduced lipoic acid
NADH
reduced flavoprotein
α-glycerophosphate
reduced flavoprotein
reduced lipoic acid
NADH

Fats

Amino acids

NADPH
reduced lipoic acid
NADH
reduced flavoprotein

chrome b types is auto-oxidizable and may be important in mediating cyanide
resistant respiration which is known to occur in some plant tissue (Laties,
1 9 5 7 ) ; this theory has been contested, however (Bonner, 1 9 6 6 ) . Further
discussion concerning the electron transport system in plant mitochondria is
really beyond the scope of this paper but it has been reviewed recently
(Davies et al, 1 9 6 4 ; Bonner, 1 9 6 6 ; Lieberman and Baker, 1 9 6 5 ) . Figure 4
shows a diagram of the electron transport chain as it is thought to be organized
in an animal mitochondrion (Lehninger, 1 9 6 4 ) and serves to show the points
of entry of electrons from the various donors. The mechanism by which the
electrons are moved from one member of the chain to the next is not under
stood although several theories have been advanced. One of the most interest
ing is that arising from the work of E. F . K o r m a n (Green and Goldberger,
1 9 6 6 ) who recognized from molecular models that certain compounds change
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shape when undergoing oxidation or reduction. It has been suggested that
the ring system of N A D may rotate through an angle of 90° when undergoing
reduction. F r o m this data it has been possible to build u p a model for
electron transport in which the electrons are moved along the chain by a wave
of conformational changes (Green and Goldberger, 1966).
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FIG. 4 The electron transfer system
Glutamate
associated with mitochondria showing the points
which electrons enter the chain from the various donors involved (Lehninger, 1964).
The importance of the electron transport chain from the point of view of
energy transfer is that the components of the chain are redox couples, having
negative potentials at the N A D end and increasingly positive redox potentials
towards the oxygen end of the chain. As electrons are transferred from one
component to the next there will be a liberation of energy given by the
formula
F° =
-nFAE'o
where η = number of electrons transferred, F = a Faraday, Δ£"ο = differ
ence in redox potential of the carriers involved. The values for Δ £ " 0 and
AF° expected when two electrons move from one component to the next in
the respiratory chain are given in Table II. If between 7 and 10 kcals are
necessary to synthesize A T P from A D P under normal conditions then A T P
formation can only occur when pairs of electrons move from N A D H - > F A D .
Cytochrome 6->cytochrome c and cytochrome a -> £02. W o r k involving the
uses of various substrates and inhibitors (Davies et al, 1964) a n d the cross
over point theory (Chance, 1965a; Bonner, 1966) also show that phosphory
lation occurs when electrons traverse the regions of the chain suggested from
the thermodynamic considerations.
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TABLE II

Thermodynamic relationships in the respiratory chain.
Carrier

E'o
(mV)

NAD

-320

Flavoprotein

-

63

Cytochrome b

-

40

Cytochrome c

+250

Cytochrome a

+290

Oxygen

+815

ΑΕΌ
(mV)

AF° for 2e~ transfer
(cal)

+257

-11,853

+ 23

-

+290

-13,375

+ 40

-

+525

-24,213

1061

1845

C. CONSERVATION OF ENERGY LIBERATED DURING ELECTRON TRANSPORT
It is usually considered that under normal conditions the energy liberated
during the process of oxidation is coupled to the synthesis of A T P . As yet
little is known about the mechanism of this process although a considerable
amount of research has been carried out in an attempt to clarify the problem.
It has been established that with N A D H as the electron donor three molecules
of A T P are synthesized from A D P and inorganic phosphate for every pair
of electrons transferred t o oxygen; when succinate is used as the electron
donor the Ρ : Ο ratio is 2 (Rowan, 1966). Recently Lynn and Brown (1965)
have suggested that in animal mitochondria, at least, the Ρ : Ο ratio may be
considerably higher t h a n these values a n d at the present time this problem
has not been satisfactorily resolved.
The mechanism by which the energy released by oxidation is utilized to
synthesize A T P is of even greater complexity. There are two schools of
thought concerning this problem. The first theory to be proposed was that
the coupling was accomplished through a series of unknown energy-rich
intermediates (Chance and Williams, 1956) and is generally known as the
chemical coupling theory. M o r e recently Mitchell (1961) has proposed the
chemiosmotic theory in which the transfer of energy is caused by the genera
tion of an electrochemical activity gradient of protons across a membrane
(Mitchell, 1961, 1966a).

1. The Chemical Coupling Theory
This theory has been proposed mainly on the basis of results obtained using
uncoupling agents such as dinitrophenol and arsenate or inhibitors of energy
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transfer such as oligomycin and atractyloside; it has been extensively reviewed
on many occasions (Chance and Williams, 1956; Slater, 1966a; Griffiths,
1965). The scheme which is generally proposed is shown in Fig. 5; it involves
two hypothetical non-phosphorylated intermediates A ~ I and X ~ I and a
hypothetical phosphorylated intermediate X ~ P. In this scheme A H 2 is a
reduced and Β an oxidized member of the electron transport chain, respec
tively; before the hydrogen atoms or electrons can be moved from A to B,
AH2 + Β + I ^ A ~ I + BH2
A~I + X

^X~I + A

A ~ I + Pi

^X~P + I

X~P + ADP^ATP + X
FIG. 5 Hypothetical energy-rich intermediates involved in the process of oxidative
phosphorylation as visualized in the chemical coupling theory.
the hypothetical compound I must interact with A. If the compound I is not
available to interact with compound A, electron transport is prevented; this
is the basis for respiratory control by oxidative phosphorylation. There are
several variations of this scheme and recently Green and Goldberger (1966)
have proposed an alternative scheme shown in Fig. 6. In this system it is
proposed that a carboxy group is involved in the formation of the energy-rich
intermediate and that A M P rather than A D P is the primary energy acceptor
(Ozawa, 1966); the A T P appears as the result of myokinase activity which is
present at a high level in plant mitochondria (Palmer and Kalina, 1967). This
NADH + [ I o x ] C O O H ^ [ I r e d ] C O ~ N A D + H 2 O
[Ired]CO~NAD + AMP ^ [Ired]CO ~ AMP + NAD
[Ired]CO~AMP + Pi ^ [Ired]COOH + ADP
2 A D P ^ A M P + ATP
FIG. 6 Intermediates in the process of oxidative phosphorylation as described by
Green and Goldberger (1966).
scheme also abolishes the requirement for the hypothetical phosphorylated
energy-rich intermediate which is not in agreement with the phosphate 18 Ο
exchange data which suggests inorganic phosphate is activated first and that
the A D P supplies the oxygen involved in the terminal energy-rich bond of
A T P (Low et a!.9 1963).
The chemical coupling theory does not explain in any way the actual
mechanism of the initial energy conservation reaction (Fig. 5 first equation).
Green and Goldberger (1966) suggested that a conformational change in the
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electron carriers A and Β when passing through the oxidation reduction cycle
may bring the reactive groups of A and I into close proximity so that an inter
action can take place. There is evidence available from work on b o t h animal
and plant mitochondria to suggest that conformational changes of the
mitochondrial membrane may precede phosphorylation (Boyer, 1965;
Kenefick and Hanson, 1966).

2 . The Chemiosmotic

Theory

The details of this theory have been extensively discussed by Mitchell
(1961, 1966a) and it is only necessary to mention the basic concepts in this
paper. The theory is based on the suggestion that A T P is synthesized by
reversing the activity of the enzyme ATPase and requires that the active site
of this enzyme be situated in a membrane as shown in Fig. 7. It is also neces-

•ATP

ADP
Righ t han d phas e

Left han d phas e

Couplin g membran e

F I G . 7 ATP synthesis showing the production of H + and OH~ by the anisotropic
ATPase proposed by Mitchell (1961, 1966a).
sary that this membrane should have permeability characteristics which allow
the protons and the hydroxyl ions produced during the synthesis of A T P to
escape into the right-hand or left-hand phase, respectively, and at the same
time prevents protons in the left-hand phase and hydroxyl ions in the righthand phase from reaching the active site of the enzyme. The reaction catalysed
by the ATPase is given a s :

A T P + H 2 0 ^ A D P + H3PO4
F r o m consideration of the law of mass action it follows that

[ATP] __ [H2PO4]
[ADP]

K [ H 20 ] a ct i v e site
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In this equation [H2O] is the concentration of water in equilibrium with the
active site of t h e enzyme; this concentration will be determined by t h e
tendency of the protons and hydroxyl ions produced to escape into the rightor left-hand phases. One way by which this tendency can be increased is by
generating a large pool of protons in the left-hand phase and hydroxyl ions

Linear electron translocation

Succinate

Fumarate

0 2+ H

+

Proton translocation loop

F I G . 8 Production of a proton concentration gradient by (upper), linear electron
transport or (lower), a proton translocating loop, during the transport of electrons
in cellular respiration (Mitchell, 1966b).
in the right-hand phase which can then " m o p u p " the protons and hydroxyl
ions produced as a result of A T P synthesis. Under these conditions, t h e
concentration of water at the active site of the enzyme can be related t o t h e
concentration of protons in the left- and right-hand phases [H+]L and [ H +] R :

[H20]active s i t e = [H20] aqueous X

and hence,

[ATP]

[H3PO4]

[ADP]

K [ H 2 O ] a qu e 0u s

[ H +] L

[H+]E

[H+]L
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It is therefore obvious that the ratio of [ATP]/[ADP] will be dependent on the
proton concentration gradient across the membrane.
In the chemiosmotic theory the p r o t o n concentration gradient across the
membrane is produced by the activity of the electron transport system which
must be situated in the same membrane. Figure 8 shows that the gradient
may be formed either by a linear electron transporting system or by a proton
translocating loop. The p r o t o n translocating loop depends on the fact that
at certain points in the so-called electron transport chain, the transport of
hydrogen atoms is converted into the transport of electrons. By adjusting
the number of loops in the complete respiratory chain or by postulating the
transport of a mixture of hydrogen atoms and electrons through parts of the
chain, it is easy to obtain the correct stoichiometry necessary to produce
the observed P / O ratios (Mitchell, 1966b).
Calculations of the ratio of [ H +] L / [ H +] R necessary to produce substantial
synthesis of A T P in this system indicate that it would result in a very large
p H differential across the coupling membrane, greater than is actually found
in practice (Chance and Mela, 1966). T o overcome this problem it was
necessary to consider the electrochemical activities of the ATPase equilibrium
rather than the concentrations which have been considered previously. In this
case the electrochemical activities are denoted by the use of curved brackets:

(ATP)

(H3PO4)

(ADP)

K ( H 20 ) a q u e o u s

(H^)L
(H+)R

hence the equilibrium will depend on the electrochemical activity gradient
of the protons across the membrane rather than the concentration gradient.
It is possible to relate the electrochemical activity gradient of protons to the
p H on either side of the membrane and the membrane potential:
( Η +) β

„
=

PHL -

rr
P H

R

, 1
+ log

EFRT
2 -W

where R = the gas constant, Τ = the absolute temperature, F = the Faraday
and Ε = the membrane potential in mV.
The sum total of this hypothesis is that the generation of a proton concen
tration gradient across a membrane, or the generation of a membrane
potential, facilitates the formation of a n anhydride b o n d between A D P and
H3PO4 resulting in the synthesis of A T P . However, this theory as it is normally
presented does not take into account the sequence of events which may take
place on the ATPase molecule. It would seem quite possible to visualize a
series of events similar to that shown in Fig. 9; the first reaction being the
removal of H+ and O H - from two groups X and I situated on the active site
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of the enzyme, resulting in the formation of X ~ I which is then phosphory
lated to produce Χ ~ Ρ which finally interacts with A D P to produce A T P .
Viewed in this manner it is obvious that the chemical coupling theory and the
chemiosmotic theory are not incompatible with each other, the main discrep
ancy being in the mechanism of the initial energy conserving reaction which
can now be regarded as resulting from conformational changes of the electron
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ν^Λ

X
L
<

HOP

Stag e 3
Ι0Η
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L
<

ADP

Righ t han d phas e

Left han d phas e
J
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Stag e 4

XH
_L_

Coupling membrane

-ATP

FIG. 9 Hypothetical intermediates which may participate in the synthesis of ATP
by the reversal of the enzyme ATPase.
transport carriers in the chemical theory or the generation of an electro*chemical activity gradient of protons across a membrane in the chemiosmotic
theory. The chemiosmotic theory offers an elegant explanation of why elec
tron transport and oxidative phosphorylation are invariably associated with
membrane systems and also suggests a physiological role for ion uptake, in
connection with the maintenance of a membrane potential, known to be
associated with mitochondria.
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I I I . ENERGY UTILIZING ACTIVITY OF THE MITOCHONDRIA

During the early stages of research when mitochondria were used in
experiments to investigate respiration and oxidative phosphorylation, they
came to be regarded as complex enzyme systems which were used only
for the synthesis of A T P and the mitochondrion became k n o w n as the
"power h o u s e " of the cell. Recently it has been shown that these organelles
can carry out quite a number of energy consuming reactions which suggest
that their role may be considerably more complex than that of a mere "power
h o u s e " although this function is still of p a r a m o u n t importance.
The most intensively investigated energy utilizing reactions are those closely
associated with the reversal of electron transport and oxidative phosphorylation namely: (a), reversal of electron transport (b), uptake of ions (c), volume
changes and (d), transhydrogenation between N A D H and N A D P .
A. REVERSAL OF ELECTRON TRANSPORT

Chance and Hollunger (1960) were the first to show that energy supplied
as A T P could be used to cause the transfer of hydrogen atoms from succinate
to N A D . M o r e recently it has been shown that electrons fed into the cytochrome chain at the level of cytochrome c by the ascorbate-tetramethyl
phenylene-diamine system (Fig. 10) can be transferred to N A D , provided
energy is available (Tager et al, 1962). The energy necessary for this reaction
Ascorbate
TMPD

Succinate

NADH

Cyt. c

Cyt.f c

Cyt.a

A 2~ I

ATP

FIG. 10 Diagrammatic representation of electron transport and oxidative phosphorylation showing the point at which oligomycin is thought to inhibit energy
transfer.
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can be supplied by two different methods, either by adding A T P to the mito
chondria or by adding an oxidizable substrate. When A T P is added as the
energy source, the energy transfer inhibitor, oligomycin, is found to inhibit
the reaction. However, oligomycin has n o inhibitory effect when the energy
is supplied by the oxidation of a substrate. Since oligomycin is thought to
inhibit energy transfer between the energy rich intermediates X ~ I and
Χ ~ Ρ (Slater, 1966a), it is apparent that a non-phosphorylated intermediate,
probably X ~ I, is responsible for activating the reversal of electron flow
(Low et al, 1963) (see Fig. 10). W o r k on plant mitochondria has shown that
electron flow can be reversed and that only A T P can be used t o supply the
energy (Bonner, 1964). Reversal of electron flow has only been shown under
non-phosphorylating conditions and if oxidative phosphorylation is possible
this function will take preference over the reversal of electron transport
(Packer et al., 1963). In the light of this observation the physiological
importance of this reaction is debatable. Chance (1965b) has observed that
high pressures of oxygen specifically inhibit the production of N A D H by the
reversal of electron transport while having n o effect on the production of
N A D H via the more usual dehydrogenase reactions. He has also shown that
under conditions of high oxygen pressure liver cells lose as much as 70 % of
their reduced nicotinamade adenine nucleotides suggesting that the reversal
of electron transport might play an important role in supplying reducing power
to the cell. If this is so, there is probably a complicated shuttle system,
similar to the glycerophosphate cycle which is thought to transfer reducing
equivalents into the mitochondria (de Duve et al., 1962), to facilitate the
transfer of the reducing equivalents out of the mitochondria as the mito
chondrial membrane is rather impermeable to N A D H (Greville, 1966). It
should be noted, however, that mitochondria from plant sources are consider
ably more permeable to N A D H (Ikuma and Bonner, 1967).
Reversal of electron transport is important in certain microorganisms
which obtain all their energy from the oxidation of substrates with rather
high positive redox potentials; for example Ferrobacillus ferro-oxidons oxi
dizes Fe 2+ to F e 3 + (E'0 F e 2 + / F e 3+ = +0-77V). These organisms need com
pounds such as N A D H and N A D P H for synthetic reactions and have been
shown to be able to obtain them by using energy to reverse the electron flow
in the electron transport system (Aleem et al., 1963).
B. ABSORPTION OF IONS
The entry of ions, especially calcium, into the mitochondria has been
shown to be an energy requiring process which can be driven by either adding
A T P or a n oxidizable substrate. The use of oligomycin has again suggested
that a non-phosphorylated intermediate may be the actual energy donor in
both cases (Rossi et al, 1966b; Kenefick and Hanson, 1966).
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The physiological significance of ion absorption by mitochondria is not
clear but it could be important in establishing the membrane potential
postulated in the chemiosmotic theory of oxidative phosphorylation and it is
therefore possible that ion uptake is an important and integral part of the
process of oxidative phosphorylation.
C. VOLUME CHANGES
Mitochondria are known to swell when suspended in media which are not
conducive to energy transfer and contract when the conditions allow energy
transfer to proceed. Oligomycin will inhibit the contraction normally caused
by adding A T P but has no effect on the contraction caused by adding
succinate as a substrate (Stoner and Hanson, 1966) and this suggests, once
again, that a non-phosphorylated energy-rich intermediate is involved in
causing the mitochondria to contract.
There are two schools of thought concerning the mechanism which causes
the change in volume in mitochondria; one supports the theory that it is the
result of an energy dependent ion translocation process occurring in the
membrane which alters the osmotic pressure within the mitochondria
(Slater, 1966b) and the other, that the change is directly attributable to conformational changes of components, possibly concerned with the transfer of
energy, within the mitochondrial membrane (Packer et a/., 1963; Harris
et ah, 1966). Should the latter explanation be correct it would support the
suggestion that conformational changes are involved in the initial energy
conserving reaction in the chemical coupling theory of oxidative phosphorylation. Kenefick and Hanson (1966) have suggested that in corn mitochondria
the contracted state is a source of potential energy which can be used to
absorb ions and it is therefore possible that conformation changes are an
integral part of the mechanisms necessary for the formation of a nonphosphorylated energy-rich intermediate.
D. TRANSHYDROGENATION
Recently it has been shown that mitochondria are able to reduce N A D P
at the expense of N A D H , as long as energy can be supplied in the form of
either A T P or an oxidizable substrate. Again, a non-phosphorylated intermediate is thought to be intimately involved in the energy transfer process
(Danielson and Ernster, 1963). This process may be regarded as being closely
connected to the electron transport chain if it is considered that the hydrogen
atoms are transported from N A D H to N A D P by a proton translocation loop
similar to that already described for the chemiosmotic theory (Mitchell,
1966b). It is possible that it might be unrelated to the normal process of
oxidative phosphorylation, in which case it is one of the first cases outside of
the process of oxidative phosphorylation where a non-phosphorylated energy-
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rich intermediate is used as an energy donor to drive an energy requiring
reaction. It is interesting to speculate on the significance of this reaction. It
is usually considered that the N A D P H , necessary for synthetic reactions
within the cell, is supplied by the activity of the pentose phosphate pathway
and the malic enzyme. However, estimates have shown that these systems
may be capable of supplying only 5 0 % of the N A D P H required by the cell
(Olson, 1966) and it is therefore possible that the mitochondria may be impor
tant in producing the N A D P H required by the tissue. If this is true then there
must be a special mechanism by which it is exported from the mitochondria
and which probably involves the dual localization of certain tricarboxylic
acid cycle enzymes (Krebs, 1967).
E. OTHER ENERGY TRANSFER FUNCTIONS ASSOCIATED WITH MITOCHONDRIA

The mitochondria are known to be the site of several energy requiring
synthetic reactions; important among these are protein synthesis (Roodyn,
1965; K r o o n , 1966), fatty acid synthesis (Hulsmann, 1962), phospholipid
synthesis (Kahn and Hanson, 1959) and haem synthesis (Sano and Granick,
1961). A detailed discussion of these activities is really outside the scope of
this paper. It is interesting, however, to point out that recent experiments
have suggested that in both the synthesis of protein (Bronk, 1963; K r o o n ,
1966) and the activation of fatty acids (Wojtczak et al.9 1966), a nonphosphorylated energy-rich intermediate is able to act as the actual energy
donor.
IV.

CONCLUSION

The main energy transfer function of mitochondria is the removal and
subsequent oxidation of electrons from a variety of reduced carbon com
pounds. The energy liberated during this oxidation is conserved in the form
of A T P . The mechanism of A T P synthesis in oxidative phosphorylation is
unknown but is thought to occur through the participation of a series of
hypothetical non-phosphorylated and phosphorylated intermediates. Recent
research has shown that mitochondria are capable of carrying out a series
of energy requiring reactions. Those most thoroughly investigated are
associated with the reversal of the process of oxidative phosphorylation and
it is now apparent that a non-phosphorylated energy donor rather than A T P
is involved in bringing about these reactions. There is also evidence that other
synthetic reactions such as protein and phospholipid synthesis may also
involve the participation of an energy-rich non-phosphorylated intermediate.
Thus it is becoming clear that reactions in the mitochondria are capable of
using some of the energy they transfer and that it is used in the form of an
hypothetical X ~ I compound and it has been suggested (Slater, 1966a) that

7. ENERGY TRANSFER FUNCTION OF MITROCHONDRIA

135

A T P is the end product of oxidative phosphorylation only when the energy
is exported from the mitochondria.
The reversal of electron transport and the transhydrogenase activity also
raise the question of the importance of the mitochondria in supplying reduc
ing power for the cell.
Mitochondria cannot be considered simply as complex enzyme systems
the sole function of which is to produce A T P . The discovery of additional
associated synthetic reactions makes it possible that the mitochondrion plays
a more complex role than that of a mere "power h o u s e " within the economy
of the cell.
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