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I.

INTRODUCTION

In this review the net has been spread wide to include many of the cellular
processes which may be considered to originate in the carbon skeletons p r o duced in plant mitochondria. Some may consider that the connection is
often tenuous but the interaction of one series of reactions on another is
becoming more and more evident. In fact, the present topic could, with some
justification, cover almost the whole of plant biochemistry at the substrate
level.
The mitochondrion is often regarded as the "power h o u s e " of the cell in
that it is a major source of the energy required for cellular synthetic processes.
In addition, the mitochondrion, by means of the system of enzymes of the
Krebs (or tricarboxylic acid) cycle which it contains, also plays a role in
providing carbon skeletons for these synthetic processes. Dr. Palmer will
discuss the energy transfer functions of mitochondria later in this symposium
(see p. 119); here, carbon pathways only will be considered. Since our interests
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are concerned with the mitochondria of fruit tissues, we shall use some of the
results we have obtained with these mitochondria to illustrate some aspects
of the behaviour of plant mitochondria.
Of the pathways of carbon metabolism which appear to originate in the
mitochondria, the only one which so far remains exclusively a prerogative
of the mitochondrion is the fully integrated Krebs cycle. M a n y of the other
systems present (e.g. β-oxidation of fatty acids and possibly the glyoxylate
Pyruvat e (Cj )
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’o
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FIG. 1 The Krebs tricarboxylic acid cycle.
cycle) and some individual enzymes of the Krebs cycle, which were once
thought to occur only in the mitochondrion, now appear also to be operative
outside the mitochondrion. Critical surveys of the methods of isolating
mitochondria and other cell fractions, especially from plant tissues, have
shown that there are many pitfalls in assigning an enzyme system to a particular
site. In the present state of knowledge it is not profitable to attempt a
general assessment of the relative importance of the mitochondrion in the
overall cell processes.
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Plant mitochondria appear to have the same basic functions as animal
mitochondria although differences in their physical and chemical (e.g. content
of cytochromes) makeup do occur; more subtle differences in "fringe"
activities appear in the literature from time to time.
The most important carbon pathway in the mitochondrion is the Krebs
cycle (Krebs, 1943), which serves as the route for oxidation of pyruvate, or
acetyl-CoA, originating from the metabolism of sugars or fatty acids. This
pathway (see Fig. 1) consists of a cyclic series of reactions in which one molecule of acetyl-CoA in the presence of catalytic amounts of oxaloacetic acid
(OAA) is completely oxidized to C O 2 during one complete turn of the cycle
with the regeneration of the OAA. The cycle was originally discovered and
studied in detail for animal tissues but there is now ample evidence that the
entire cycle operates in most plant cells.
II.

T H E KREBS TRICARBOXYLIC A C I D

CYCLE

It is impossible to discuss the carbon pathways in mitochondria without
describing the basic pattern of acid transformations which occur during the
operation of the cycle. Most of you may be familiar with these details which
have been published ad nauseam in textbooks and reviews. Nevertheless, in
presenting the wider implications of mitochondrial activity, it is essential to
have these basic sequences in mind (see Fig. 1).
The main functions of the Krebs cycle a r e :
(1) Production of reduced cofactors which are re-oxidized with concomitant
conservation of energy as A T P during the passage of electrons through
the cytochromes to oxygen (see Chapter 7).
(2) As a primary source of C4, C5 and C6 carbon skeletons which can be
drawn off for the synthesis of a variety of substances. In addition, under
the appropriate physiological conditions, the cycle can serve as a means
of breaking down C4, C5 and Ce acids fed into it from outside the mitochondrion. The entry of these compounds into the mitochondrion from
outside involves permeability factors which will be discussed later.
It is now well established that plant as well as animal mitochondria are
able to carry out all the reactions of the Krebs cycle. Nevertheless, it does
not follow that all mitochondrial preparations will vigorously oxidize all the
intermediate acids. F o r example, the mitochondria may have been damaged
or modified during the isolation procedures; conditions may be such that the
mitochondrial membrane is impermeable to a particular acid or the mitochondrial preparation may be "contaminated" by enzyme inhibitors.
Apple mitochondria have been prepared in such a way that damage due
to the high acidity of the sap and inhibition due to the presence of phenolic
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TABLE I

Cisaconitate

Isocitrate

Oxalosuccinate*

a-oxoglutarate

Succinate

Fumarate

Malate

Pyruvate

Pyruvate
Malate

Peel: Cox's
O.P.
Peel: King
Edward
Pulp: Cox's
O.P.

134

230

205

100

254

736

182

340

16

156f

218

12

84t

92

10

47t

430
49

74

60

70

72

245

52

* Corrected for non-enzymic breakdown.
t "Sparking" amount of malate (2 /xmole) with pyruvate (40 /umole). Allowance made for small malate oxidation.

RHODES

Citrate

C.

Tissue
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Mitochondrial activity of preparations from peel, pulp and whole fruit tissue with various
substrate acids of the Krebs cycle. Average of the first 2 hr.
Activity/hr/10 g tissue 0*1 gas, 02-uptake)
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substances have been overcome by the use of buffers and polyvinylpyrrolidone.
The mitochondria will oxidize all the cycle acids to a greater or lesser degree
(Table I). It will be seen that there is considerable variation in the oxidation
rates of the various acids. To some extent this reflects the proximity of the
particular acid to an oxidation step in the cycle and, probably, permeability
differences of the mitochondrial membrane to a particular acid. The mito
chondria oxidize pyruvate very slowly and its complete oxidation clearly
requires the presence of catalytic amounts of a C4 acid to provide O A A as
an acceptor for the acetyl-CoA formed from pyruvate. Analysis, by paper
chromatography, tracers and estimation of specific acids of mitochondrial
digests oxidizing an individual acid, has demonstrated the accumulation of
other key members of the cycle series of acids. In addition the presence of
the individual dehydrogenases in apple mitochondria has also been
demonstrated (Hulme et al, 1964a).
Certain of the intermediate acids accumulate (presumably in the vacuole)
in plants, whereas this does not normally occur in animal cells and micro
organisms. Even in the leaves of tobacco there may be as much as 84 (xmole
of malic acid/g, whereas rat liver contains only 0-2-0-5 μ η ι ο ΐ β ^ (Lioret and
Moyse, 1963). A much greater accumulation occurs in a wide range of plants
but is particularly noticeable in certain fleshy tissues, including those of
fruits such as the orange, apple and plum. Of these acids, malate and citrate
most commonly appear in large quantities. Aconitate, isocitrate, succinate
and fumarate accumulate less frequently and oxaloacetate (OAA) and
α-oxoglutarate only rarely. The accumulation of these acids cannot be
explained purely in terms of consumption of acetyl residues in the Krebs
cycle (from pyruvate) since the two carbons gained when this residue combines
with O A A on entry into the cycle are balanced by the loss of two carbons as
C O 2 in the regeneration of the O A A . Thus the accumulation of any acid
intermediate or of any other compound at the expense of such an intermediate
would immediately arrest the operation of the cycle. A C4 acid is required
to combine with the acetyl residue. Three enzymes are known which could
provide Q acids from intermediates commonly found in tissues:
(1) Phosphoenolpyruvate (PEP) carboxylase:
M g ++

PEP + C 0 2 + H 20

• O A A + Vi

(2) Malic enzyme:
M n ++

Pyruvate + C 0 2 + N A D P H 2 ^
3) P E P carboxykinase:
PEP + C 0 2 + ADP

malate + N A D P

M n ++

OAA + ATP
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Only P E P carboxykinase is a possible mitochondrial enzyme; it would be
necessary for the mitochondrial membrane to be permeable to P E P in order
for this enzyme to produce OAA. Malic enzyme is known to be present in
apples (Hulme et al, 1963) but there is no evidence for its operation in the
direction required to form malate. Walker (1962) suggests that reaction (1)
is most likely to function in vivo as a source of C4 acids since the equilibrium
of the other two enzymes favours decarboxylation of these acids. There are
other possibilities. For example, under conditions of protein degradation
(during the germination of some seeds), α-oxoglutaric acid and O A A could
be formed during transamination of the corresponding amino acids and could
feed into the cycle if they were able to penetrate the mitochondrial membrane.
I I I . T H E GLYOXYLATE

CYCLE

Another possible way of maintaining the level of C4 acids in the mito
chondrion from acetyl residues alone is by means of the glyoxylic acid cycle,
discovered in bacteria by Kornberg and Krebs (1957), which produces
succinate. This can enter the Krebs cycle and allow the withdrawal of any
Acety l Co A
CqA
Oxaloacetat e •
• A
Citrat e

Malat e
1

cis

Aconitat e

CoA
Isocitrat e
Acety l Co A

Glyoxylat e

Succinat e

FIG. 2 The glyoxylate cycle.
cycle intermediate. In this cycle, which is shown in Fig. 2, two additional
enzymes, isocitrate lyase and malate synthetase, act in association with the
Krebs cycle so that the two decarboxylation stages are by-passed. During
one turn of the glyoxylate cycle two acetyl-CoA moieties are fixed to form a
C4 acid (succinic) with concomitant regeneration of the catalytic O A A via
malate.
The glyoxylate cycle was originally discovered in microorganisms
metabolizing acetate and it has since been found in the mitochondria of
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germinating seeds rich in fat. So far it appears to be confined to such tissues
and we have been unable to obtain any evidence for its presence in apple
mitochondria. This cycle appears to be an important means of metabolizing
the acetyl residues from fat reserves by their conversion to carbohydrate.
Although the complete glyoxylate cycle appears to be present only in these
fat metabolizing tissues, each of the two enzymes involved (isocitrate lyase
and malate synthetase) have been found (not necessarily together) in a number
of tissues (Yamomoto and Beevers, 1960; M o r t o n and Wells, 1964). It is not
clear whether in these cases the enzyme is associated with the mitochondrion.
In pears (Meynhardt et al.9 1965) as well as apples, the complete glyoxylic
acid cycle does not appear to operate.
IV.

O T H E R SYSTEMS P R O D U C I N G O R G A N I C

ACIDS

In addition to Krebs cycle acids, other organic acids, probably originating
in the mitochondrion, may accumulate. The most c o m m o n of these are
oxalate, malonate and tartrate, all of which could arise from intermediates
of the Krebs and glyoxylate cycles. The route of biosynthesis of oxalate
was studied by M o r t o n and his associates in Oxalis shoots. They provided
convincing evidence that, in this tissue, the precursor of oxalate is glyoxylate
produced by the action of isocitrate lyase ( M o r t o n and Wells, 1964). Two
routes of biosynthesis of malonate have been found to operate in plant mito
chondria. One of these is the carboxylation of acetyl-CoA to malonyl-CoA
which is then acted on by a thioesterase to liberate malonate (Hatch and
Stumpf, 1961). There is also evidence of malonate formation by the
α-decarboxylation of oxaloacetate (Shannon et a/., 1963). Possibly these two
routes to malonate are related since Davies (1959) has suggested that the
following reaction might well take place:
OAA + CoA + N A D

> Malonyl-CoA + C 0 2 + N A D H 2

Very little is known concerning the metabolism of tartaric acid in spite of
the fact that it is one of the earliest detected plant acids; it was used by Pasteur
in his pioneer researches on optical activity. It is abundant in many fruits
including the grape and it does not appear to arise directly from the Krebs
cycle acids. Stafford and Loewus (1958) concluded that it was a product of
carbohydrate metabolism outside the reactions involving the Krebs cycle. It
has been suggested by Dr. W. M . Kliewer* that, in grapes, tartaric acid might
be converted to pyruvate and O A A . Another organic acid, citramalate
(2-methyl malate), has been found in apples (Hulme, 1954). Little is known
of its origin and fate in plants but, since it has been found in rat liver mito
chondria as eitramalyl-CoA (Wang et al, 1961) and appears to be formed
* University of California, Davis, California—personal communication.
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from glutamate in microorganisms, it could be of mitochondrial origin.
It is still not clear whether the acids forming these relatively large accumu
lations in fruits arise directly in the fruits themselves or whether they are
translocated there from the leaves. In apples there is some evidence that at
certain stages of development there is an increase in malate in detached fruits.
It seems likely, therefore, that at least some of the acid might arise directly
in the fruit. The amount of organic acid which accumulates in the tissues
argues against its possible storage in the cytoplasm. F o r example, the p H
of the sap of apples is 4Ό to 4-5 and that of lemons as low as 2-5. In mature
plant cells the cytoplasm occupies only a very small percentage of the total
cell volume and the simplest conclusion is that the acid is stored in the cell
vacuole. Since certain of the accumulating acids are formed in the mito
chondrion, move to the vacuole and subsequently return into the mitochon
drion, there are, presumably, at least three pools of acid in the cell. Radio
isotope experiments carried out in Beevers' laboratory (McLennan et α/.,
1963) have, indeed, demonstrated the presence of storage and turnover pools
in a variety of plant tissues. Permeability of the tonoplast and the mito
chondrial membrane will influence transport from pool to pool.
V.

METABOLISM OF F A T T Y A C I D S IN

MITOCHONDRIA

A . SYNTHESIS O F F A T T Y A C I D S

Until recently mitochondria were thought to be the main site of synthesis
and breakdown of fatty acids in plant cells. Recent work suggests, however*
that both these functions take place at least to an equal extent in other parts
of the cell. Nevertheless, the mitochondrion is still the source of the primary
building unit acetyl-CoA and, probably also, of malonyl-CoA. The recent
work of Stumpf and his associates (Overath and Stumpf, 1964) indicated that
fatty acid synthesis in plants involved a heat and acid stable protein of low
molecular weight which subsequently became known as acyl carrier protein
(ACP). This protein has a 4 /-phosphopantetheine prosthetic group linked
to a serine residue of the protein (Majerus et al, 1964). It appears that the
A C P reacts with acetyl and malonyl groups to form acetyl-ACP and malonylA C P and that it is these compounds which combine to form acetoacetyl-ACP.
This is converted to butyryl-ACP which combines with a further malonyl
residue. Repetitions of the whole process lead to the formation of long chain
fatty acids. All the intermediates remain attached to A C P until the
fully formed acid is released from the synthesizing system. Full details
concerning the role of A C P in fat synthesis are given by Vagelos in a recent
review (Vagelos et al, 1966). Following the formation of a saturated fatty
acid, there are special mechanisms for the production of corresponding
unsaturated acids. Nagai and Bloch (1966) have recently obtained a system
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from chloroplasts which desaturates the A C P derivatives of fatty acids and
involves N A D P H 2 , O 2 and ferredoxin. This system for desaturation of fatty
acids differs from that found in animals and bacteria where the acyl-CoA
derivatives are involved. While much, perhaps most, of the total fatty acids
of plant cells is produced by soluble systems, chloroplasts and microsomes,
evidence that fruit mitochondria can synthesize these acids has been provided
by M u d d and Stumpf (1961). They showed that avocado mitochondria
could perform de novo synthesis of Cie and Cis saturated and unsaturated
acids when fed with labelled acetate or its C o A derivative. Recent work
described above suggests that here too a protein similar to A C P could be
involved.
B. DEGRADATION OF FATTY ACIDS
The breakdown of fatty acids in mitochondria with the release of the
energy inherent in the highly saturated hydrocarbon chain occurs mainly
by way of the so-called fatty acid spiral originally described by Lynen (1953)

FIG. 3 Breakdown of fatty acids; the "fatty acid spiral".
and Green (1954) for animal tissues, where it is exclusively a mitochondrial
process. There is now abundant evidence that the pathway also occurs in
plants both in mitochondrial particles and soluble proteins of cell h o m o genates (Yamada and Stumpf, 1964; Rebeiz et al, 1965). The spiral shown
in Fig. 3 consists of a sequence of reactions in which an acyl-CoA is degraded
in a C 2 sequence to acetyl-CoA. Each step in one stage of the spiral is also
shown in Fig. 3. By a series of reductions and hydrations, the acyl-CoA

108

A. C. HULME AND Μ. J. C. RHODES

yields acetyl-CoA and the two-carbon lower homologue of the original acid.
The final product is acetyl-CoA which may then enter the Krebs or glyoxylate
cycles. When odd-numbered acids are involved, the final product is propionylCoA. In plants it appears that the final propionic acid is converted to acetylCoA and C O 2 by a modified form of β-oxidation (Giovanelli and Stumpf,
1958; Hatch and Stumpf, 1962) in which β-hydroxypropionic acid is reduced
to the corresponding aldehyde, which is further reduced and combined with
CoA to form malonyl-CoA, which is then decarboxylated.
Another pathway of fatty acid oxidation which probably occurs in the
mitochondrion is the so-called α-oxidation sequence which can also be
regarded as a spiral system. This involves a two enzyme sequence of a specific
fatty acid peroxidase and an NAD-dependent long-chain aldehyde dehydro
genase (Martin and Stumpf, 1959; Hitchcock et ah, 1964). In each turn of
the spiral the fatty acid is oxidatively decarboxylated to the next lower
aldehyde. This aldehyde is then oxidized to the corresponding acid which
re-enters the spiral. The overall cellular localization and relative importance
of the a- and modified β-oxidation systems is at present uncertain.
VI.

METABOLISM OF A M I N O A C I D S AND

PROTEINS

Each major synthetic route to amino acids branches off from an intermediate
of either the glycolytate or tricarboxylic acid cycles. The keto acids of the
Krebs cycle (excluding the unstable oxalosuccinic) may be readily transaminated with conversion of pyruvic to alanine, O A A to aspartic acid adn
α-oxoglutaric to glutamic acid. While these processes may occur outside as
well as inside the mitochondrion, the initial fixation of ammonia into amino
acids takes place in the mitochondrion by the synthetic action of glutamic
dehydrogenase. Transaminases are largely located in the mitochondrion; by
their action a whole range of amino acids is produced from the three keto
acids of the Krebs cycle. Some of these reactions, many of which occur in
mitochondria, are shown in Fig. 4. The basic amino acid, arginine, has been
shown to be formed from ornithine and carbamyl phosphate (synthesized
from ammonia, A T P and C O 2 ) via citrulline and argininosuccinic acid in,
for example, mung bean seedlings; the mitochondria appear to be involved in
this process (Bone, 1959).
Moving in the opposite direction, a combination of transamination and
deamination will lead to the formation of pyruvate, O A A and a-oxoglutarate.
Even in tissues rich in glutamic dehydrogenase, the oxidation of glutamate
proceeds by the transamination pathway, i.e. through α-oxoglutarate, in
mitochondria (Muller and Leuthardt, 1950). It appears that the dehydrogenase
has a purely synthetic function.
Although the chief site of protein synthesis is known to be in the micro-
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somes, it would appear that mitochondria have at least a limited capacity for
protein synthesis. Much of the difficulty in the investigation of mitochondrial
protein synthesis is due to the ease with which the organelles become contaminated with bacteria during their isolation (Von der Decken et al., 1966).
Little protein synthesis work has been carried out with plants but preliminary
data (Chaterjee, 1966) suggest that plant mitochondria behave similarly to
those of animals, i.e. are concerned mainly with the synthesis of their own
structural proteins. The specific respiratory enzyme proteins appear to be
synthesized elsewhere. H o w these proteins become organized within the
Arginin e

Ornithin e - «

Alanin e

Glutamat e

ex-oxoglutarat

Pyruvat e

-Leucin e

Oxaloacetat e

Aspartat e -

e

Isoleucin e

Threonin e

Homoserin e

t
Valin e

Lysin e

Methionin e

FIG. 4 Synthetic routes to amino acids.
developing mitochondrion is not clear (Roodyn, 1966). The breakdown of
proteins, whether in the mitochondrion or in other regions of the cell, will
eventually produce keto acids which may then enter the Krebs cycle.
VII.

O T H E R BIOSYNTHETIC PATHWAYS

Several intermediates in mitochondrial metabolism serve to initiate the
routes of synthesis of a diversity of important compounds and secondary
products which are located elsewhere in plant cells. F o r instance, acetyl-CoA
combines with another mitochondrial intermediate, acetoacetyl-CoA, to form
P-hydroxy-P-methyl-glutaryl-CoA which becomes oxidized to mevalonic acid,
the precursor for the biosynthesis of terpenoid compounds including carotenoids and steroids. Mevalonic acid is also a precursor of the important
growth regulator, gibberellic acid (Cross et aL, 1964). Acetyl-CoA is also
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involved in the biosynthesis of the " A " ring of flavanoid compounds which,
among other functions, are responsible for many of the colours of flowers and
the skins of some fruits.
Succinyl-CoA, formed in the Krebs cycle, is involved with glycine in the
synthesis of haem compounds involving the cytochromes and the chlorophylls.
It has already been stated that carbamyl phosphate may be synthesized
from ammonia, A T P and C O 2 in mitochondria. By combination with aspartic
NH2
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C=0

I
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ι
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XH2
XH-COO "

Dihydro-orotat
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e

FIG. 5 Route of synthesis of orotic acid.
acid (also derived from processes taking place in the mitochondrion), orotic
acid is formed in the manner shown in Fig. 5 (Reichard and Hansoff, 1956).
Orotic acid is the key compound in the synthesis of the pyrimidines which are
important structural units in nucleic acids.
VIIL

GENERAL

CONTROL

MECHANISMS

We have discussed possible carbon pathways within the mitochondrion
and routes of synthesis and breakdown leading from and returning to the
mitochondrion. The relative importance of a process or series of processes
will, however, depend on mechanisms regulating the speed and extent of
such a process. These regulatory mechanisms may take a direct form or they
may appear as permeability barriers to the free flow in and out of the mito
chondrion and its compartments of substrates, cofactors, ions, etc. In dealing
with the problem of these permeability barriers, the first important advance
came from the realization that the penetration even of simple ions is not a
function of their hydrated diameter (Chappell and Crofts, 1966). Chappell
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and Crofts showed further that only a few anions freely entered the mito
chondrion, e.g. phosphate, acetate and propionate. Other anions of metabolically important acids, such as malate, succinate, malonate and mesotartrate, will penetrate only in the presence of Pi, while citrate cw-aconitate and
D - and L-tartrate require both Pi and malate for penetration. Some important
anions such as fumarate and maleate seem to be unable to penetrate the
membrane. In these experiments metabolic inhibitors were (necessarily)
present to prevent oxidation of the anion being studied. It seems possible
that the permeability of the mitochondrial membrane to substrates may be
different when the substrate is being actively metabolized.
With animal mitochondria it has been shown that acyl-CoA derivatives of
long chain fatty acids cannot penetrate the mitochondrial membrane and
that for penetration the acyl group must be transferred to carnitine, the
betaine of β-hydroxybutyric acid (Bremer, 1962). In plants, however, the
system must be different since carnitine appears to be absent from plant tissues.
Similar permeability difficulties relate to the pyridine nucleotides and adenosine
phosphates but this is outside the scope of this review.
The metabolite modulation of enzyme reactions, such as those of the
Krebs cycle, has assumed great importance during the past 15 years since
the work of K o c h et al (1952) which showed that purine inhibits purine
synthesis in E. colL This problem cannot be mentioned without a passing
reference to the effect of the metabolic requirements of the cell in relation to
the level of the A T P : A D P ratio. F o r example, the very commencement of
the operation of the Krebs cycle depends on the activity of the enzyme
citrate synthetase (condensing enzyme). N o w , A T P decreases the affinity of
this enzyme for its substrate, acetyl-CoA (Atkinson, 1966) so that when
general metabolic activity is low and A T P , not being used u p in synthetic
reactions, is high then the cycle will be slowed down. Another enzyme of
the cycle, fumarase, is similarly modified by A T P (Cohen and Penner, 1965).
O n the other hand A M P and A D P are positive modifiers (i.e. increase substrateenzyme affinities) for isocitric dehydrogenase. By a combination of modifiers,
acetyl-CoA may be switched from the Krebs cycle to the production of
storage fats (Hathway and Atkinson, 1963).
The general question of product-inhibition of pathways has been widely
studied recently in relation to amino acid synthesis in microorganisms
(Atkinson, 1966). If there is a series of reactions at which a branch point
occurs then we have a situation as shown in Fig. 6, where product A may go
either to P, Q and R or the Χ, Y and Z. W h e n end product R accumulates
it may shut off its production by "allosterically" modifying the enzyme p '
which is the first enzyme in the branch producing R. (This modification
generally takes the form of altering the affinity of the enzyme for its substrate.)
Then the flow of A will be switched to the Χ, Υ, Ζ branch. There are several
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branching points around the Krebs cycle leading off to the synthesis of a
number of compounds from simple amino and fatty acids to haems, sterols
and phenolics. Is it possible that the products of reactions along these branch
systems may inhibit the action of the first enzyme of the branch? There are
few details available of such overall regulation of the Krebs cycle but specific
examples have been known for some time, e.g. the inhibition of succinic
dehydrogenase by OAA, the concentration of which may be regulated in a
number of ways. This inhibition was originally thought to be a clear case of
competitive substrate inhibition (Pardee and Potter, 1948). Here we have an

ρ

L'

Q
r'

y'l
Y
z'

R

Ζ

FIG. 6 Progression from a "branch point" in enzyme systems. A, P, Q, etc. are
products of substrates; p ' , q', r', etc. are enzymes.
example of a metabolite some way along a " n o r m a l " series of reactions affect
ing the activity of an enzyme several stages further back in the sequence;
O A A inhibition is, in fact, a complicated process (Slater, 1966) and it may not
be a simple competitive inhibition of succinic dehydrogenase; it may in fact
be an example of "enzyme modification".
Payes and Laties (1963) have described a system in which O A A combines
with glyoxylate to form γ-hydroxy-a-oxoglutarate which is seemingly a potent
inhibitor of certain reactions of the Krebs cycle. This may be important in
tissues in which isocitrate lyase is present.
I X . T H E R O L E OF OXALOACETIC A C I D IN
THE K R E B S CYCLE IN A P P L E

CONTROLLING

MITOCHONDRIA

Our own attention has been drawn to the effect of O A A on mitochondrial
oxidations during a study of a certain type of physiological disorder of apple
fruits which was preceded by an accumulation of this acid (Hulme et al,
1964b). During the past decade abundant evidence has been obtained to
emphasize the importance of O A A in the control of the metabolism of
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carbohydrate, fat and protein in mitochondria from animal tissues. Slater
(1962) gives five ways in which this action may be exerted: (1), as a catalyst
for the oxidation to C O 2 of acetate (bound to CoA) derived from the catabolism of fat and carbohydrate; (2), as a catalyst for the oxidation of glutamate
to aspartate (this is concerned in the catabolism of protein); (3), as an inhibitor
of the oxidation of malate to O A A ; ( 4 ) , as an inhibitor of the oxidation of
succinate to fumarate and (5), as a catalyst in the synthesis of fat from
carbohydrate.
With apple mitochondria addition to O A A inhibits the oxidation of both
malate and succinate. As will be clear from Fig. 7, the inhibition decreases
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FIG. 7 The effect of added OAA on the oxidation of succinate by apple mito
chondria and the concomitant changes in the amount of OAA in the digest.
Ο = O 2 uptake; φ = content of OAA.
with time and this is paralleled by the disappearance of O A A . F o r a given
amount of O A A the oxidation of malate recovers more rapidly than that of
succinate and at the same time the rate of disappearance of O A A is more
rapid with malate (see Fig. 8). The small 0 2 - u p t a k e in the early stages of the
disappearance of O A A (when the O A A concentration is high) will be due to
some oxidation of the O A A in the Krebs cycle. A t this stage most of the
O A A may be undergoing transformation in a coupled system, to be discussed
later, which does not involve an overall uptake of O 2 . As the oxidation of
succinate alone progresses, O A A begins to accumulate and the rate of oxida
tion gradually decreases. During the oxidation of malate alone, O A A accumu
lates more rapidly so that when succinate is oxidized by apple mitochondria
in the presence of malate a more rapid decrease (inhibition) in the rate of
oxidation occurs (Hulme et al, 1967). Inhibition by O A A is not due to the
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pyruvate formed from it (Hulme et al., 1967). The rapidity with which exter
nally added O A A inhibits oxidation of both succinate and malate suggests
that the mitochondrial membrane cannot be entirely impermeable to O A A .
Nevertheless, the more rapid disappearance of O A A with malate as compared
with succinate could well be due to the assistance to the entry of O A A into

Tim e (hr )

FIG. 8 O 2 uptake and content of OAA during the oxidation of succinate and
malate by apple mitochondria.
· , Ο = O 2 uptake; • , Δ = changes in content of OAA.
the mitochondrion which malate confers (Chappell and Crofts, 1966; see
above p . 110). Alternatively, it could be that the "block" on succinate is
extremely tight, whereas with malate the cycle is not immediately blocked.
The N A D , always added to the digests, would allow some oxidation of
malate in the cycle as far as succinate.
In a study of factors affecting the removal of O A A and, therefore, the
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relief from inhibition of succinate and malate oxidation by apple mitochon
dria, we have found that M g + + a n d A T P greatly accelerate the disappearance
of O A A (Hulme et al, 1967). These results are in general agreement with
those of other workers using animal preparations (Pardee and Potter, 1948;
Tyler, 1955). Small amounts of A l + ++ are known to bring about the rapid
decarboxylation of O A A (Krebs and Eggleston, 1945; Speck, 1949). This
ion, at a concentration of Ο Ό Ο Ι Μ , b o t h speeds the relief of O A A inhibition
of malate oxidation and stimulates the rate of oxidation alone (Hulme et al,
1967).
The importance of O A A as an inhibitor of malate and succinate oxidation
by apple mitochondria and its accumulation as the fruit itself becomes
susceptible t o low temperature injury in cold storage (see above) led us to a
study of the possible routes by which O A A may be metabolized by apple
mitochondria.
X.

ROUTES FOR THE UTILIZATION OF OXALOACETIC A C I D
BY A P P L E M I T O C H O N D R I A

When considering the metabolism of O A A the fact must be borne in mind
that the acid undergoes spontaneous, non-enzymic breakdown to pyruvate
and that this breakdown is accelerated by the presence of M g + + (Hulme et al,
1967). Therefore, in the system of O A A and mitochondria (containing the
various co-factors including CoA) pyruvate will always be available. This
inevitable presence of pyruvate means that some utilization of " O A A alone"
can occur by means of the Krebs cycle at least as far as the blocked succinate
stage. The small but positive oxygen uptake (the N A D present will minimize
the need for this) with apple mitochondria and the rapid appearance of small
amounts of α-oxoglutarate confirm this.
O A A can also be transaminated to aspartate; we have found that relief
from O A A inhibition can be effected by the addition of glutamate or
cysteine sulphinic acid.
A system, first suggested for avocado mitochondria by Avron and Biale
(1957), in which the action of the pyruvate dehydrogenase complex is coupled
to the action of malic dehydrogenase can also metabolize O A A without the
uptake of oxygen.
(1) O A A

•pyruvate + C 0 2

(2) pyruvate + N A D + C o A
(3) O A A + Acetyl-CoA
(4) O A A + N A D H 2
Overall reaction: 3 0 A A

> acetyl-CoA + N A D H 2 + C 0 2
• citrate + CoA

> malate + N A D
•> citrate + malate + 2 C 0 2
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Reaction (2) provides the N A D H 2 to drive reaction ( 4 ) , the reverse of the
normal Krebs cycle malate dehydrogenase reaction. Evidence for all these
pathways of O A A degradation in apple mitochondria has been provided by
Hulme et al. (1967a).
There is a striking change in the susceptibility of succinate oxidation to
inhibition by O A A with apple peel mitochondria prepared from fruit at
different stages of the climacteric rise in respiration, an important prelude to
ripening. Preclimacteric mitochondria are inhibited for more than twice as
long for a given amount of O A A as those prepared at the climacteric peak
(Hulme et al, 1967b). This cannot be due to a simple process such as the
presence of, or susceptibility to, the co-factor T P P as suggested by Lance et al.
(1965) for avocado mitochondria. This change in susceptibility may be an
important regulator of the progress of the climacteric and the onset of ripen
ing. The mechanism involved is being studied.
Finally, in summary it can be said that O A A acts as both a catalyst and an
inhibitor of the Krebs cycle. The standard free energy change of the action
of malic dehydrogenase favours the formation of malate from O A A . The
reaction only proceeds freely to O A A in the forward direction of the Krebs
cycle when the N A D : N A D H 2 ratio is relatively high and when the O A A
level relative to malate is low. Within the cycle the latter condition is controlled
by the availability of acetyl-CoA for condensation to form citrate. By means
of the coupled system discussed above, under conditions in which oxygen
uptake is limited and the level of N A D H 2 is relatively high, O A A can be
reduced to malate by the reverse operation of malic dehydrogenase. This
formation of malate from O A A has recently been confirmed in animal
tissues (Tager, 1966). There are other factors external to the Krebs cycle but
still within the mitochondrion which can affect the level of OAA. F o r example,
the transamination of O A A to aspartate and the diversion of acetyl-CoA into
fat synthesis.
The realization that self-regulatory systems are widespread in plants is of
recent origin and, no doubt, within the next decade research into the means
by which mitochondrial activity is regulated by processes outside the mito
chondrion (perhaps quite far removed from the relatively simple processes of
the Krebs cycle) will lead to a much better understanding of how plant cells
react to their environment and to the requirements of the plant as a whole.
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