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Abstract
Plant mitochondria contain a branched respiratory electron transport chain that terminates
in two terminal oxidases, the cytochrome oxidase and the alternative oxidase (AOX).
Electron transport through the cytochrome oxidase pathway results in the formation of a
proton motive force that can be used to drive ATP synthesis. AOX, however, directly
oxidises ubiquinol and thus bypasses two proton translocation sites. This pathway mediates
non-coupled respiratory electron transport. Plant mitochondria also contain an uncoupling
protein (UCP), which dissipates the proton motive force as it is generated, resulting in

uncoupled respiratory electron transport. This project aimed to investigate the coordination
of expression of the UCP and AOX proteins as well as the role of a highly conserved
cysteine residue in the regulation of AOX activity.
The coordination of UCP and AOX protein expression was investigated in ripening and
chilled tomato (Lycopersicon esculentum L.) fruit, two situations that have previously been
shown to induce AOX expression in other species. The peak in expression of both proteins
was found to occur after the respiratory climacteric in tomato. The abundance of both
proteins was also found to increase in response to chilling of mature green tomatoes. A
multigene family for AOX was cloned from a tomato fruit cDNA library. Two full-length
and two partial Aox cDNAs were cloned suggesting that the multigene family consists of
four genes. Examination of the TIGR tomato EST database confirmed this assessment.
One of the full-length cDNAs was found to encode the substitution of a Ser residue for a
highly conserved Cys residue, hypothesised to be involved in the regulation of AOX
activity.

IX

The activation of AOX by the addition of isocitrate was investigated in tobacco (Nicotiana
tabacum L.) mitochondria over-expressing tobacco AOX. It was demonstrated that
oxidation of isocitrate occurred prior to activation of AOX. These results supported the
hypothesis that AOX activation by citrate, isocitrate and malate occurred through the
generation of intra-mitochondrial NADPH, thus providing reductant for a thioredoxin
reductase system that could reduce the inter-subunit disulfide bonds and activate AOX.
The role of the highly conserved Cys residue in the regulation of AOX activity was
investigated in tobacco mitochondria expressing a soybean (Glycine max, L.) AOX mutant
containing a Cys/Ser mutation. This mutant was no longer responsive to the allosteric
activator, pyruvate, nor to the presence of the reductant DTT, both of which stimulate the
activity of the wild-type AOX protein. The mutant was also found to be stimulated by the
presence of succinate, this stimulation was not dependent on oxidation of the succinate by
the mitochondria. In addition, the mutant protein was no longer able to form disulfidelinked dimers.
Investigations were also performed into the expression and activity of the Cys/Ser
substituted AOX isoform in tomato. The protein was found to import into plant
mitochondria, was active when expressed in yeast (Saccharomyces cerevisiae) cells and
further evidence suggested that it may be expressed in response to chilling of mature green
tomato mitochondria.
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Chapter 1. Introduction 1

1. INTRODUCTION

Chapter 1. Introduction 2
1.1.

Aerobic respiration

All organisms require energy for growth and reproduction.

For non-photosynthetic

organisms this energy is obtained solely from molecules derived from the external
environment such as carbohydrates, proteins and fats. In addition to* these resources,
photosynthetic organisms have evolved to harvest energy from sunlight, which is used to
fix carbon into carbohydrate compounds within the cells. Whatever the source, energy
stored within these compounds can be transferred to the chemical, A T P , which is then used
to support energy-dependent reactions within the organism.
The production of ATP occurs most efficiently in organisms performing aerobic
respiration. These organisms burn oxygen and carbon substrates to provide the energy for
A T P production and can produce around 30 molecules of A T P per glucose molecule. In
contrast, organisms depending solely on glycolysis for A T P production can manufacture
only two molecules of A T P per glucose molecule. Aerobic respiration occurs in both
prokaryotic and eukaryotic organisms.

7.7.7. Mitochondrial origin
Mitochondria are double membrane bound organelles postulated to have evolved from an
aerobic prokaryotic cell that was engulfed by a eukaryote, leading to the development of an
endosymbiotic relationship. This is k n o w n as the endosymbiotic theory (Margulis and
Bermudes, 1985). In support of this theory, the genome sequence of Rickettsia prowazekii
is closely related to that of modern mitochondria (Andersson et al, 1998). Over time the
prokaryotic endosymbiont has lost the majority of its genetic material to the nucleus of the
host cell and become an integrated part of the eukaryotic cell (reviewed in Gray, 1992).
This gene transfer from the mitochondrion to the nucleus has necessitated the evolution of
complicated mechanisms by which the nuclear-encoded proteins, made in the cytosol, are
imported into the mitochondrion (Paschen and Neupert, 2001). This in turn requires the
exchange of signals between these two organelles.

7.7.2. Mitochondrial structu re
Mitochondria consist of an outer membrane and inner membrane, which encapsulate the
intermembrane space and the matrix aqueous spaces (Figure 1.1). M a n y catabolic and
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anabolic functions occur within these four mitochondrial compartments (Hanson and Day,
1980). The matrix is the site of carbon metabolism and contains a wide range of enzymes
and substrates in a highly concentrated environment (Hanson and Day, 1980). It also
contains the remaining D N A complement of the organelle, the mitochondrial D N A (Vedel
et al, 1999). The inner membrane surrounds the matrix and has a large surface area due to
the multiple cristae resulting from its highly invaginated form. This membrane contains
respiratory electron transport components and a number of metabolite transporters (Laloi,
1999; Schultz and Chan, 2001; Vedel et al, 1999). The inner membrane, intermembrane
space and the outer membrane all contain proteins involved in the import of nuclearencoded proteins into the mitochondrion (Braun and Schimtz, 1999; Paschen and Neupert,
2001). The intermembrane space also contains proteins involved in nucleotide metabolism
(Sweetlove et al, 2001). The outer membrane contains channels called porins, which
control the entry of water and other molecules into the mitochondrion (Johansson et al,
2000).

This outer membrane is permeable to most molecules smaller than 10 k D a

(Newcomb, 1990).

1.1.3. Mitochondrial carbon metabolism
The metabolite transporters of the inner mitochondrial membrane facilitate the movement
of a wide range of molecules and compounds into and out of the mitochondrion. Amino
acids, dicarboxylates, tricarboxylates, pyruvate, nucleotides and inorganic phosphate are all
transported across the inner membrane through specific transport proteins (Laloi, 1999).
Through these movements, the mitochondrion interacts with the rest of the cell and
participates in a range of cellular reactions including amino acid metabolism (Laloi, 1999)
and photorespiration (Douce and Neuburger, 1999). The tricarboxylic acid cycle ( T C A
cycle) is at the centre of carbon metabolism in the mitochondrion. Through this group of
enzymes, the pyruvate produced within the cytosol is oxidised to C O 2 , producing N A D H
and F A D H 2 that are further oxidised by the respiratory electron transport chain. S o m e of
the carbon metabolism reactions occurring in the mitochondrion are outlined in Figure 1.1.

7.7.4. Electron transport chain
The electron transport reactions occur in the inner mitochondrial membrane (Schultz and
Chan, 2001; Vedel et al, 1999).

These reactions support the process of oxidative
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phosphorylation, which produces A T P . The energy required for A T P synthesis is released
through the transport of electrons from the reduced molecules N A D H and F A D H 2 , d o w n a
redox gradient to the terminal electron acceptor, O2.

There are a number of protein

complexes that facilitate this electron transport (Figure 1.2). These are Complex I (an
NADH:quinol oxidoreductase), Complex II (succinate:quinol oxidoreductase), Complex III
(the bci complex, a quinol:cytochrome c oxidoreductase) and Complex IV (cytochrome
c:02 oxidoreductase). T w o additional components of the electron transport chain (ETC)
are the mobile carriers ubiquinone and cytochrome c. The passage of electrons through
these four complexes of the electron transport chain is linked at three sites to the
translocation of protons out of the matrix and into the intermembrane space. These sites
are located at Complexes I, III and IV. A s the inner membrane is relatively impermeable to
protons, this results in the formation of a proton gradient across the inner membrane, which
is effectively a store of the energy released during the oxidation of N A D H and F A D H 2 .
The movement of protons d o w n a concentration gradient back into the matrix occurs
primarily through the A T P synthase (Complex V ) and the energy that is released in this
process, is utilised in the formation of A T P (Mitchell, 1966; Schultz and Chan, 2001). In
this fashion the transport of electrons is coupled to A T P formation. The proton gradient
combined with the membrane potential forms the proton motive force (A|a.H+), which can
also be used in the transport of metabolites into and out of the matrix. In the absence of a
high demand for A T P , limited A T P synthesis can result in generation of a large proton
motive force, which in turn can limit the rate of the electron transport reactions.

7.7.5. Mitochondria and reactive oxygen species
Mitochondria are major sites of reactive oxygen species ( R O S ) formation in plants due to
their interactions with molecular oxygen. A n y stress restricting the E T C in these organelles
can lead to over-reduction of E T C constituents, increasing the incidence of R O S formation
(eg. Boveris et al, 1976). R O S in these organelles results from the single electron reduction
of oxygen. Mitochondria contain a number of defence mechanisms aimed at minimising
damage caused by R O S , including ascorbate, catalase, glutathione and both M n and Cu/Zn
S O D s (summarised in Millar et al, 2001). These function by absorbing R O S as it is
produced.
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1.2.

Uncoupled respiratory electron transport

In m a n y organisms, the process of respiratory electron transport (as outlined above) can be
uncoupled from A T P synthesis. In plants (Vercesi et al, 1995), yeast (Jarmuszkiewicz et
al, 2001) and animals (Ricquier and Bouillaud, 2000), this can occur through the activation
of an uncoupling protein ( U C P ) which provides an alternative means for protons to re-enter
the matrix (Nedergaard et al, 2001). In addition, plants and fungi have an alternative
oxidase ( A O X ) , distinct from the cytochrome oxidase, and a number of N A D ( P ) H
dehydrogenases, none of which are linked to proton translocation (Day et al, 1995). These
uncoupling mechanisms bypass the classic E T C components and allow electron transport to
occur in the absence of A T P synthesis. Thus these non-phosphorylating pathways act to
decrease the yield of A T P during aerobic respiration and, as discussed in later sections,
m a y also play a role in protection against R O S generation.

7.2.7. Characteristics of animal and plant UCPs
The mammalian uncoupling protein thermogenin (UCP1) exists in the mitochondria of
brown adipose tissue ( B A T ) and through its uncoupling action, serves a thermogenic role in
maintaining body temperature in mammals.

U C P 1 is controlled by the hormone

norepinephrine, which results in synthesis of free fatty acids in the cell, which in turn
stimulate U C P activity (reviewed by Nedergaard et al, 2001). Homologues of this protein
exist in other animal tissues ( U C P 2, 3 and 4), in fungi (Jarmuszkiewicz et al, 2001) and in
plants (where it is also referred to as the Plant Uncoupling Mitochondrial Protein, P U M P
(Vercesi et al, 1995)).

These proteins form a sub-family of the large mitochondrial

transporter family (Laloi, 1999; Ricquier and Bouillaud, 2000), which are integral
membrane proteins that transport a wide range of substrates. It is generally accepted that
U C P 1 results in high proton conductance in the B A T mitochondria (reviewed by Heaton et
al, 1978; Ricquier and Bouillaud, 2000), that it is activated by low concentrations of fatty
acids (Gonzalez-Barroso et al, 1998) and inhibited by purine nucleotides (reviewed in
(Nicholls and Locke, 1984). The mechanism of this uncoupling is, however, an actively
debated topic (Garlid et al, 2000; Gonzalez-Barroso et al, 1998).

The two current

hypotheses are the Klingenberg hypothesis, that U C P s conduct protons through a
membrane-spanning pore lined with fatty acid head groups (eg. Winkler and Klingenberg,
1994) and the Garlid hypothesis, that they act as anion transporters bringing the
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unprotonated form of fatty acid back into the matrix after the protonated molecule has
diffused across the membrane (Garlid et al, 1996).
The functions of the UCP homologues found outside BAT are less clear as they do not
appear to be able to function in thermoregulation, being unable to compensate for the
absence of U C P 1 (Matthias et al, 1999; Nedergaard, 2001). Ricquier and Bouillaud (2000)
concluded in their review of the literature that these homologues have significant structural
homology to U C P 1 and can alter the mitochondrial membrane potential in vivo but they
drew no conclusions about their functions.

There have been suggestions that mild

uncoupling by U C P has a role in regulating the R O S production of animal cells (Skulachev,
1996). This hypothesis is currently under investigation but has yet to be proven (Ricquier
and Bouillaud, 2000). A recent report has revealed that quinone is a cofactor required for
U C P function. It increases both the activity of heterologously expressed U C P 2 and 3 and
their sensitivity to inhibition by nucleotides, up to levels that are similar to those reported
for U C P 1 (Echtay et al, 2000; Echtay et al, 2001). There are, however, a number of totally
conserved amino acid residues across mammalian U C P l s , which are not found in the rest
of the U C P family (Ricquier and Bouillaud, 2000). This m a y explain w h y these proteins are
unable to compensate for the absence of U C P 1 (Nedergaard et al, 2001).
Less research has been performed on the plant UCP to date as they were only recently
discovered (Vercesi et al, 1995). The plant U C P s appear to be stimulated by fatty acids
and inhibited by nucleotides in a manner similar to the animal U C P s (Jezek et al, 1996).
Like the animal U C P s , their plant counterparts have been suggested to play a role in
reducing the production of reactive oxygen species within the mitochondrion (eg.
Kowaltowski et al, 1998; Pastore et al, 2000).

7.2.2. Non-coupling plant NAD(P)H dehydrogenases
External, non-coupling N A D ( P ) H dehydrogenases are reported to be situated on the outer
face of the inner mitochondrial membrane (Figure 1.2) where they act to oxidise externally
supplied N A D ( P ) H , reducing the ubiquinone pool (M0ller and Lin, 1986). There appear to
be two distinct enzymes in plants, displaying different substrate specificities for N A D H and
N A D P H (M0ller, 2001).

Internal N A D ( P ) H dehydrogenases have also been reported,

which are characterised by their insensitivity to rotenone, a potent inhibitor of complex I
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(Brunton and Palmer, 1973). These internal N A D ( P ) H dehydrogenases also demonstrate
distinct specificities for N A D H

and N A D P H

(M0ller, 2001).

The molecular

characterisation of these proteins has only begun recently. M e n z and Day (1996) and
Leuthy et al (1995) have each reported the isolation of a 58 k D a N A D ( P ) H dehydrogenase
from aged beetroot mitochondria, which was suggested to be an external N A D ( P ) H
dehydrogenase. Rasmusson et al (1999) have recently cloned a c D N A which m a y encode
this enzyme. They also reported the isolation of a separate c D N A , suggested to encode an
internal N A D H dehydrogenase. The isolation of a 43 k D a N A D H dehydrogenase, has also
been reported (Menz and Day, 1996). This was suggested to be the internal N A D H
dehydrogenase. Without sequence data allowing comparison between the proteins and the
c D N A s , it is difficult to determine if the isolated proteins are the same proteins encoded by
the isolated c D N A s . Further advances in the characterisation of these enzymes will require
cloning of their c D N A s to allow precise identification of each protein and to determine h o w
many different proteins exist.

7.2.3. Characterisation of the alternative oxidase
Alternative respiration was first described in plants as residual respiration occurring in the
presence of respiratory poisons such as cyanide (eg. Bonner (1965) and references in Day
et al (1980)). It was also discovered that the spadices of thermogenic aroid species (such as
Sauromatum guttatum and Arum maculatum) contained high levels of this cyanide resistant
respiration and m u c h study of these plants ensued (Meeuse, 1975).

W o r k on this

phenomenon over many years culminated in the determination that this respiratory activity
was located in the mitochondrion (Bendall and Bonner, 1971) and catalysed by a quinol
oxidase (Huq and Palmer, 1978; Rich, 1978) (see Figure 1.2).
Further characterisation of AOX has depended on two significant advances, the
development of monoclonal antibodies raised against the S. guttatum A O X proteins (Elthon
et al, 1989) which fortuitously react with all A O X proteins studied so far, and the isolation
of the first c D N A encoding A O X (Rhoads and Mcintosh, 1991). Together these have led
to studies of A O X expression under varying conditions and have also allowed hypotheses
about the structure of the enzyme to be made (see sections below).
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1.2.3.1. A O X structure
Immunological studies have shown that under denaturing, reducing conditions, the
monomelic form of A O X is 30-36 k D a in size. Under denaturing, oxidising conditions, a
dimer of approximately 70 k D a can be observed due to cross-linking of cysteine residues
(Umbach and Siedow, 1993). These dimeric forms also appear in mitochondrial protein
samples separated by denaturing, non-reducing S D S - P A G E , suggesting that they may
occur in vivo (eg. Vanlerberghe et al, 1995; Mizutani et al, 1998). Indeed, U m b a c h and
Siedow (1997) demonstrated that such cross-linked dimers can form during mitochondrial
isolation. Non-denaturing, non-reducing gel filtration studies have indicated that the
Trypanosome A O X m a y exist as a 160 k D a complex in vivo (Chaudhuri et al, 1995)
although these complexes m a y be the result of aggregation occurring during isolation or
storage of the protein.
A precise three-dimensional structure for AOX has not been determined, due to its strong
association with the inner mitochondrial membrane and labile nature upon purification.
Isolation of Aox sequences has allowed the primary structure of the protein to be deduced
for a number of plant and non-plant species (eg. Rhoads and Mcintosh, 1991; Whelan et al,
1993; Whelan et al, 1995; Li et al, 1996; W h e l a n ^ al, 1996; A b e et al, 1997; Ito et al,
1997; Saisho et al, 1997; Kirimura et al, 1999). Initial examination of A O X sequences
suggested that it was an integral membrane protein with two membrane-spanning helical
regions linked by an aliphatic helix on the intermembrane space side of the inner
mitochondrial membrane (Rasmusson et al, 1990; Siedow et al, 1992) (Figure 1.3A).
K n o w n spectral properties of partially purified preparations of A O X , namely an absence of
an E P R resonance signal and lack of absorbance above 350 nm, (Berthold and Siedow,
1993) led to comparison of the A O X sequence with that of methane monooxygenase which
is characterised by similar spectral properties (Siedow et al, 1995). Iron-binding motifs and
four short helical regions conserved between the two proteins were suggested to form the
active site. This led Siedow et al (1995) to propose a hypothetical structure for the active
site of the enzyme, containing a coupled bi-nuclear Fe centre (Figure 1.3B). This model
was supported by evidence that Fe chelators can inhibit A O X activity (Bahr and Bonner,
1973) and that Fe was essential for A O X function in yeast cells (Minagawa et al, 1990).
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There has been a recent a revision of this proposed 3 D structure (Andersson and Nordlund,
1999). This study demonstrated that the initial assignation of the hypothesised ligandbinding residues was inconsistent with the structure that is conserved in the di-iron
carboxylase enzymes on which the active site is modelled. O n e of the newly proposed
ligands in this model lay in the region of the protein previously proposed to be outside the
matrix. This n e w model, however, also suggested a n e w structure for A O X based more
firmly on the conserved structure of the family of monooxygenase enzymes for which
crystal structures are known. In this model, all the proposed ligands were closer together.
This structure modelled the C terminal portion of A O X and indicated that it formed four
helices, one and a half of which were embedded in the inner membrane with the rest of the
enzyme n o w within the matrix (Figure 1.4). N o structure was proposed for the N-terminal
region of the protein, which has no homology to the monooxygenase family. Comparison
of Figures 1.3B and 1.4B shows that the active site model initially proposed was very
similar to the latter model. The only ligands missing were the bridging ligand between the
two Fe atoms.
Both random and site-directed mutagenesis studies have contributed to knowledge of
residues essential for A O X function. O n e such study identified three residues potentially
involved in quinone binding (Berthold, 1998). T w o of these (Met-264 and Phe-268 in the
Arabidopsis thaliana sequence) are located in close proximity to the A. thaliana Glu-273
proposed as one of the ligands for the di-iron centre (equivalent to Glu-270 in S. guttatum).
The third was Gly-303, close to the C-terminus of A O X . T w o other studies have indicated
that two Glu residues (Glu-217 and Glu-270 of the S. guttatum A O X enzyme), proposed to
be involved in forming the active site, are vital for A O X activity (Albury et al, 1998;
Albury et al, 2002). These studies have provided experimental evidence supporting the
Andersson-Nordlund model.

Albury et al (2002) have also presented results which

implicate a highly conserved Tyr residue in A O X activity (Tyr-275). This is found close to
the proposed active site in the current model. In addition, they show that mutation of
another Tyr (Tyr-253) has no impact of the function of the enzyme.

1.2.3.2. AOX regulation
Biochemical and molecular studies have defined a number of mechanisms that influence
A O X activity. The crudest form of regulation occurs at the level of transcription and
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translation. Numerous studies have demonstrated induction of A O X activity, transcripts, or
protein abundance in response to treatments including chilling (Purvis and Shewfelt, 1993;
Ribas-Carbo et al, 2000), fruit ripening ( K u m a r et al, 1990; K u m a r and Sinha, 1992;
Cruz-Hernandez and Gomez-Lim, 1995; Considine et al, 2001), herbicide treatment
(Aubert et al, 1997), application of copper (Padua et al, 1999), respiratory poisons (Sakajo
et al, 1991; Wagner et al, 1992; Sakajo et al, 1997; Wagner and Wagner, 1997), aging
(Nakano and Asahi, 1970), A T P synthesis inhibitors (Saisho et al, 2001) or exposure to
light (Finnegan et al, 1997). Once A O X protein has been produced there are a number of
ways in which its activity can be regulated.
Biochemical studies initially indicated that AOX showed some degree of substrate
specificity as higher activities were measured in the presence of succinate and other T C A
cycle intermediates than in the presence of externally supplied N A D H . This led to the
proposal that there were discrete quinol pools within the inner membrane which interacted
with different dehydrogenases and oxidases (Rustin et al, 1980; Lance et al, 1985;
Hemrika-Wagner et al, 1986). However, this rather complicated scheme was simplified by
the discovery that pyruvate and some other a-keto acids could activate A O X (Millar et al,
1993).

This discovery meant that the ability of some substrates to produce intra-

mitochondrial pyruvate could explain the increased A O X activity measured in their
presence. U m b a c h et al (1994) reported that pyruvate altered the interaction of A O X with
the mitochondrial Q-pool such that the enzyme is more active at lower concentrations of
Q H 2 . Although they initially hypothesised that pyruvate activated A O X by increasing its
affinity for its substrate (QH 2 ), it was subsequently shown using both isolated A O X protein
and intact mitochondria that pyruvate had no effect on the affinity of A O X for Q j H 2 (a
quinol analogue) (Hoefnagel et al, 1997). Instead, pyruvate increased the apparent V m a x of
the enzyme. These data strongly suggest that pyruvate is involved in maintenance of A O X
activity and that the apparent V m a x increases, without altering the substrate affinity of the
enzyme, by increasing the amount of active enzyme present in the assay (Hoefnagel et al,
1997; Millar et al, 1997).
The cross-linking of AOX dimers mentioned previously has also been shown to regulate
the activity of the enzyme. A O X is inactive when it is a cross-linked dimer and active in
the non-cross-linked state (Umbach and Siedow, 1993). A O X dimers can be converted
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between these two forms in vitro through the application of strong reductants and oxidants.
The in vivo mechanism governing the regulation of this conversion is unknown although
Vanlerberghe et al (1995) hypothesised that the production of N A D P H within the matrix
m a y lead to reduction of A O X dimers through the activity of an NADP-linked thioredoxin
reductase system. All the components of this scheme exist in plant mitochondria: N A D P linked isocitrate dehydrogenase and malate dehydrogenase isoforms (Rasmusson and
M0ller, 1990; Galvez and Gadal, 1995) and a suitable thioredoxin or glutathione reductase
system (Holmgren, 1989), although this evidence is from biochemical studies only. In
further confirmation of this hypothesis, there has been a recent report of the cloning of
thioredoxin and thioredoxin reductase genes encoding putative mitochondrial targeting
signals (Laloi et al, 2001). There have been no hypotheses for a mechanism allowing the
reverse inter-conversion to occur. There are examples of proteins, however, that can
perform oxidation or isomerization of disulfide bonds (Laloi et al, 2001).
The activation of AOX through interaction with pyruvate was hypothesised to occur
through the formation of a thiohemiacetal (Umbach and Siedow, 1996) (Figure 1.5 A ) . This
pointed to the importance of Cys residues in the oc-keto acid regulation of A O X activity.
The cross-linkage of A O X dimers was also expected to involve Cys residues as it could be
manipulated through the actions of sulfhydryl-active compounds such as D T T and diamide
(Umbach and Siedow, 1993). With two highly conserved Cys residues in published A O X
sequences it was suggested that one was involved in each of these regulatory mechanisms
(Umbach and Siedow, 1996). The more N-terminal of these (Cysi) lies in the portion of
A O X that was not modelled by Andersson and Nordlund (1999). The more C-terminal Cys
residue (Cysn) is found near the beginning of the first helix of the Andersson and Nordlund
model (Figure 1.4A). These Cys residues are conserved in nearly all the published plant
A O X sequences, the exception being ariceAox c D N A which encodes Ser residues at both
of these sites (Ito et al, 1997).
During the course of the work undertaken for this PhD project, the roles of the two
conserved Cys residues were determined through site-directed mutagenesis studies
undertaken in a number of labs (Rhoads et al, 1998; Vanlerberghe et al, 1998; Djajanegara
et al, 1999). Vanlerberghe et al (1998) reported that in Nicotiana tabacum, the mutation of
the Cysi to Ala resulted in an enzyme that was highly active in vivo but had low activity
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when assayed in isolated mitochondria. This mutated enzyme was unresponsive to the
addition of pyruvate and was not able to form disulfide-linked dimers. Mutation of the
Cysn residue did not interfere with either pyruvate activation or disulfide linkage of the
enzyme. Similar results were reported by Rhoads et al (1998) using an identical mutation
of the A. thaliana A O X protein, expressed in Escherichia coli. W h e n Cysi was mutated to
glutamate, mimicking the interaction of pyruvate at that site (Figure 1.5), the mutant A O X
protein was present in a constitutively active form that was insensitive to additions of
pyruvate. Additional results are presented and discussed in Chapter 5.

1.2.3.3. Contribution of AOX tow vivo respiration rates
For m a n y years, the contribution of A O X to total in vivo respiration rates was estimated
using an inhibitor titration technique to determine the degree to which the alternative
pathway was engaged (Bahr and Bonner, 1973a; Bahr and Bonner, 1973b). This technique
used titrations with inhibitors of A O X to plot the decreasing respiration rate against the
concentration of the inhibitor. The slope of this line was taken as the degree of engagement
of the alternative pathway. Results obtained using this technique suggested that A O X
engagement was generally low and led to the proposal that the alternative pathway
functions solely to absorb excess energy from carbon substrates when the supply of these
exceeds the capacity of the cytochrome pathway (Lambers and Steingrover, 1978).
However, this technique was subsequently shown to have flaws which led to mistakes in
estimations of A O X activity (Wilson, 1988; V a n den Bergen et al, 1994; Millar et al,
1995). The development of a Q-electrode (Moore et al, 1988), to monitor the redox state of
the Q-pool in isolated mitochondria, resulted in the discovery that A O X required higher
concentrations of Q H 2 for activity than the cytochrome pathway (Dry et al, 1989). This
meant that any treatment that increased quinone reduction (such as inhibitor titrations)
would inevitably result in increased A O X activity. In addition, the pyruvate-activated
enzyme became active at lower Q H 2 levels (Umbach et al, 1994) and was capable of
competition with the cytochrome pathway (Hoefnagel et al, 1995).

This meant that

titrations with A O X inhibitors would likewise lead to switching of electrons to the
cytochrome pathway. Both of these occurrences m a y lead to inaccurate estimations of the
contribution of each path to the respiration rate in vivo.
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A n alternative method for determining the in vivo activity of A O X relies on the fact that
C O X and A O X discriminate differently against 1 8 0 (Guy et al, 1989; G u y et al, 1992;
Robinson et al, 1992). This method relies on the use of a mass spectrometer to measure the
amount of

18

0 and

16

0 in the reaction chamber. Most oxidase enzymes discriminate

against O2 molecules containing the heavier O-isotope as it reacts more slowly (Guy et al,
1989). The degree to which this isotope is discriminated against varies between oxidases.
B y measuring the discrimination value for A O X and C O X individually and then measuring
the net discrimination value when both are active, the contribution of each enzyme to the
uninhibited respiratory rate of the tissue can be determined (Guy et al, 1989).
This technique has the advantage of avoiding the use of inhibitors during measurements of
respiratory activity. Inhibitors are only used initially to determine the discrimination values
for each enzyme. It is, however, a lengthy process with single measurements taking
between 6 and 60 minutes depending on the experimental system (eg. G u y et al, 1989;
Ribas-Carbo et al, 1995). A number of measurements are needed to accurately determine
discrimination values. A major disadvantage of this technique is the cost associated with
the mass spectrometers required for analysis of samples, resulting in relatively few
locations in which experiments can be performed. G u y et al (1989) also highlighted a
problem caused by diffusion limitation of respiration in intact tissues. This would limit the
feasibility of measurements being made in dense tissues such as some fruit. Despite these
problems, physiological studies are beginning to be performed on selected plant tissues in
which diffusion problems are minimised (eg Robinson et al, 1992; Millar et al, 1998;
Ribas-Carbo et al, 2000; Noguchi et al, 2001).

1.2.3.4. Non-plant AOX proteins and non-AOX plant proteins
A s mentioned previously, A O X is not confined to the plant kingdom. It is also found in
many fungi (Sakajo et al, 1991; Li et al, 1996; Yukioka et al, 1998; H u h and Kang, 1999;
Kirimura et al, 1999; Joseph-Home et al, 2000;) and some protists (Chaudhuri and Hill,
1996; van Hellemond et al, 1998). These non-plant A O X proteins have features that make
them distinct from the plant A O X proteins (Joseph-Horne et al, 2000; U m b a c h and Siedow,
2000).

Comparison of plant and non-plant A O X sequences demonstrates that the C-

terminal domains are highly homologous while the N-terminal domains are quite variable
(Umbach and Siedow, 2000). The homologous region begins earlier among plant species,
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soon after the postulated N-terminus of the mature protein, and includes the region
containing Cysi and Cysn. Approximately 40 amino acids before Cysn, near the start of the
first hydrophobic domain, the non-plant sequences begin to show homology to the plant
sequences. The non-plant A O X proteins do not encode Cysn. Homology continues to the
end of the protein albeit with the addition of an extra five short sequences in the non-plant
sequences, including a C-terminal extension.
The absence of the plant "regulatory" domain from the N-terminus of non-plant AOX
proteins has rendered them insensitive to the presence of pyruvate and prevents the
dimer/monomer regulation seen in plant sequences (Umbach and Siedow, 2000). Despite
this, a dimer-sized immunoreactive protein has been reported for at least one fungal
species, Gaeumannomyces

graminis var. tritici (Joseph-Horne et al, 1998). This group has

also modelled the fungal A O X protein in a manner similar to the Andersson-Nordlund
model (Joseph-Horne et al, 2000). They included a hypothetical dimer in this modelling
and suggest that helix 3 contains a number of charged residues capable of forming salt
bridges between the monomers, providing a means of stabilising the dimer.
There is also a non-AOX plant protein, IMMUTANS (Wetzel et al, 1994), which has
contributed to knowledge about the structure of the A O X active site. This is a distant
relative of the A O X and is located in the plastid. It is postulated to play a role in the
desaturase reactions associated with phytoene synthesis (Carol et al, 1999; W u et al, 1999).
Like the non-plant A O X proteins, I M M U T A N S shows significant homology to the plant
A O X proteins in the C-terminal portion of the protein. Comparison of this region of the A.
thaliana I M M U T A N S sequence with the C-terminus of A O X clarified the identities of the
metal binding residues in the active site and thus strengthened the model by demonstrating
conservation of important residues in distantly related enzymes (Berthold and Nordlund,
2000).

1.2.3.5. In vivo function of plant uncoupling mechanisms
Both the over-expression and silencing of A O X in plant species has been shown to alter
mitochondrial properties (Hiser and Mcintosh, 1990; Vanlerberghe et al, 1994) but
analyses of the effect on whole plant growth have not been reported. O n e interesting report
did show that antisense of A O X in tobacco resulted in a male-sterile phenotype (Kitashiba
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et al, 1999). The function of A O X suggests that its expression must c o m e at some cost and
indeed Affourtit et al (1999) demonstrated that the growth of Schizosaccharomyces

pombe

cells was slowed by the expression of S. guttatum A O X in the mitochondria of these cells.
The energetically costly nature of A O X m a y explain the high degree of regulation placed
upon its expression and activity.
With a greater understanding of the complex regulation of AOX, it is now thought to fulfil
a variety of roles through its ability to fine-tune the rate of respiratory electron transport
and coupling to A T P synthesis. Together with the other uncoupling mechanisms, U C P and
the non-coupled N A D ( P ) H dehydrogenases, the energy status of the cell does not need to
be the major factor limiting respiratory rates. Instead, these uncoupling mechanisms are
thought to act to limit the production of oxygen radicals (Purvis and Shewfelt, 1993;
Wagner, 1995; Kowaltowski et al, 1998; Maxwell et al, 1999; Casolo et al, 2000); prevent
fermentation w h e n the cytochrome pathway is limited (Vanlerberghe et al, 1995); and
allow the T C A cycle to continue operating, producing carbon skeletons in the absence of
high A T P demand (Lambers, 1985). The A O X has also been suggested to play a role in
plant defence against pathogens (Chivasa and Carr, 1998).
The potential role of plant uncoupling mechanisms in reducing ROS formation
complements the roles of various defence proteins, which function to detoxify R O S as they
are formed. A O X prevents R O S formation by directly oxidising the Q-pool. U C P acts less
directly by preventing inhibition of electron transport by a high proton motive force and
thus also preventing reduction of the E T C to dangerously high levels.

1.3. Respiration and fruit ripening
Respiratory activity during fruitripeninghas been studied over m a n y years. Fruit can be
divided into climacteric and non-climacteric species depending on their respiratory
activities during ripening. Climacteric respiration was initially reported for detached,
ripening apples (Kidd and West, 1924) in which respiration rates peaked during ripening.
In contrast, respiration rates in non-climacteric fruit steadily decrease during ripening
(summarised in Tucker, 1993) (Figure 1.6). There is a correlation between the rate of
respiration during ripening and the speed with which ripening occurs. Thus tropical fruits
with their high rates of climacteric respiration are more perishable than fruits such as apples
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which can be stored for long periods after harvesting (Tucker, 1993). Fruit respiration has
therefore been an important area for study in the interests of determining better handling
procedures for commercial fruits.

7.3.7. Uncoupled respiration and fruit ripening
There have been a number of studies describing increased A O X activity and protein
expression during banana, apple and mango ripening (Kumar et al, 1990; K u m a r and Sinha,
1992; Cruz-Hernandez, 1995; Duque and Arrabaca, 1999).

More recently, interest in

respiration during fruit ripening has expanded to include both A O X and U C P in studies
with tomato and mango fruits (Almeida et al, 1999; Costa et al, 1999; Considine et al,
2001). These studies were reported during the course of m y P h D studies. They have
generally shown that U C P and A O X increase during ripening in tomato and mango fruits,
suggesting coordinate regulation of these two proteins. However, Almeida et al (1999)
reported the opposite effect using off-vine ripening tomatoes.

This issue of the

coordination of expression of A O X and U C P is addressed more closely in Chapter 3.
It is puzzling to note that both AOX and UCP appear to be expressed at the same time in
fruit mitochondria (Almeida et al, 1999; Costa et al, 1999; Considine et al, 2001). It seems
unnecessary to produce two enzymes to perform essentially the same function: the
uncoupling of electron transport reactions from A T P synthesis. However, Sluse et al
(1998) demonstrated that A O X and U C P are unlikely to both be active under the same
conditions as U C P requires free fatty acids for activity at levels which inhibit A O X . They
suggested that in tomato, A O X m a y be active during phases of growth and development
when free fatty acids would be lower than during ripening (Galliard, 1980; Gttclu et al,
1989), then U C P could progressively take over the uncoupling function as A O X was
inhibited. This does not explain, though, w h y A O X and U C P both increase during ripening
(Costa et al, 1999; Considine et al, 2001). There is, however, nothing known about the
compartmentation of free fatty acids and their concentrations within the mitochondria.
Likewise, the concentration of pyruvate in different cellular compartments is unknown and
thus the importance of these activating mechanisms in vivo is unclear.
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7.3.2. Other events during ripening
Ripening can be viewed as a carefully regulated set of biochemical and physiological
events that lead eventually to senescence. During this process, the fruit undergoes a
number of changes in flavour, texture and colour. Sugars (fructose, glucose and sucrose),
organic acids (malate and citrate) and "flavour volatiles" are responsible for the unique
taste of each fruit species (Nurston, 1970; Ulrich, 1970; Whiting, 1970). Although sugars
and organic acids are the major respiratory substrates used in fruit, the bulk of these
compounds are not metabolised but stored within the vacuole (Tucker, 1993).

Colour

changes are obvious for many fruit as they ripen and are the result of two coordinated but
independent processes, chlorophyll degradation and pigment biosynthesis.

This was

demonstrated by a tomato mutant deficient in chlorophyll degradation which becomes
brown as it ripens due to normal carotenoid synthesis (Darby et al, 1977). The texture
changes that occur during ripening are mainly due to breakdown of cell wall constituents
although water loss and starch degradation are also involved (reviewed in Tucker, 1993).

1.4. Statement of approach
At the start of this project, there were a number of outstanding questions concerning the
regulation of both U C P and A O X in plants. U C P had only recently been reported in plants
(Vercesi et al, 1995) and it was not k n o w n how, or if, the expression of A O X and U C P was
coordinated. In addition, the role of the Cysi residue in the regulation of A O X activity had
not been determined. The three questions that this project aimed to address were:
1) Is the expression of AOX and UCP coordinated in plants? 2) What role does Cysi have
in A O X regulation? 3) Are naturally occurring Cysi mutants expressed in vivo!
The first question was addressed using ripening tomato fruit as an experimental system.
This is an interesting and useful system as tomatoes have a modest climacteric in
comparison with m a n y other climacteric fruit (Figure 1.6). It is therefore likely that
increased uncoupling of mitochondrial electron transport, combined with regulation of
carbon supply could control the climacteric in this fruit. In fruit with m u c h larger
climacterics, other factors such as increased mitochondrial number m a y be involved.
Tomatoes are also easy and quick to grow under controlled glasshouse conditions, unlike
other climacteric fruit such as bananas, mangoes or apples. If molecular biology is to be
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performed, the existence of a large E S T database is also a consideration when choosing a
plant to work on. In addition tomatoes are amenable to transformation (Vanroekel et al,
1993) which is useful if the roles of U C P and A O X were to be further investigated through
antisense experiments.
A preliminary study was performed as part of my undergraduate degree. During my PhD
project, this earlier study was extensively extended. Tomatoes were used to investigate
mitochondrial properties during ripening and to determine the manner in which A O X and
U C P expression patterns altered during this process. These changes were viewed in
context with a number of other mitochondrial proteins. Chilling of green tomatoes was also
performed, as chilling is k n o w n to induce A O X expression in plants. Comparison of the
results of the ripening and chilling study were used to m a k e suggestions about the role of
A O X and U C P in each situation.
The second question was addressed primarily through the use of tobacco plants expressing
a site-directed A O X mutant in which the Cysi residue was mutated to a Ser. The
investigation of this aspect of A O X regulation led naturally from the first part of the project
in which an Aox c D N A was isolated from tomato that encoded an identical substitution.
The expression of this isoform was investigated in tomato fruit through a variety of
techniques as a means of determining the answer to the third question
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Figure 1.1.

Representation of plant mitochondrial c a r b o n metabolism.

The intermediates of the T C A cycle are presented in bold type in the centre of a schematic
diagram of a mitochondrion. T h e outer m e m b r a n e (large, smooth oval) surrounds the
inner membrane, intermembrane space (IMS) and matrix. Intermediates are shown entering
and leaving the mitochondrion via transporters (grey hexagons) located on the inner
mitochondrial membrane. Other processes and compartments within the cell that provide
or use these intermediates are indicated. Figure adapted from Hanson and D a y (1980).
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Figure 1.3 The Siedow-Umbach-Moore model of the structure of the A O X protein
and active site.
A. Topological model of A O X structure based on hydropathy analysis and proteolysis
studies. The monomeric form of A O X is shown. Based on Moore et al (1995). B.
Proposed structure of the A O X active site. The structure was based on comparisons with
the active site of methane monooxygenase. Figure redrawn from Siedow et al, 1995.
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Figure 1.4. Andersson-Nordlund model of the structures of the C-terminal portion
of A O X and the active site.
A. Proposed 3 D structure of the C-terminal region of A O X based on structural models
of the A^-desaturase protein. Residues 165-335 of the S. guttatum A O X protein were
used for the modelling exercise. Grey residues are hydrophobic, yellow are hydrophilic,
blue are positive and red are negative. B. Structure of the A O X active site based on the
conserved structures of an number of di-iron carboxylate proteins. Figures from Andersson
and Nordlund (1999).
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2. MATERIALS AND METHODS

Chapter 2. Materials and Methods 26

2.1.

Materials

2.1.1. Plant materials
Tomato (Lycopersicon esculentum L. Mill cv Sweetie) seed was purchased from Yates
( N S W , Australia).

Tomato cv Moneymaker seed was purchased from the N e w

Gippsland Seed Farm (Victoria, Australia). Soybean seeds (Glycine max L. cv Stevens)
were obtained from the N S W Agriculture Department (Narrabri, Australia)

2.1.2. General chemicals
General analytical grade chemicals were purchased from Sigma-Aldrich (Sydney,
Australia), Merck (Darmstadt, Germany), B D H (Crown Scientific, Perth, Australia).
Percoll, Hybond C + nitrocellulose membrane and reagents for IEF-SDS-PAGE were
purchased from Amersham Pharmacia Biotech (Sydney, Australia). Oligo nucleotides
were synthesised by Life Technologies (Maryland, U S A ) or the Biomolecular Resource
Facility (The Australian National University, Canberra, Australia). Molecular biology
enzymes were purchased from Amersham Pharmacia Biotech, Promega (Annandale,
Australia), Roche (Sydney, Australia), N e w England Biolabs (Genesearch, Arundel,
Australia) or Clontech (Australian Biosearch, Perth, Australia). Premixed acrylamidebis acrylamide (29:1) was purchased from BioRad (Australian Biosearch, Australia).

2.1.3. Commercial antibodies
Sheep Anti-Rabbit and Sheep Anti-Mouse horseradish peroxidase-linked secondary
antibodies

were

purchased

from

Chemicon

Monoclonal antibodies raised against Homo

International

(Temecula, U S A ) .

sapiens H S P 6 0 were purchased from

StressGen (Victoria, Canada). Monoclonal antibodies raised against Zea mays porin
were purchased from G T M A (Lincoln, U S A ) .

2.1.4. Gifts of antibodies and other materials
Generous gifts of the following materials were received as indicated below:

2.1.4.1. Antibodies
The monoclonal antibody raised against Sauromattum guttatum A O X (Elthon et al,
1989) was provided by Dr. T. Elthon (University of Nebraska, U S A ) . Polyclonal
antiserum raised against G. max cytochrome oxidase subunit II (Daley et al, 2002) was
provided by D r D. Daley and Dr. J Whelan (The University of Western Australia,
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Australia). M r . M Considine and Dr. J. Whelan (The University of Western Australia,
Australia) provided polyclonal antiserum raised against G. max uncoupling protein
(Considine et al, 2001). Dr. K. Humphries and Prof. P. Szweda (Case Western Reserve
University, U S A ) provided polyclonal antiserum raised against lipoic acid moieties
(Humphries and Szweda, 1998). Polyclonal antisera raised against the a and P subunits
of Spinicia oleracea FiF 0 A T P synthase and Escherichia coli D n a K (homologue of
H S P 7 0 ) were provided by Prof. E. Glaser (Stockholm University, Sweden). Polyclonal
antisera raised against the Nicotiana tabacum Reiske iron sulfur protein were provided
by Dr. D. Price (The Australian National University, Australia).

2.1.4.2. Plant material
Tobacco (Nicotiana tabacum cv Petite Havana) was obtained from Dr G. Vanlerberghe
(University of Toronto, Canada). This included both wild type seed and seed of plants
over-expressing NtAoxl.
Mrs I. Djajanegara and Prof D. Day (The Australian National University, Canberra,
Australia) provided transgenic tobacco plants (cv Petite Havana) expressing G m A O X 3
C99S.

2.1.4.3. Other materials
Prof. J Wiskich (Hinders University, Australia) provided Qi.
The Saccharomyces cerevisiae-Escherichia coli shuttle vector pYES3 was obtained
from Dr F. Smith (CSIRO, Brisbane, Australia) (Smith et al, 1995). This vector is
based on the p Y E S 2 vector from Invitrogen (Melbourne, Australia) with an altered
multiple restriction site region (Kpnl site mutated to Sail).
The S. cerevisiae strain, R757, was obtained from Dr. R. Graber (Northwestern
University, Illinois, U S A ) . Dr. D. Berthold (University of Stockholm, Stockholm,
Sweden) provided the Escherichia coli strain, S A S X 4 1 B .

2.2. Plant growth
Tomato and tobacco plants were grown in commercial potting mixture with the addition
of slow release fertiliser pellets in naturally illuminated glasshouses in 20-30 c m
diameter pots. Tomato flowers were allowed to self-pollinate and fruit samples were
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picked at different ripening stages as required.

Mature green tomato fruit were

harvested and stored at 4°C for up to one week as required.
Soybean seedlings were grown in damp vermiculite in growth cabinets with a 14 h day
length at 28°C, 6 5 % humidity.

2.3. Whole fruit respiration
The respiratory activity of whole tomatoes (cv Sweetie) was measured by Infrared Gas
Analysis (IRGA). Individual fruit, with the first segment of the stem still attached, were
placed in a darkened 160 m L chamber through which C02-free air was pumped.
Increases in C O 2 in the chamber were monitored by passing the air stream through an
Infra-red Gas Analyser ( U N C O R , Germany) and from these data the rate of C O 2
evolution was calculated as nmoles COi.min^.g"1 F W .

2.4. Biochemical techniques
2.4.1. Plant mitochondrial isolation
Tomato fruit mitochondria were isolated according to the method of Holtzapffel et al
(1998). All steps were performed at 4°C. Tomato fruit (50-100 g) were quartered and
the pericarp separated from the seeds and placental material. Green and ripening
pericarp samples were homogenised in 200-300 m L of grinding buffer (0.3 M sucrose,
25 m M tetrasodium pyrophosphate, 25 m M T E S , 2 m M E D T A , 10 m M K H 2 P 0 4 , 1 %
(w/v) PVP-40, 1 % (w/v) B S A , 20 m M ascorbate, p H 7.5) using a Polytron blender
(Selby Scientific, Sydney, Australia) on setting 5. The Polytron was used for very short
bursts (approx 1 s) to prevent formation of a strong vortex. Red pericarp was grated on
a cheese grater (Jeffery et al, 1986) ( 2 m m holes) under 200 m L grinding buffer.
Mitochondria were purified from the homogenates essentially as described by Day et al.
(1985), but with altered gradients. The homogenate was filtered through four layers of
damp stretcher sheet (Draeger, Sydney, Australia). The filtrate was centrifuged for 5
min at 1085 g and the pellet discarded. The supernatant was centrifuged for 15 min at
23 500 g. The pellet was resuspended in wash buffer (0.3 M sucrose, 10 m M T E S , p H
7.2, 0.1% (w/v) B S A ) to a final volume of around 10 m L . Suspensions from tomato
fruit were layered over a 35 m L gradient of 0-4.4% (v/v) PVP-40 in wash buffer
containing 1 5 % or 1 8 % (v/v) Percoll (for red and green/ripening samples respectively).
Gradients were centrifuged at 40 000 g for 40 min. Mitochondria formed a tight layer
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near the bottom of the 1 5 % and 1 8 % Percoll gradients. This layer was collected using a
Pasteur pipette. Percoll was removed through three successive washes in wash buffer.
Mitochondria were pelleted after each wash by centrifugation at 27 000 g for 15 min.
The final pellet was resuspended in the remaining supernatant to a concentration of 5-20
-I

m g protem.mL .
When mitochondria were to be used to assay UCP capacity, the gradient contained 1%
(w/v) B S A , to remove free fatty acids. T w o subsequent washes were performed using
wash medium containing 1 % (w/v) B S A . The final wash was performed with BSA-free
wash medium.
Mitochondria from N. tabacum leaves were isolated according to (Day et al, 1985)
using 2 8 % Percoll gradients.

2.4.2. Yeast mitochondrial isolation
Mitochondrial fractions were isolated from yeast cells using a method based on (Pratje
and Michaelis, 1977). Cells from a 50 m L overnight SD-glucose culture (see section
2.8.2) were washed with SD-galactose and used to inoculate 2 x 250 m L of SDgalactose medium. This was grown at 28°C, 200 rpm until A O X activity was able to be
measured in the whole cells (OD600 of between 3 and 7), about 5 to 6 days. Subsequent
steps were performed at 4°C. Cells were harvested by centrifugation (500 g, 10 min),
washed with water and pelleted again. The cell pellet was weighed and resuspended in
2 m L of lysis buffer (0.6 M sorbitol, 1 m M E D T A , 10 m M Tris-HCl, p H 7.5) per gram
of cells. The suspension was transferred to 50 m L screw-top plastic tubes and 3 g of
glass beads ( 2 m m diameter) was added per m L of suspension. The cells were vortexed
vigorously for 3 min with 30 s rest on ice every 30 s. The supernatant was transferred
to 50 m L centrifuge tubes and the glass beads washed 3 times with lysis buffer to
collect all the homogenised material. Cell debris was pelleted at 2 500 g for 10 min and
the supernatant transferred to fresh tubes. The remaining material was pelleted at 15
000 g for 10 min and the pellet resuspended in 1 m L lysis buffer. This was layered onto
the top of self-forming gradients made from lysis buffer with 2 1 % Percoll. The
gradients were centrifuged at 40 000 g for 40 min.

The top layer containing

mitochondrial membranes was removed and washed to remove traces of Percoll.
Contaminating whole yeast cells that had migrated further down the gradient were
avoided. The pellet was resuspended in 100-200 /xL reaction medium (0.3 M sucrose, 5
m M K H 2 P 0 4 , 10 m M NaCl, 2 m M M g S 0 4 , 0.1% (w/v) B S A , 10 m M T E S , p H 7.2).
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2.4.3. E. coli membrane isolation
Membrane isolation was performed according to the method outlined in (Berthold,
1998) with an additional washing step to obtain higher purity membranes. Cells from a
single E. coli, S A S X 4 1 B colony were grown in 25 m L L B medium ( 1 % (w/v) bactotryptone, 0.5% (w/v) bacto-yeast extract, 1 % (w/v) NaCl) containing 60 fig/mL
ampicillin for 7-8 h at 37°C, 200 rpm in a 250 m L flask. This culture was used to
inoculate a second L B - A m p culture to an OD600 of 0.0028. This culture was grown
overnight at 37°C, 200 rpm to an OD 6 0 o of 0.5-1.5. The cells were harvested at 15 000
g, 10 min and resuspended in half a volume of 50 m M phosphate buffer, p H 7.0 and
pelleted again. The pellet was resuspended in 20-25 m L French Press buffer (50 m M
phosphate buffer, p H 7.0, 5 m M D T T , 0.5 m M P M S F , 10 jiig/mL DNase, 10 [ig/mL
RNase) and the cells broken by one pass through a French Press (18 000 psi).
Unbroken cells were removed by centrifugation at 11 000 g for 15 min. The membrane
fraction was pelleted at 100 000 g, 90 min. The pellet was resuspended in 25 m L
French Press buffer and centrifuged again to remove further unbroken cells and then the
membranes were pelleted again. The membrane pellet was resuspended in Freezer
buffer ( 1 5 % (w/v) sucrose, 50 m M phosphate buffer, p H 7.0, 1 m M E D T A , 5 m M
D T T ) and stored at -80°C for later analyses.

2.4.4. Measurement of O2 consumption
Oxygen consumption by the mitochondrial electron transport chain was measured
polarographically using a Clark-type O2 electrode (Rank Bros, Cambridge, U K ) .
Samples of isolated mitochondria were incubated at 25°C in reaction medium (0.3 M
sucrose, 5 m M K H 2 P 0 4 , 10 m M NaCl, 2 m M M g S 0 4 , 0.1% (w/v) B S A , 10 m M TES,
p H 7.2) which was assumed to contain 240 /*M O2 when air-saturated. Respiration by
whole yeast cells was also measured. Cells were resuspended in 1 m L of yeast reaction
medium (50 m M glucose, 40 m M K H 2 P 0 4 , p H 7.0).

The integrity of the outer mitochondrial membrane was estimated as the percentage of
cytochrome c-dependant O2 consumption occurring before the solubilisation of the
membranes by the addition of 0.01% (v/v) Triton X-100 detergent (Neuberger et al,
1982).

UCP capacity was determined by measuring the increased rate of respiration resulting
from the addition of 20 u M linoleic acid to mitochondria in State 4 in the presence of 1
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m M N A D H and 0.2 m M n-propyl gallate. U C P activity was inhibited by the addition of
1 m M A T P and 0.5% (w/v) B S A .

2.4.5. Measurement of Q redox state
The redox poise of the Q pool was monitored using a Q electrode which measured the
redox state of Qi in solution via a glassy carbon working electrode and platinum and
Ag/AgCl2 reference electrodes (Moore et al, 1988). The open nature of this electrode
configuration meant that redox active compounds such as D T T , N A D H and quinone
analogues such as n P G and S H A M could not be used with the electrode as they caused
aberrant results. W h e n required, 02-consumption rates were progressively inhibited by
additions of increasing quantities of malonate during succinate oxidation. For each new
steady state, the value of Q R / Q T was calculated.

QT

was determined at the end of each

experiment by allowing O2 to decrease to the point that the oxidases could no longer
operate.
QR/QT

These experiments allowed the relationship between respiration rate and

value to be determined. W h e n N A D H was required as a substrate, a constant

low concentration was provided through the addition of 12.5 \iM N A D + , 1 unit glucose6-phosphate dehydrogenase and 5 m M glucose-6-phosphate.

2.4.6. Extraction of total yeast protein
Total protein was extracted from yeast cells for S D S - P A G E analysis using the
technique of Horvath and Riezman (1994). Samples of yeast cells were collected from
cultures grown as described in section 2.8.2.1 in a 1.5 m L microcentrifuge tube at
14000 g, 1 min. The cells were washed once with water and re-pelleted. A small
volume of the same culture was used to determine the protein concentration of the cells
as described in section 2.4.7. This value was used to determine the protein content of
the pellet which was then resuspended in an appropriate volume S D S - P A G E loading
buffer (Section 2.5.4), heated to 95°C for 5 min, centrifuged for 2 min at 17 000 g and a
suitable volume analysed by S D S - P A G E .

2.4.7. Protein quantification
Protein concentrations for purified mitochondria and whole yeast cells were estimated
by the method of Petersen et al (1977) which is a modification of the method of Lowry
et al (1951). 1-20 u L of a sample was diluted to 1 m L in d d H 2 0 . B S A was used as a
protein standard for comparison and a range of standards from 0-100 |ig were prepared.
Each sample and standard were mixed with 0.1 m L

of 0.15% (w/v) sodium

Chapter 2. Materials and Methods 32
deoxycholate, vortexed and incubated for 10 min at R T .

0.1 m L of 7 2 % (w/v)

trichloroacetic acid was added to each sample and standard, which were then vortexed
and incubated for 15 min at R T .

Precipitated proteins were then collected by

centrifugation at 17 000 g for 10 min. The supernatants were removed and the pellets
dried then resuspended in 0.5 m L d d H 2 0 .

0.5 m L of reagent A (0.025% (w/v)

CuS0 4 .5H 2 0, 0.05% (w/v) Na-tartrate, 2.5% (w/v) N a 2 C 0 3 , 0.2 M N a O H , 2.5% (w/v)
S D S ) was added to each sample and standard, which were vortexed and incubated at R T
for 10 min. 0.25 m L of reagent B (Folin-Ciocalteu's reagent diluted 1:6 with d d H 2 0 )
was then added to each sample and standard, which were vortexed. The colour reaction
was allowed to develop at R T for 30 min. The O D was measured at 750 nm.

2.4.8. Protein electrophoresis
2.4.8.1. S D S - P A G E
SDS-PAGE

was

performed

according

to the protocol of Laemmli

(1970).

Mitochondrial samples and molecular mass marker proteins were diluted 1:2 with 2x
loading buffer ( 4 % (w/v) S D S , 125 m M Tris-HCl, p H 6.8, 2 0 % (v/v) glycerol, 0.004%
(w/v) bromphenol blue) and heated at 95°C for 5 minutes. W h e n reducing conditions
were required, 20 to 40 m M D T T was included in the sample buffer, for oxidation of
mitochondrial proteins, samples were incubated in diamide (concentrations indicated in
the text) for 30 minutes at R T before solubilisation in sample buffer. These samples
were not heated. W h e n yeast mitochondria were treated with diamide, the protein
inhibitor cocktail, Complete™ (Roche Diagnostics, Mannheim, Germany) was included
to prevent protease activity that otherwise destroyed the sample. Insoluble material was
subsequently pelleted at 17 000 g for 2 minutes before the supernatant was loaded onto
polyacrylamide gels, prepared as follows: The separating gel ( 1 2 % (w/v) acrylamide:bis
acrylamide (29:1), 375 m M

Tris-HCl, p H 8.8, 0.1% (w/v) S D S , 0.05% (w/v)

a m m o n i u m persulfate, 0.05% (v/v) T E M E D ) was overlaid with stacking gel (0.125 m M
Tris-Cl, p H 6.8, 0.1% (w/v) S D S , 4 % acrylamide:bis acrylamide (29:1) (w/v), 0.05%
(w/v) a m m o n i u m persulfate, 0.1% (v/v) T E M E D ) .

The upper and lower buffer tanks

were filled with running buffer (196 m M glycine, 0.1% (w/v) S D S , 50 m M Tris-HCl,
p H 8.3). Large gels (Protean II, BioRad) were run at 20 mA/gel constant current.
Small gels (Hoefer miniVE Vertical Electrophoresis system, Amersham Pharmacia
Biotech) were run at 15 mA/gel constant current with a voltage limit of 200 V until the
dye front reached the end of the gel (4-5 h for large gels and 2.5 hours for small gels).
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2.4.8.2. IEF-2D-PAGE
IEF-2D-PAGE using immobilised p H gradient strips was performed according to
protocols developed by Amersham Pharmacia Biotech, based on (Bjellqvist et al, 1982;
O'Farrell, 1975) and modified according to (Millar et al, 2001). Mitochondrial samples
were suspended in 350 fiL IEF sample buffer (6 M

urea, 2 M thiourea, 2 % (w/v)

C H A P S , 2 % (w/v) IPG buffer p H 3-10NL (Amersham Pharmacia Biotech), 0.3% (w/v)
D T T , a trace of bromphenol blue).

Samples were used to rehydrate p H 3 to 10

nonlinear immobilised p H gradient strips (Immobilon Dry Strips, Amersham Pharmacia
Biotech) overnight at room temperature. The strips were then rinsed briefly with
ddH20 and blotted on damp blotting paper.

The first dimension separation was

performed by placing the strips on a flatbed electrophoresis unit (Multiphor II,
Amersham Pharmacia Biotech) at 20 °C and subjecting them to the following
conditions:
lVh, 500 V; 2500 Vh, 500 V; 10 kVh, 3500 V; 39 kVh, 3500 V. A gradient was used
to switch between voltages. Current and power were limited to 1 m A and 5

W

respectively.
The strips were removed and soaked for 1 h in IEF-SDS-PAGE transfer buffer (4 M
urea, 20 % (v/v) glycerol, 2 % (w/v) S D S , a trace of bromphenol blue, 0.375 M TrisHCl, p H 8.8, 1 0 % (v/v) p-mercaptoethanol) and then placed on top of 1 2 % (w/v)
acrylamide gels containing 33:1 acrylamide: bis acrylamide. The strips were sealed to
the tops of the second dimension gels with 0.5% (w/v) low melting temperature agarose
dissolved in running buffer (196 m M glycine, 0.1% (w/v) S D S , 50 m M Tris-HCl, p H
8.3). Second dimension gels were run as described in Section 2.4.9.1.

2.4.8.3. Diagonal PAGE
Diagonal P A G E was performed essentially as described in section 2.4.9.1, however, the
proteins were separated in two dimensions of S D S - P A G E resulting in a diagonal line of
proteins. The first dimension was run with protein samples that had been oxidised by
incubation with 100 m M diamide, reduced with 50 m M D T T or untreated. Individual
lanes were excised and soaked in 2x S D S P A G E loading buffer including reductant for
1 hour before the lanes were placed on top of the second dimension for S D S - P A G E .
These were sealed with 0.5% (w/v) low melting temperature agarose in lx running
buffer and the gel run as outlined in Section 2.4.9.1.
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2.4.9. Protein staining
Gels were stained for overnight in a colloidal coomassie solution ( 1 7 % (w/v)
a m m o n i u m sulfate, 3 4 % (v/v) methanol, 3 % (v/v) phosphoric acid (85%), 0.1% (w/v)
coomassie brilliant blue G-250) before destaining with d d H 2 0 containing 0.05%
phosphoric acid.

2.4.10. Western blotting, immunodetection and quantification
Proteins were transferred from polyacrylamide gels to Hybond C + blotting membrane
according to the method of Towbin et al (1979).

A Novoblot semi-dry blotting

apparatus (Amersham Pharmacia Biotech) was used to electrophoretically transfer the
proteins in the presence of blotting buffer (96 m M glycine, 2 0 % M e O H , 12 m M Tris p H
8.3). The transfer was performed using a constant current (0.8 m A per c m ) for 1 h.
Proteins were visualised on the membrane by staining with Ponceau staining solution
(0.2% (w/v) Ponceau S, 1 % (v/v) acetic acid) for 30 seconds.

Destaining was

performed using d d H 2 0 water. The locations of protein molecular mass standards were
marked with a soft pencil before the Ponceau was completely removed by washing with
TBS-Tween (1.5 m M NaCl, 10 m M Tris-HCl p H 7.4, 0.1% (v/v) Tween-20).
Non-specific protein binding sites on the membranes were blocked with blocking
solution (Roche) either overnight at 4°C or for 1 hour at room temperature before
incubation of the membranes with the primary antibody for 1 hour at room temperature
(see Table 2.1 for working dilutions). The membranes were washed with TBS-Tween
for 30 minutes (3 quick rinses followed by three 10 min washes). The horseradish
peroxidase-conjugated secondary antibody (anti-rabbit for polyclonal antisera or antimouse for monoclonal antibodies) was diluted 1:20 000 in TBS-Tween and the
membrane was incubated with this solution for 30 to 60 minutes. After the washing
steps were repeated, the membrane was incubated for 1 min in a chemiluminescent
substrate diluted according to the manufacturer's instructions (Roche). X-ray film was
exposed to the membrane for between 5 s and 10 min to obtain a high quality, true-size
image of the reactions occurring on the membrane.
membrane were also obtained using a L A S

Quantifiable images of the

1000 (Fuji) digital camera, which

demonstrated a wider linear range than film. The intensities of the chemiluminescent
reactions for different samples were determined using Image Gauge software version
3.0 (Fuji).
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2.5.

Protein sequencing

Gel slices containing proteins of interest were excised from colloidal coomassie-stained
Diagonal P A G E gels and frozen at -80°C until analysed. Gel slices were thawed and
incubated twice in destain solution ( 5 0 % (v/v) acetonitrile, 25 m M N H 4 H C 0 3 ) for 45
min each time. Gel slices were dried at 50°C for 20 min before being digested
overnight in trypsin digestion solution (25 m M

N H 4 H C 0 3 , 12.5 > g / m L trypsin,

0.00125% (v/v) trifluoroacetic acid) at 37°C. Protein was extracted from the gel slices
by incubation in 5 0 % (v/v) M e O H containing 0.2% (v/v) formic acid for 15 min. The
total volume of the extracted protein sample was approximately 15 p,L. Samples were
manually injected into a Q - T O F Mass Spectrometer (Pulsar Q-Star, Applied
Biosystems) using Electrospray Ionisation. Doubly charged peptides of interest were
selected and fragmented, by collision induced dissociation with N 2 gas, yielding
M S / M S data. Analysis of the resulting data was performed using BioAnalyst software
(Applied Biosystems) to determine the amino acid sequence of individual peptides
derived from identification of a, b and y ion series.

2.6. In vitro translation and import of AOX proteins into mitochondria
In vitro translation of LeAoxla, LeAoxlb

and GmAoxl

c D N A s and import of the

translation products into isolated soybean mitochondria were performed by M . Tanudji
and Dr. J. Whelan according to the method of Whelan et al (1995).

35

S-methionine-

labelled precursor proteins were produced using a coupled transcription-translation
rabbit reticulocyte lysate system ( T N T , Promega, W I , U S A ) which utilises either the T 7
or SP6 R N A polymerase as appropriate. Translation reactions were performed using 1
|ig of plasmid D N A containing LeAoxla, LeAoxlb

or GmAoxl

clones as inserts,

incubated in a 50 u,L volume for 2 h according to the manufacturer's instructions.
Soybean cotyledon mitochondria were isolated according to D a y et al (1985), see also
Section 2.4.1. The 35S-labelled precursor proteins in the post-ribosomal supernatant of
the translation kit were used for in vitro import into these mitochondria.

5 mM

succinate was used as a respiratory substrate and import was allowed to proceed at R T
for 20 min. Where necessary, valinomycin was added to the import reactions at a
concentration of 1 \JM. Reactions were then transferred to ice and where necessary,
were treated with 30 |Hg/mL proteinase K for 30 min. P M S F (2 m M ) was added to the
samples before the mitochondria were pelleted, lysed in S D S - P A G E loading buffer
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(Section

2.4.8.1) and

proteins

separated

by

SDS-PAGE

using

12%

gels.

Autoradiography was used to visualise the results of these experiments.

2.7. Molecular techniques
2.7.1. Attributes of the adaptor-ligated cDNA library
The adaptor-ligated c D N A library used in this project was constructed in the laboratory
prior to the start of this project. It was constructed using a commercial kit according to
the manufacturer's instructions (Clontech, C A , U S A ) from m R N A isolated from chilled
green tomatoes. A summary of the construction of this library is presented below.
Isolated mRNA was reverse-transcribed to form cDNA using AMV-Reverse
Transcriptase. The m R N A strand was degraded using RNase H and the second strand
of c D N A synthesised using E. coli D N A polymerase I and E. coli D N A ligase. The
c D N A molecules were blunt-ended by the action of T 4 D N A polymerase. The adaptor
molecules were ligated to the ends of the c D N A molecules using T 4 D N A ligase. The
sequences of these molecules are shown in Figure 2.1 along with a representation of an
adaptor-ligated c D N A molecule.

2.7.2. Nucleic acid isolation
2.7.2.1. Genomic D N A
Leaf material was harvested and washed in d d H 2 0 before being frozen in liquid
nitrogen. Frozen material was measured into approximately 100 m g samples before
being ground in a mortar and pestle. The powder was either used immediately for
isolation of genomic D N A or stored at -80°C until required. Genomic D N A was
isolated from the frozen powder using a commercial kit according to the manufacturer's
instructions (Wizard Genomic D N A Purification kit, Promega).

2.7.2.2. Total RNA
Tomato tissue was harvested and immediately frozen in liquid nitrogen before storage at
-80°C. W h e n required, small pieces of tissue were ground to a powder in a mortar and
pestle under liquid nitrogen. Approximately 100 m g of powder was weighed out for
isolation of total R N A into sterile 1.5 m L microcentrifuge tubes. Total R N A was
isolated using a commercial kit, according to the manufacturer's instructions (SV Total
R N A Isolation System, Promega). The isolation protocol included a DNase digestion to
decrease the amount of contaminating genomic D N A .

Chapter 2. Materials and Methods 37
2.7.3. Polymerase chain reaction
A number of different primer pairs were used to amplify regions of LeAox genes. The
general amplification conditions are given below.
95°C, 2 min; (95°C, 15 s; Annealing temperature, 15 s; 72°C 1-2 min) x 25-40 cycles;
72°C 5 min; 22°C, 6 min; Hold at 4°C.
An Eppendorf Mastercycler gradient machine was used for these reactions (Crown
Scientific). Specific primer and their annealing temperatures are presented in Table 2.2.
For R A C E reactions, a specific Aox primer was used in conjunction with the adaptor
primer from the adaptor-ligated c D N A library.

2.7.4. DNA fragment isolation and cloning
DNA

fragments generated through restriction digest or P C R amplification were

separated by electrophoresis through low melting temperature agarose gels in T A E
buffer. The gels contained approximately 0.5 |ig/mL ethidium bromide, allowing
fragments to be visualised under U V light. D N A fragments excised from the gels were
purified from the agarose using a commercial kit (Wizard P C R Preps Direct Purification
System, Promega).
Purified DNA fragments were ligated into linearised plasmid vectors possessing
compatible ends. The ligation reactions were performed in 10 \\L volumes using a
commercial buffer mix and 1 unit of T 4 D N A ligase. The ratio of insert to vector was
approximately 3:1.

Ligation reactions were incubated at 4°C overnight before

transformation into E. coli cells (see section 2.7.5).

2.7.4.1. Sub-cloning of LeAoxla 3' and 5' RACE products
The LeAoxla 3' R A C E product in p G E M - T was digested with Ncol and the 5' overhang
filled in with the Klenow fragment of D N A polymerase I. The D N A was incubated
with 2 units of Klenow fragment and 1.25 m M d N T P s at 3 7 C for 30 min. The D N A
was purified by phenol:chloroform:isoamyl alcohol (25:24:1) extraction before
digestion with Accl and gel purification of the insert (described above).
The LeAoxla 5' RACE product in pGEM-T was digested with Sail and the 5' overhang
filled in with the Klenow fragment as described above. The D N A was purified by
phenol:chloroform:isoamyl alcohol extraction and then digested with Accl. The vector
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fragment was gel purified and ligated with the 3' R A C E product insert using 4 units of
T 4 D N A ligase. The ligation reaction was incubated at 10°C overnight.

2.7.5. General bacterial growth and transformation
Transformation-competent E. coli cells ( D H 5a, D H

10B or JM109) were either

purchased commercially or prepared according to Inoue et al (1990). For preparation of
competent cells, a single colony of E. coli was inoculated into 5 m L of L B and grown
overnight at 37°C, 200 rpm. This culture was used to inoculate 250 m L S O B medium
( 2 % (w/v) bactotryptone, 0.5% (w/v) yeast extract, 10 m M NaCl, 2.5 m M KC1, 10 m M
MgCl 2 , 10 m M M g S 0 4 , p H 6.7-7.0). The culture was grown at R T , 200 rpm until
OD 6 oo = 0.6. It was then chilled on ice for 10 min before the cells were pelleted at
2500g for 10 at 4°C. Cells were resuspended in 80 m L of ice cold transformation buffer
(15 m M CaCl 2 , 250 m M KC1, 10 m M PIPES, p H 6.7, 55 m M M n C l 2 added after the p H
was adjusted) and incubated 10 min on ice. The cells were again collected by
centrifugation and resuspended in 20 m L ice cold transformation buffer. D M S O was
added to a final concentration of 7 % (v/v) and the cells were incubated 10 min on ice.
Aliquots of cells were snap-frozen in liquid nitrogen and stored at -80°C.
Transformations were performed by mixing 50-100 |iL aliquot of thawed cells with 1 to
2 u X of a ligation mix or plasmid stock in a round bottom polystyrene tube. The cells
were incubated for 15 min on ice with the D N A before incubation at 42°C for 2 min.
Commercial E. coli cells were transformed according to the manufacturer's instructions.
Transformed cells were selected by overnight growth at 37°C on LB agar (10% (w/v)
bactotryptone, 0.5% (w/v) yeast extract, 1 % (w/v) NaCl, 15 g/L agar) plates containing
125 ug/mL ampicillin. The addition of 4 umoles IPTG and 0.8 jag X-gal to the plates
permitted blue/white selection to be used to select for colonies transformed with
plasmids containing inserted D N A fragments.

2.7.6. Plasmid DNA isolation and digestion
Individual E. coli colonies were used to inoculate 2 m L L B - A m p (see above). Cultures
were grown overnight at 37°C, 200 rpm. The cells were collected from these cultures in
1.5 m L sterile microcentrifuge tubes by centrifugation at 17 000 g for 20 s. Plasmid
D N A was isolated using alkaline lysis followed by ethanol precipitation of the D N A
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using either laboratory reagents (see below) or using a commercial kit containing a
purification column (QIAprep Spin Plasmid Miniprep kit, Qiagen).
Alkaline lysis was performed by suspending the bacterial pellets in GTE (50 mM
glucose, 10 m M E D T A 25 m M Tris-Cl, p H 8). The cells were then lysed by the
addition of alkaline S D S ( 1 % (w/v) S D S , 200 m M N a O H ) with gentle mixing. The
samples were subsequently neutralised by the addition of Na-acetate, p H 4.7 to a final
concentration of 1M. Cell debris and precipitated genomic D N A were pelleted at 17000
g for 10 min at R T and the supernatant removed to a fresh tube where plasmid D N A
was ethanol precipitated and washed before the D N A pellet was dried.
Isolated plasmid DNA was digested with restriction enzymes to determine the size of
the insert contained in each clone. Restriction digest reactions containing the restriction
enzyme buffer recommended by the manufacturer, approximately 1 p.g plasmid D N A
and 1 to 2 units of the restriction enzyme were incubated at 37°C for 1.5 to 2 h before
analysis of the fragments on agarose gel as described in Section 2.5.3.

2.7.7. Plasmid DNA sequencing and sequence analysis
D N A sequencing was performed using the dideoxy terminator method of Sanger
(1977). Plasmid D N A samples purified with a commercial kit were used for sequencing.
100-250 ng of plasmid D N A was used for each sequencing reaction which was
performed using the dye terminator Ready Reaction M i x (Perkin Elmer, Perth,
Australia) and a sequence specific primer (0.8 pmoles). Sequencing was performed
under the following cycling conditions:
95°C, 30 s; 50°C, 15 s; 60°C 4 min for 30 cycles in an Eppendorf Mastercycler gradient
thermocycler (Crown Scientific).

Sequence-specific primers (see Table 2.2 and section 2.6.9) and vector-specific primers
were used:

SP6 5' ATT TAG GTG ACA CTA TAG AAT AC 3'
T7 5' TAA TAC GAC TCA CTA TAG GG 3'
After the sequencing reactions were performed, the products were purified using ethanol
precipitation to remove unincorporated dye molecules. The pellet was then resuspended
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in Template Suppression Reagent and heated at 95°C for 2 min. Sequences were
determined using a Genetic Analyser (ABI Prism Applied Bioscience, Australia).

2.7.8. RNA isolation and reverse transcriptase reactions
R N A was quantified by measuring the OD26o of a dilution of a sample in a
spectrophotometer. 1 |j,g was used for reverse transcription reactions. These were
performed using the M M L V - R T enzyme (Clontech, CA, USA). Reactions were
performed as outlined in the manufacturer's instructions (PowerScript™ Reverse
Transcriptase, Clontech).

2.7.9. Competitive RT-PCR
Primers were designed to two near-identical regions of the LeAoxla and lb cDNAs:
TOMA/C-F: 5' GYT TYA GGC CAT GGG AGA C 3'
TOM A/C-R: 5' CGA TGA GCC AAT TTT GGG G 3'

Samples of first-strand cDNA generated as described in Section 2.5.7 were u
templates for P C R amplification. Amplification was performed under the following
conditions:

95°C, 3 min; 53°C, 15 s; 72°C, 1 min; (94°C, 15 s; 53°C, 15 s; 72°C, 1 min) x
5 min; 25°C, lmin.

2.7.10. Analysis of LeAox sequences
Analysis of the LeAox sequences was performed using the G C G suite of programs
accessed

through

the

Australian

National

Genomic

Information

Service

(www.angis.su.oz.au).

The BLAST algorithm was used to search gene databases for sequence similari
through

the

National

Centre

for

Biotechnology

Information

site

(www.ncbi.nlm.nih.gov).

The TIGR tomato database was used to search for previously reported LeAox E
sequences (www.tigr.org).
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2.8.

Expression of LeAox c D N A s in heterologous systems

2.8.1. Expression in E. coli, SASX41B
E. coli S A S X 4 1 B (HfrP02A, h e m A 4 1 , metBl, relAl) cells were prepared for
transformation as outlined above (section 2.6.5). Cells were transformed with 100 ng
plasmid D N A and plated on L B Ampicillin plates at 37°C to recover transformants and
for selection of colonies to be used for membrane isolation (section 2.4.3).
Transformants were transferred to G A plates ( 1 % (w/v) NaCl, 1 % (w/v) bactotryptone,
0.1% (w/v) yeast extract, 0.3% (w/v) succinic acid, 0.3% (w/v) D-L lactate, 1.2% (w/v)
agar, 5 m M FeS04, 60 u^g/mL ampicillin, 40 {ig/mL methionine) for complementation
assays.

2.5.2. Expression in S. cerevisiae, R757
Yeast transformations were performed according to Gietz and Schiestl (1995). S.
cerevisiae R 7 5 7 ( M A T a , his 4-15, lys9, ura 3-52) cells were grown overnight at 28°C,
200 rpm in Y P A D ( 1 % (w/v) yeast extract, 2 % (w/v) bacto peptone, 2 % (w/v) Dglucose, 0.004% (w/v) adenine sulfate, 2 % (w/v), 0.004% (w/v) homocysteine
thiolactone). Cells were harvested by centrifugation at 3 000 g for 10 min then washed
with 25 m L d d H 2 0 and collected by centrifugation at 3 000 g for 10 min. The cells
were resuspended in 1 m L of 100 m M lithium acetate and the suspension transferred to
a 1.5 m L centrifuge tube. This was pelleted at 14 000 g for 15 s and the supernatant
removed. The pellet was resuspended to a final volume of 500 p L in 100 m M lithium
acetate, vortexed and aliquotted into 50 p L samples. The cells were again pelleted and
the supernatant removed. A 1 m L aliquot of single stranded carrier D N A (SS-DNA) (2
m g / m L ) was boiled for 5 min and chilled on ice. A transformation mix was prepared by
addition of the following in the stated order to the cells: 240 jal polyethylene glycol
(50% (w/v)), 36 u L 1 M lithium acetate, 25 pJL S S - D N A , 50 ul sterile d d H 2 0 and 0.110 ja,g plasmid D N A . The transformation mix was vortexed to resuspend the cells and
heated at 30°C for 30 min. Cells were then incubated at 42°C for 30 min before being
pelleted at 6 000 g for 15 s. 1 m L of sterile water was added with gentle mixing to
resuspend the cells. Cells were plated onto minimal medium (SD) agar plates (0.67%
(w/v) yeast nitrogen base^ 2 % (w/v) D-glucose, 0.002 % (w/v) each, L-tryptophan, Lhistidine, methionine, lysine and adenine, 0.003% (w/v) L-leucine, 2 % agar) to select
for transformants. Plates were incubated at 28°C until transformants were visible (up to
five days).
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Expression of the LeAox c D N A s was induced by the substitution of 2 % (w/v) galactose
for 2 % (w/v) glucose in the S D medium. Glycerol medium preventing fermentative
growth was used to assay for functional aerobic metabolism (0.67% (w/v) yeast
nitrogen base, 2 % (w/v) potassium acetate, 2 % (v/v) glycerol, 0.002% (w/v) each, Ltryptophan, L-histidine, methionine, lysine and adenine, 0.003% (w/v) L-leucine). The
addition of galactose (0.025% (w/v)) to this medium induced A O X expression in
transformed cells without supporting fermentative growth while glucose (0.025% (w/v))
was used to repress A O X expression.

2.8.2.1. Growth analysis
Growth curve analysis was performed by inoculating S D medium containing either
glucose or galactose to an OD 6 oo of 0.1 with yeast cells grown overnight in SD-glucose
medium. Cells were washed with sterile d d H 2 0 to remove glucose-containing medium
before being used to inoculate flasks containing SD-galactose or glycerol medium.
Cultures were grown at 28°C, 200 rpm. Cell growth was monitored by measurement of
OD6oo- M e a n generation times were determined by graphing the L n ODeoo against time
to visualise the logarithmic growth period. The following formula was then used to
calculate the mean generation time:
Number of generations (n) = (log O D 6 0 0 T 2 ) - (Log OD 60 oTl)/Log 2 (where Tl and T 2
are time points within the logarithmic growth period)
M e a n growth rate (k) = n/(T2-Tl)
M e a n generation time = 1/k
2.9. Statistical analyses
Results are expressed as the mean of multiple experiments (n indicated in the text) ± se.
Where indicated in the text, statistical analyses were performed using the paired or
unpaired Student's T-test as appropriate.
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Table 2.1. Working dilutions of primary antibodies and antisera used in this
study, and secondary antibodies recognising each primary antibody or antiserum.

(NB. The dilutions shown are the initial dilutions used. All primary ant
were filtered after use and re-used multiple times resulting in higher effective dilutions
over time).
Primary Ab target

,
Working dilution

Secondary Ab

AOX

1/50

Mouse

UCP

1/5 000

Rabbit

COXII

1/7 500

Rabbit

RISP

1/5 000

Rabbit

ATP synthase

1/2 500

Rabbit

1/500

Mouse

G D C H-protein

1/5 000

Rabbit

Lipoic acid

1/10 000

Rabbit

HSP60

1/2 500

Mouse

HSP70

1/2 500

rabbit

Porin

moieties
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Table 2.2. Summary of primers used in this project, a brief description of their
purpose and the annealing temperatures used for each.

Primer Name

Description

Annealing
temperature

HAOl-F 5' G A R G C N K A N A A Y G A R
M G N A U G V A Y Y U 3'

Degenerate Aox

47°C

primer (Whelan et al,
1996)

HA02-R (Whelan et al, 1996) 5' G C Y T C Y
T C Y T C N A R R T A N C C N A C 3'

Degenerate Aox

47°C

primer (Whelan et al,
1996)

HA0-F2 5' M G N T A Y G G N T G Y M G N
G C N A T G A T G 3'

Degenerate Aox

ATQ.

primer (Considine et
al, 2001)

API 5' C C A T C C T A A T A C G A C T C A
C T A T A G G G C 3'

Adaptor c D N A library Dependent on
primer (Clontech)

second
primer used

TomAO-lR 5' G G G G A A A T A A G G T A T

LeAoxla 5' R A C E

48°C

GCA GC 3'
TomAO-lF5'GATGACTTTCATGGA

LeAoxla 3' RACE

48°C

AGT TGC 3'
LeAoxlb-R 5' GGA GAT ATT GTT TTC

LeAoxlb 5' RACE

48°C

ACT TCA 3'
LeAox2-R 5' TGT GCA AGC TTG GGG

First LeAox2 3' RACE 60°C

GAC AGC 3'
LeAox2-F 5' CTG TGC TTT ACT TGC

First LeAox2 5' RACE 55°C

TGT CC 3'
LeAox2 Reverse 5' TGC CTC CTG CAA
TTT CTT TC 3'
LeAox2 Forward 5' AGG TGT ACC TGG
AAT GGT TGG 3'
LeAox2-R2 5' GGC CCA TGG CCC ATA
CCA CAC 3'

Second LeAox2 3'

60°C

RACE
Second LeAox2 5*

60°C

RACE
Third LeAox2 3'
RACE

65°C
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Primer Name

Description

Annealing
temperature

LeAox2-F2 5' T G C T G T C C C C C A A G C

Third LeAox2 5'

TTG CAC 3'

RACE

65°C

PISacI 5' GAG CTC TGG TTA AAA TTC Insertion of restriction

45°C, 2

GTC ATT GGA G 3'

sites into LeAoxlb for

cycles, 55°C,

SP6 5* ATT TAG GTG AC A CTA TAG

subcloning into

30 cycles

AAT AC 3'

p c D N A I I vector for E.
coli expression

LeAoxla BamHI 5' GGA TCC CAG ATT
Insertion of restriction
TTG ATC GG 3'

sites into LeAoxla for

LeAoxla SphI 5' GCA TGC TAC TCT

subcloning into

ACC TCT TAT CG 3'

p Y E S 3 vector for

55°C

yeast expression

EcoRI LeAoxlb.2 5' GAA TTC GAAInsertion
TAT of restriction
GCC TCG TAA TGC 3'

sites into LeAoxlb for

LeAoxlb SphI 5' GCA TGC GAT ATT

subcloning into

GTT TTC ACT TC 3'

p Y E S 3 for yeast
expression

55°C
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Marathon c D N A Synthesis Primer (52-mer):
5'-TTCTAGAATTCAGCGGCCGC(T)3 0 N-iN-3
EcoRI
Not I
N-i = G, A, or C; N = G, A, C, or T
Degenerate nucleotides anchor
primer at base of poly-A tail

Adaptor molecule:
T7 Promoter
Not I Srfl/Xma I
-CTAATACGACTCACTATAGGGCTCGAGCGGCCGCCCGGGCAGGT-3 '
1
3'-H2N-CCCGTCCA-P04-5
Adaptor Primer 1 (API; 27-mer):
5'-CCATCCTAATACGACTCACTATAGGGC-3

Adaptor
molecule

c D N A molecule

Adaptor
molecule

•*• * y*.
cDNA
synthesis
primer

Figure 2.1. Diagram showing sequences of molecules used in the construction of the
adaptor-ligated cDNA library.
The final adaptor-ligated c D N A molecule is also shown. Figure adapted from Marathon
c D N A amplification kit instruction manual (Clontech).
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3. RESPIRATORY CHANGES IN
TOMATO FRUIT DURING
RIPENING AND COLD STORAGE
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3.1. Introduction
Changes in respiration rate are a c o m m o n response by plants to a variety of stimuli.
These include both developmental stimuli such as senescence (reviewed by Solomos,
1983) and fruit ripening (Biale and Young, 1981), and environmental stimuli such as
chilling (Lawrence and Holaday, 2000), flooding (which leads to anoxia and
fermentative metabolism) and drought (Peckmann and Herppich, 1998). Studies have
tended to focus on plant species in which the respiratory response to a particular
stimulus is substantial. The mechanisms that control these responses are not fully
understood and could result from such diverse factors as changes in substrate supply to
mitochondria, in the number of mitochondria, or from changes in expression of specific
mitochondrial proteins in an existing population of organelles. There is a growing
consensus however, that most stresses eventually result in oxidative stress (eg. Halliwell
and Gutteridge, 1999).
Tomato fruit undergo a discrete developmental pattern of ripening involving a
climacteric respiratory peak which is rather modest compared with those occurring in
fruit such as banana and m a n g o (Biale and Young, 1981), Figure 1.6). In addition,
tomatoes can tolerate cold temperature storage without a major respiratory response,
although prolonged storage at 4°C can lead to chilling injury (Hobson, 1981). Thus in
this fruit, the regulation of mitochondrial respiration, through carbon supply and
uncoupling mechanisms, m a y be solely responsible for the alterations in total
respiratory activities that occur in response to these cues. Both on-vine ripening and
cold-temperature storage of fruit are important commercial factors in the management
and marketing of tomato fruit products and there are m a n y studies reporting on methods
of preventing chilling injury during such storage (eg. (Lurie and Klein, 1991).
Although A O X has previously been reported to be involved in the climacteric of various
fruits (Kumar et al, 1990; K u m a r and Sinha, 1992; Cruz-Hernandez and Gomez-Lim,
1995), at the time of this study, there were no reports on the regulation of expression of
U C P during fruit ripening.
The results presented in this chapter explore how changes in mitochondrial properties
and proteins are coordinated in response to ripening and chilling. The implications of
these results are discussed with respect to the role of respiration in response to these
stimuli.
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3.2.

Results

3.2.1. Tomato respiration during ripening
Tomatoes display a climacteric respiratory pattern during ripening (Tucker, 1993). I
had previously measured the climacteric respiration in tomato fruit during the fourth
year of m y undergraduate degree and these results are presented in Figure 3.1 A ,
confirming the minor climacteric typically recorded for tomato fruit. The ripening
stages recognised during both this and the earlier studies are presented in Figure 3.1C.
Respiratory climacterics are often reported as increased C O 2 evolution and m a y indicate
increased T C A cycle activity or be due to increased activities of other C02-evolving
enzymes such as cytosolic N A D P - M E (Goodenough et al, 1985). Another possible
means of regulating the respiratory climacteric in ripening fruit is through altered
mitochondrial function. Increased mitochondrial numbers, increased capacity of the
existing mitochondria or greater respiratory activity due to increased substrate supply,
could determine the climacteric activity.
To investigate whether changes in mitochondrial function support the climacteric, the
respiratory capacity was measured in organelles isolated from mature green,ripening(a
mixture of breaker, green/orange and orange fruits), and red fruit. Respiratory capacity
was measured as state 3 ( + A D P ) rates in the presence of saturating levels of the
substrates succinate and N A D H , to maximise electron transport rates. Example traces
from green, ripening and red samples are shown in Figures 3.2A, B and C.

Mean

results are presented in Table 3.1. State 3 rates did not vary significantly during the
total ripening period and even decreased slightly at the "ripening" transition stage,
suggesting that increased mitochondrial capacity per se was not the cause of the
climacteric. T h e capacity of C O X was measured by the cytochrome c latency assay
(Neuburger, 1985) (Figure 3.2D). C O X capacities in the "ripening" fruit were generally
lower than those measured for other ripening stages. There m a y have been some
contaminating substance co-purifying with mitochondria from these stages that caused
an inhibition of cytochrome oxidase.
AOX capacity, on the other hand, increased 4-fold throughout the ripening process,
peaking in red fruit after the climacteric. This increase in A O X capacity was also
reflected in the decreasing respiratory control ratio ( R C R ) of isolated mitochondria
during ripening, which could be largely recovered by inhibition of A O X by n P G (Table
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3.1). Outer m e m b r a n e integrity of the mitochondria, determined by the cytochrome c
oxidase latency assay (Neuburger, 1985), remained high throughout ripening.

3.2.2. Tomato respiration during chilling
Infra-red gas analysis was used to measure the respiratory activity of mature green
tomato fruit before and after storage at 4°C for 1 week. T h e period of 1 week was
selected because of an induction study performed during m y undergraduate degree,
which indicated that this period was necessary to induce relatively large amounts of
A O X protein (Figure 3.3A). Chilling of other ripening stages was also investigated but
induction was most dramatic for green fruit. There was only a minor increase in overall
respiration in response to chilling, similar to that occurring during the climacteric (Fig
3.IB).
Mitochondria were isolated from chilled green tomato tissues for comparison with the
properties measured in mature green tomato fruit mitochondria. Table 3.1 shows the
mitochondrial respiratory capacities after chilling of mature green tomato fruit for 7
days. There wa s no increase in state 3 respiration rates as a result of this treatment of
the whole fruit. However, there was a 10-fold increase in the A O X capacity of these
mitochondria, which was accompanied by a 6 0 % decrease in the respiratory control
ratio, despite maintenance of outer membrane integrity. Inhibition of A O X in these
mitochondria resulted in a doubling of the R C R value but did not return it to the high
value recorded for other fruit samples (Figure 3.3B and Table 3.1). This could be an
indication of greater U C P capacity in these mitochondria as the mitochondria used for
these experiments were not depleted of free fatty acids during isolation (see section
3.2.3.2). C O X capacity also increased slightly during the chilling process.
These results show that tomato fruit undergo minor changes in respiratory activity in
response to both chilling and ripening, which are not supported by an increase in
optimised mitochondrial state 3 rates. A O X capacity dramatically increased in response
to both stimuli suggesting that regulation of uncoupled respiration m a y play a role in the
response of tomato fruit to both chilling and ripening.

3.2.3. Abundance of mitochondrial proteins during ripening and chilling
Immunoblotting was used to quantify the relative abundance of mitochondrial proteins
in samples from three major developmental stages of tomato fruit. Mitochondria from
immature green fruit (close to full-size but with seeds that were not fully developed)
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were included to allow comparisons to be m a d e with an actively growing tissue.
Comparisons were also m a d e with mitochondria isolated from chilled green fruit.
Results from a single set of mitochondrial samples are presented in Figures 3.4 and 3.5.
Similar trends were obtained with a duplicate set of mitochondrial samples.
The first group of proteins examined (Figures 3.4A and 3.5A) are located in the inner
mitochondrial membrane and are involved with electron transport, A T P synthesis or the
uncoupling of these processes. A monoclonal antibody raised against A O X crossreacted with a single 33 k D a protein in untreated fruit. This is a similar size to that
reported by Almeida et al (1999) in tomato mitochondria. A n additional 32 k D a protein
was detected in chilled fruit. A single 32 k D a protein cross-reacted with the U C P
antiserum. This also is a similar size to the U C P identified by Jezek et al (1997) and
Almeida et al (1999). Cytochrome oxidase subunit II (COXII) was identified as a 33
k D a protein while the a and (3 subunits of the FiFo A T P synthase were found to be
approximately 51 and 54 kDa. The Reiske iron sulphur protein (RISP) was detected as
a single 25 k D a protein.
The second group of proteins examined (Figures 3.4B and 3.5B) are involved in carbon
metabolism and are located within the mitochondrial matrix. A polyclonal antiserum
reacting with lipoic acid residues was used to monitor the abundance of three proteins
associated with carbon metabolism. This antiserum has been shown to cross-react with
lipoic acid residues attached to the dihydrolipoamide acyltransferase (E2) subunits of
the 2-oxoglutarate dehydrogenase complex ( O G D C ) and pyruvate dehydrogenase
complex ( P D C ) and the H-protein of glycine decarboxylase ( G D C ) from other plant and
mammalian species (Millar and Leaver, 2000; Humphries and Szweda, 1998). The
antiserum reacted with 78, 54, 46, 17 and 16 k D a proteins in tomato. A polyclonal
antiserum to the H-protein of G D C also detected a single protein of approximately 17
kDa. The identification of the O G D C and P D C subunits was based on size comparison
with cross-reacting proteins in the related species, potato (Millar and Leaver, 2000).
The sizes of the potato proteins closely matched those detected in tomato.
Antibodies and antisera against two chaperonins were also employed (Figures 3.4C and
3.5C). H S P 7 0 antiserum reacted most strongly with a 70 k D a protein while antibodies
against H S P 6 0 cross-reacted with a 65 k D a protein. T w o 32-34 k D a proteins were
detected by an antibody raised against the outer membrane protein porin (Figures 3.4D
and 3.5D).
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Protein abundance in Figures 3.4 and 3.5 is expressed as a percentage of the sample
with the highest amount of each protein. The results presented in the figures are
reproductions of immunoreactions recorded on film, which were sometimes close to
saturation. The quantification was performed independently by measuring the intensity
of the same reactions using a lumi-imager (see Materials and Methods), which had a
greater linear range before saturation.

Values for each subunit/isoform of A T P

synthase, A O X , P D C and G D C were combined to give one value for each enzyme.
W h e n studying changes in the abundance of individual proteins, there is the potential
problem that changes in total protein abundance in the mitochondrial samples will affect
the relative abundance of individual proteins. This could lead to apparent alterations in
expression patterns when no changes were actually occurring in the mitochondria.
Porin represents an outer membrane marker that is not expected to be limiting or indeed
even linked to the respiratory capacity of mitochondria. In this context porin content is
a helpful control against which changes in membrane-associated enzyme abundance
m a y be compared. It can be seen in Figure 3.4 that porin levels increased by less than
2 5 % during ripening. The chaperonin H S P 7 0 was also relatively stable with levels
changing by only 1 5 % .

3.2.3.1. Changes in protein abundance during ripening
The amount of both A O X and H S P 6 0 increased substantially duringripening,peaking
in the mitochondria from red fruit (Figure 3.4A and C). U C P was present at significant
levels in the immature fruit before declining in the mature and ripening stages.
However, the level of U C P was highest in the ripe fruit. O f these three proteins, A O X
increased by far the most dramatically and A O X respiratory capacities measured in
these samples followed the same trend (Table 3.1).
The abundance of the a and (3 subunits of ATP synthase, RISP and PDC- and GDClipoic acid conjugates was highest in immature green fruit mitochondria and decreased
during ripening (Figure 3.4A and B). A T P synthase and RISP declined by 5 0 % over
this period while P D C declined to 2 0 - 3 0 % of the level initially measured. GDC-lipoic
acid conjugates were virtually undetectable in samples from red fruit but were
prominent in green fruit mitochondria. A similar trend was also seen with an antibody
raised against the H-protein of G D C , demonstrating a correlation between the amounts
of the H-protein of G D C and GDC-lipoic acid conjugates (Figure 3.4B). However, the
decrease in the relative amount of the H-protein was less dramatic than that of the lipoic
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acid conjugates attached to the H-protein. C O X I I and O G D C , like U C P , did not show
simple trends in abundance during ripening. Levels in the red samples were at least
8 0 % of those found in the immature samples although lower levels were often seen in
theripeningsample (Figure 3.4A and B ) .

3.2.3.2. Changes in protein abundance after chilling
Storage of fruit at 4°C had a very different effect on mitochondrial protein levels. A s
Figure 3.5 demonstrates, six of the mitochondrial proteins studied by immunoblot
showed increased abundance. The combined amount of the 33 and 32 k D a A O X
proteins increased dramatically from undetectable levels to become 15-fold more
abundant than that detected in red fruit mitochondria (Figure 3.5A).

Cultivar

differences m a y explain the absence of the 32 k D a A O X protein in Figure 3.3A as this
experiment utilised tomatoes of the Sweetie cultivar while these latter experiments were
performed with the Moneymaker cultivar. A T P synthase, P D C , COXII, U C P and G D C
increased by between 1.4 and 2-fold compared with the unchilled control (Figure 3.5A
and B ) .
The respiratory capacity of AOX in the mitochondrial samples used for the experiment
presented here paralleled the increased abundance of the corresponding proteins, with
activity increasing from 13 to 133 nmoles min"1 mg" 1 protein. Clearly, from the mean
data presented in Table 3.1, other mitochondrial samples showed even larger increases
in A O X capacity. Similarly, the capacity of C O X increased from 500 to 922 nmoles
min"1 mg" 1 protein for these mitochondria. In order to determine if the U C P capacity
was also likely to increase in line with the measured increase in protein abundance,
U C P capacity was measured as linoleic acid-stimulated respiration that was sensitive to
A T P and B S A , in mitochondria from both chilled and unchilled mature green tomato
fruit. These samples were chosen because mitochondria isolated from both types of
fruit possessed high membrane integrity and the changes in U C P abundance were
greatest between these tissues. There was an approximately 2 to 3-fold increase in the
U C P capacity as measured by this assay (Table 3.2), showing that U C P capacity is
correlated with protein abundance.
OGDC was the only protein that decreased substantially in abundance (Figure 3.5B),
while the amounts of H S P 6 0 , RISP, porin and H S P 7 0 altered by 1 0 % or less in response
to the chilling treatment (Figure 3.5A, C and D ) . It was apparent from these results that
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although neither ripening nor chilling caused gross changes in the respiratory capacity
of mitochondria, there were significant changes in the abundance of specific proteins.

3.3. Discussion
3.3.1. Respiratory responses to ripening and chilling
The experiments presented in this chapter demonstrate that mitochondrial capacity does
not increase in parallel with the climacteric increase in respiratory activity. Instead,
there was a general trend from a metabolically active tissue in which mitochondria
contained m a x i m u m levels of carbon metabolism enzymes, E T C and A T P synthesis
components, to one in which mitochondrial uncoupling mechanisms were becoming
predominant and the proteins involved with carbon metabolism and A T P synthesis were
declining. In contrast to the general downward trends in protein abundance that were
seen during ripening, the response of tomato fruit to chilling was characterised by
increasing levels of a majority of the proteins studied. The possibility of an increase in
mitochondrial numbers during ripening cannot be ruled out. However, the increase in
respiration is so slight during the climacteric in tomato (Figures 1.6 and 3.1) that it is
likely that changes in substrate supply and in the regulation of electron transport (eg, by
modest uncoupling), would be sufficient to explain this effect. This result is supported
by the data of Millerd et al (1953) that demonstrate that the respiratory capacity of
mitochondria from pre-climacteric avocado was equal to the capacity of those isolated
during the climacteric.
Although the overall respiratory capacity of mitochondria isolated from tomato fruit at
different stages of ripeness did not alter significantly during ripening, the decreasing
R C R , combined with increasing A O X and U C P abundance, indicate that the nature of
electron transport is changing during ripening (Table 3.1 and Figure 3.4A). Decreased
coupling of electron transport to A T P synthesis will result in respiratory rates that are
controlled to a greater extent by substrate supply rather than cellular energy demand.
This m a y allow the reported turnover of carbon stores from starch to sugar and
alteration in organic acid ratios (Hobson and Grierson, 1993) to occur in the absence of
a high energy demand and explain h o w respiratory activity m a y increase without
increases in mitochondrial capacity.
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3.3.2. Coordination of AOX

and UCP expression

The expression of U C P and A O X did not appear to be tightly coordinated. Although
both demonstrated an overall increase in abundance in response toripeningand chilling
(Figures 3.4A and 3.5A), U C P was significantly abundant in all stages of fruit that were
investigated, even in the immature fruit in which A O X protein was not readily
detectable on immunoblots (Figure 3.4A). The fact that A O X activity was measured in
mitochondria isolated from mature green fruit indicates low levels of A O X in this tissue
too (Table 3.1). Judging by protein levels, however, the relative amounts of U C P and
A O X reverse during ripening, with U C P predominant in developing fruit and A O X
predominant in ripe and chilled fruit. The increase in A O X and U C P capacity and
protein abundance measured here was in direct contrast with the results of Almeida et al
(1999) w h o reported declining U C P and A O X protein abundance and capacities during
ripening. A major difference between their study and the results presented here, is their
use of tomatoes that were ripening off the vine. This points to significant differences in
the metabolism of tomatoes ripening on and off the vine. Another difference between
the two studies was an apparent increase in the density of the mitochondria as the fruit
ripened off the vine, where w e found decreased density (Holtzapffel et al, 1998).
The plant UCPs show less homology to the classical animal UCP1 than to the other
animal isoforms, U C P 2, 3 and 4 (Ricquier and Bouillaud, 2000).

A s outlined in

Chapter 1, the function of these proteins has not been precisely determined.

It is

important, therefore, that the assay for U C P capacity used here (and elsewhere in the
literature (Almeida et al, 1999) was positively correlated with the amount of U C P
protein and the degree of uncoupling that was induced by linoleic acid and inhibited by
A T P / B S A . Further work needs to be performed in this area to demonstrate a definite
link between the plant U C P and the uncoupling activity present in mitochondria. The
inability of n P G to restore high R C R values in chilled green tomato fruit m a y in part be
the result of increased free fatty acids in these mitochondria, leading to increased U C P
activity, although this was not confirmed here.
It was interesting to note that the peaks in AOX and UCP abundance occurred after the
climacteric peak, with U C P levels actually decreasing slightly during this period of
ripening (Figure 3.7). Although a relatively large increase in A O X activity and protein
abundance was measured between the green and ripening stages, these increases
continued until the fruit were fully ripe. This pattern has also been reported by
Considine et al (2001) during m a n g o ripening. Although A O X levels and capacity
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increase during ripening (Table 3.1), the R C R values indicate that respiration always
remains partially coupled to A T P synthesis. Coupling was also demonstrated with
mitochondria from ripening avocado fruit (Wiskich et al, 1964). This suggests that
ripening is an active process requiring some A T P but that the rate of A T P synthesis m a y
decline during ripening. Chalmers and R o w a n (1971) reported that A T P levels peaked
shortly after the climacteric in tomato and subsequently declined, this is in accord with
our results. The increased abundance of A O X and U C P in fully ripe fruit could assist in
turnover of organic acids without complications caused by excess A T P formation or
over-reduction of the electron transport chain. Presumably, the respiratory burst is
driven by mobilisation of substrate reserves. A O X capacity and protein abundance also
increase dramatically during the early stages of soybean cotyledon senescence (McCabe
et al, 1998), suggesting a specific role for this enzyme in senescing plant tissues. This
role m a y include protection from R O S as membrane systems begin to break d o w n
during senescence.

3.3.3. Responses of other proteins to ripening
The increase in H S P 6 0 that occurred during ripening (Figure 3.4C) might be an
indication of increased protein instability as the fruit approaches senescence, requiring
increased chaperonin content in the mitochondria. In this context, the increases in
A O X , U C P , C O X I I and RISP that are seen in the final stages of ripening are also
interesting, as these proteins are all involved in oxidising the Q-pool. Perhaps by
increasing the abundance of such proteins, the plant can avoid problems associated with
a highly reduced Q-pool.
One protein that decreased substantially in abundance during ripening was the H-protein
of G D C . During ripening a change in plastid form from chloroplasts to chromoplasts
occurs (Harris and Spurr, 1969) and the loss of chlorophyll accompanying this leads to a
loss of photosynthetic capacity (Piechulla et al, 1987). It was not surprising, therefore,
to find a similar decrease in G D C abundance, given the important role that G D C plays
in photosynthetic carbon metabolism (Douce and Neuburger, 1999). Comparison of the
results for the H-protein antibody with those for the antibody detecting lipoic acid
moieties attached to the H-protein indicates that the lipoic acid moieties decrease more
rapidly during ripening than the H-protein itself (Figure 3.4B). This perhaps indicates
the presence of lipid peroxidation products in ripening fruit, which have been shown to
modify these lipoic acid moieties such that the antibody no longer recognises them
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(Humphries and Szweda, 1998; Millar and Leaver, 2000). The enzymes to which these
lipoic acid moieties are attached are no longer active (Humphries and Szweda, 1998;
Millar and Leaver, 2000) and so m a y be subsequently degraded.
PDC and GDC subunits containing unmodified lipoic acid moieties declined in
abundance during ripening and O G D C subunits were also generally lower in abundance
in the ripening and red stages than in the immature and mature green stages. This is in
accord with the results of Goodenough et al. (1985) and Jeffery et al. (1984) w h o
reported a 6 0 % decline in the specific activities of some mitochondrial enzymes (malate
dehydrogenase, citrate synthase, NAD-linked isocitrate dehydrogenase and NAD-malic
enzyme) in breaker stage tomatoes when compared with mature green tomatoes. They
also reported a simultaneous increase in the concentration of cytosolic N A D P - M E and
suggested that the C O 2 released during operation of this enzyme could contribute
significantly to the climacteric (which is often reported as a peak in C O 2 evolution).

3.3.4. Responses to chilling
The response of tomato fruit to chilling was similar to ripening at the level of whole
fruit respiratory activity and mitochondrial capacity (Figure 3.IB and Table 3.1). In
contrast, the levels of some mitochondrial proteins varied substantially between the two
treatments. The increases in A O X , U C P and C O X I I were of a greater magnitude than
seen during ripening. Such increases in response to chilling have previously been
reported in the literature for both A O X and U C P (Purvis and Shewfelt, 1993; Fleury et
al, Ito et al, 1997; 1997; Ito, 1999; Watanabe et al, 1999; Ribas-Carbo et al, 2000). A n
additional A O X protein band was also evident in the chilled samples suggesting the
presence of a cold-inducible isoform of A O X in tomato. The other protein abundance
trends noted during chilling tended to contrast with those occurring in response to
ripening. For example, RISP, H S P 6 0 , H S P 7 0 and porin remained more stable in
abundance than they had during ripening indicating perhaps that general mitochondrial
functions were maintained during this period.

P D C and G D C levels increased

somewhat as a result of chilling. The increase in the abundance of G D C was equal to
that seen for U C P .

It should be emphasised once more that the antibody used to

monitor P D C , O G D C and G D C protein levels only reacts with unmodified lipoic acid
residues attached to the dihydrolipoamide acyltransferase proteins of these complexes.
The fact that levels of these proteins appeared to be maintained or only slightly
decreased is further indication that high levels of unrepaired oxidative damage were not
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being sustained by these mitochondria during chilling.

Together with the results

presented in Table 3.1, these results indicate that mitochondrial integrity and function is
maintained during chilling of tomato fruit.

3.3.5. Conclusion
These data suggest major differences in the response of tomato fruit to developmental
and environmental cues. This is not surprising as ripening is a developmental process
that can only proceed in one direction, towards senescence, while chilling is a stress that
tomato fruit need to survive and recover from ifripeningand seed dispersal are to occur.
O f all the proteins examined in this part of the project, A O X showed the most dramatic
response to both ripening and cold storage. This confirmed that this system would be
an interesting one in which to attempt to address some of the outstanding questions
relating to the regulation of this enzyme. A s an initial step in this process, nucleotide
sequence data were obtained. These experiments are described in Chapter 4.
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Table 3.1. Respiratory characteristics of mitochondria isolated from tomato fruit.
Mitochondria were incubated in reaction medium (see Material and Methods) in the
presence of 50 p M A T P , 5 m M succinate, and 1 m M N A D H . State 3 was measured
after the addition of between 5 and 25 m M A D P . A O X capacity was measured after
additions of 0.5 p M myxothiazol, 2.5 m M pyruvate and 2.5 m M D T T . State 3 rates and
A O X and C O X capacities are expressed as nmoles O2. min"1 mg"1 protein. Respiratory
control ratios (RCR) are the ratio of state 3 (+ADP) to state 4 (-ADP) rates. Values are
the mean of 7 or 8 mitochondrial isolations ± se, except for the values for R C R + nPG
which are means of 3 to 5 measurements ± se.

Ripening

State 3

AOX

COX

RCR

RCR

stage

capacity

capacity

capacity

- nPG

+ nPG

3.6 ±0.5

3.5 ±0.2

Integrity

(nmoles O2. min"1 mg"1 protein)
Green

431 ± 3 5

30 ± 5

594 ±104

Ripening 249 ±62 79 ±22 462 ±79 2.3 ±0.2 4.2 ±0.2 96 ±1%
Red 393 ±34 123 ±27 751 ± 105 2.1 ±0.1 3.4 ±0.3 91 ±3%
Chilled green 366 ±63 303 ± 83 710 ±92 1.2 ±0.1 1.8 ±0.2 93 ±2%

97 ± 1 %
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Table 3.2.

Capacity of U C P

in mature green and chilled green tomato

mitochondria. U C P capacity was measured as the LA-stimulated state 4 rate that was
sensitive to A T P and B S A . Mitochondria were isolated from mature green tomato fruit
and chilled green tomato fruit, in the presence of high B S A concentrations ( 1 % (w/v)
BSA).

Measurements were made in reaction medium without B S A .

The reaction

medium contained 200 p M n-propyl gallate and 1 m M N A D H ; additions of 20 u M
linoleic acid (LA), 1 m M A T P and 0.2% (w/v) B S A were made as required. T w o or
three measurements were made in each of 3 independent mitochondrial isolations from
each type of tomato sample. Results are presented as nmoles 02.min"1.mg"1protein and
are means ± se.

Mature green tomato

Chilled green tomato

mitochondria

Mitochondria

(nmoles 02.min"1.mg"1protein)
State 4
+ LA 54 ± 9 88 ± 17
+ ATP/BSA 47 ± 8 64 ± 13
Inhibition 8 ± 1 24 ± 6

45 ± 7

59 ± 10
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Figure 3.1. Respiration rates of whole tomato fruit at selected stages of ripening and
after chilling.
Respiration w a s measured as C O 2 evolution by Infra-red gas analysis. A. Respiration
rates for ripeningfruit.Results are the average offivemeasurements m a d e with different
fruit samples for each ripening stage. B. Respiration rates in chilled fruit. Fruit were
stored at 4°C for 1 week before measurements were m a d e at 25 °C. Results are the average
of measurements m a d e for two individualfruits.Respiration rates are shown in comparison
to the data for mature green fruit from A. C. A n illustration of the ripening stages
recognised for this study. Thefruitshown are from the cultivar, Sweetie. The stages
shown from left to right are, mature green, breaker, green/orange, orange, orange/red and
red.
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Figure 3.2. Typical 02~electrode traces for mitochondria isolated from green, ripening
and red fruit.
Isolated mitochondria were suspended in reaction medium and the following additions
made, 50 p M A T P , 5 m M succinate (succ), 1 m M N A D H , 5-25 p M A D P , 0.5 p M
myxothiazol (myxo), 2.5 m M pyruvate (pyr), 2.5 m M dithiothreitol (DTT). Traces are
shown for mitochondria from mature green fruit (A),ripeningfruit (B) and red fruit (C).
A n example trace demonstrating the cytochrome c latency assay is presented in D.
Additions were, 2.5 m M ascorbate (Asc), 20 p M cytochrome c (cyt c), 0.05% (v/v) Triton
X-100 (TX100),
0.5 m M K C N . Numbers indicate the rate of 02-consumption in nmoles.
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min."•11mg_iprotein

Chapter 3. Respiratory changes in tomato fruit

63

A
Days at 4°C

0

1

2

3

4

5
•

6
.

p^'
•

Relative
protein
abundance

0

0

0

0

9

84

100

Figure 3.3. Induction of A O X protein during storage at 4°C.
A. Tomato fruit were harvested at the mature green stage and stored at 4°C in the dark.
Samples were taken daily for mitochondrial isolation. 40 pg mitochondrial protein samples
were separated by S D S - P A G E and transferred to nitrocellulose membrane. Immunodetection
of A O X proteins was performed. Results of the chemiluminescent reactions were recorded
using X-ray film. Results were quantified using Image Gauge software v 3.0 (Fuji). The
numbers above the image indicate the number of days of storage at 4°C. The numbers
below, the abundance of A O X protein, expressed relative to the amount present after 6
days. Figure reproduced from Holtzapffel (1997). B. Representative trace showing R C R
values ± n P G for mitochondria isolated from chilled green tomatofruit.Numbers below
the graph are respiration rates in nmoles 02-min- 1 .mg- 1 protein, or R C R values. R C R
values are the ratio of the State 3 to State 4 rates.
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Figure 3.4. Abundance of mitochondrial proteins during tomato ripening.
20 pg samples of mitochondrial protein isolated from immature green (I), mature green
(M), ripening (Ri) or ripe (Red) tomatoes were separated by S D S - P A G E and transferred
to nitrocellulose membrane. A, inner mitochondrial membrane proteins; B, carbon
metabolism proteins; C, chaperonins; D, outer membrane marker, porin. Proteins were
detected using specific antibodies and antisera (see Materials and Methods) combined
with a chemiluminescence detection system. Results shown were recorded using X-ray
film and a luminescent imager (LAS 1000, Fuji). Numbers on the right of the main panel
indicate approximate M W in kDa. Numbers beneath the panels indicate relative intensity
of each reaction as measured using Image Gauge software v 3.0 (Fuji). The samples
having the highest level of expression for each antibody are expressed as 100 with other
samples shown as a percentage of that intensity. The result for the G D C H-protein antibody
is presented alongside the results showing the lipoic acid residues attached to the same
protein.
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Figure 3.5. Abundance of mitochondrial proteins during chilling of mature green
fruit.
20 p g samples of mitochondrial protein isolated from mature green ( M ) and chilled (C)
tomatoes were separated by S D S - P A G E and transferred to nitrocellulose membrane. A ,
inner mitochondrial membrane proteins; B, carbon metabolism proteins; C, chaperonins;
D, outer membrane marker, porin. Proteins were detected using specific antibodies and
antisera (see Materials and Methods) combined with a chemiluminescence detection
system. Results shown were recorded using X-ray film and a luminescent imager (LAS
1000, Fuji). Numbers on the right of the panel indicate approximate M W in kDa. Numbers
beneath the panels indicate relative intensity of each reaction as measured using Image
Gauge software. Thefresh,unchilled control samples in the chilling study are expressed
as 100 with other samples shown as a percentage of that intensity.
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Figure 3.6. Representative trace demonstrating the U C P capacity assay.
A typical result for mitochondria from fresh green tomato fruit is presented. Mitochondria
were isolated in the presence of 1 % B S A to remove free fatty acids, washed once in BSAfree wash buffer, then incubated in BSA-free reaction medium. The following additions
were made, 200 p M nPG, I m M N A D H , 20 p M linoleic acid (LA), 1 m M A T P and 0.2%
(w/v) B S A , 2 p M FCCP, 0.5 u M myxothiazol (myxo). The state 4 rate was standardised
to 100 nmoles.min-i.mg-1 protein. Other rates are expressed relative to this rate.
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Figure 3.7. Comparison of the climateric peak in respiration and the peaks in A O X
and UCP protein levels.
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•, AOX abundance. Protein abundance is expressed relative to the amount present in red
fruit of each protein. Data redrawn from Figures 3.1 and 3.4.
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4. CLONING OF THE Aox
MULTIGENE FAMILY FROM
LYCOPERSICON ESCULENTUM
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4.1.

Introduction

The results presented in Chapter 3 indicated that at least two A O X proteins were
expressed in response to the chilling of green tomato fruit. This suggested that an A O X
multigene family exists in tomato. The cloning of entire gene families is an important
step in the study of protein expression. It is relatively simple to distinguish between
transcripts of each isoform through Northern analysis and P C R . The identification of
the active products of gene isoforms is, however, less straightforward. For this reason
much of the data on A O X isoform expression has arisen from experiments performed at
the m R N A level (Finnegan et al, 1997; Ito et al, 1997; Saisho et al, 1997; M c C a b e et al,
1998). In this chapter the existence of a multigene family for Z > A O X is examined in
more detail.
In the majority of plant species in which AOX has been studied, the enzyme is encoded
by multigene families containing up to 4 members (Whelan et al, 1996; Ito et al, 1997;
Saisho et al, 1997). However, the total number of family members is only known with
certainty for Arabidopsis, where the entire genome has been sequenced. The multigene
family of soybean (Glycine max L.) was the first identified (Whelan et al, 1996) and is
perhaps the best studied. Members of this family show differential expression during
development (McCabe et al, 1998; Millar et al, 1998) and stress treatments (Tanudji et
al, 1999) Djajanegara, 2002) as well as tissue-dependant expression patterns and unique
responses to light (Finnegan et al, 1997). Aox gene families in other plants also exhibit
differential expression in response to various treatments (Ito et al, 1997; Saisho et al,
1997) making this an ideal system for studying the mitochondrial signal transduction
pathways which respond to environmental cues in plants.
A number of strategies have been used to identify and clone Aox sequences. The first
identification of an Aox gene occurred after the development of polyclonal and
monoclonal antibodies against the purified A O X proteins of Sauromatum guttatum
(Elthon and Mcintosh, 1987; Elthon et al, 1989). These antibodies were used to screen
a S. guttatum c D N A library, which resulted in the isolation of a full-length Aox c D N A
(Rhoads and Mcintosh, 1991). The identification of the S. guttatum Aox sequence
allowed this to be used as a probe to isolate a G. max Aox sequence (Whelan et al,
1993).

In addition, a c D N A was isolated by differential hybridisation between

Antimycin A-induced and non-induced m R N A from the yeast Hansenula

anomala

(Sakajo et al, 1991). K u m a r and Soil (1992) also isolated a partial c D N A encoding an
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Arabidopsis thaliana A O X while attempting to complement a haeme deficient E. coli
mutant.
Eventually, the number of Aox sequences published was great enough to allow Whelan
et al (1996) to design degenerate primers to regions with highly conserved amino acid
sequences. This led to the amplification of two novel Aox sequences from soybean
through a P C R based approach. This approach has assisted in the cloning of Aox
sequences from a wide range of species (eg. Cruz-Hernandez and Gomez-Lim, 1995;
Chaudhuri and Hill, 1996; Ito et al, 1997; Saisho et al, 1997; Yukioka et al, 1998; H u h
and Kang, 1999; Considine et al, 2001). Comparison of a large number of the deduced
A O X amino acid sequences n o w published has allowed modelling of the proposed
structure of the enzyme (Moore et al, 1995; Siedow et al, 1995; Andersson and
Nordlund, 1999; Berthold and Nordlund, 2000). Highly conserved residues have also
been identified which are likely to be involved in the function and regulation of the
enzyme.

Random

and site-directed mutagenesis strategies have extended our

knowledge of the role of some key residues in the structure and function of the A O X
enzyme (Albury et al, 1998; Berthold, 1998; Rhoads et al, 1998; Vanlerberghe et al,
1998; Djajanegara et al, 1999; Albury et al, 2002).
The aim of this part of my project was to clone Aox cDNAs from tomato in order to
continue the study of the regulation of A O X expression in ripening and chilling
described in Chapter 3. This work continued m y undergraduate Honours project, which
resulted in the isolation of a partial genomic D N A clone of one L. esculentum Aox gene
from a commercial c D N A library and amplification of a short region of three others
from genomic D N A . In the current work, these sequences were used to design primers
for use in 5' and 3' R A C E reactions to amplify the complete c D N A s . In addition,
degenerate primers designed by Whelan et al (1996) and Considine et al (2001) were
used in attempts to amplify novel LeAox sequences. In total, two complete and two
partial LeAox sequences were amplified from a chilled green tomato fruit c D N A library
and tomato genomic D N A .

4.2. Results
4.2.1. Cloning of two full-length LeAox

cDNAs

At the beginning of this project, partial sequences of the LeAoxla, b and LeAox2 genes
existed (Figure 4.1) (Holtzapffel, 1997). These consisted of 175 bp fragments amplified
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from genomic D N A using the Aox-specific degenerate P C R primers developed by
Whelan et al (1996). Gene designations were assigned according to similarity with preexisting Aox gene sequences. In this project, gene specific primers for the LeAoxla and
LeAox2 sequences were designed for use in 3' and 5' R A C E reactions using an adaptorligated c D N A library of total R N A isolated from chilled green tomato fruit (see
Materials and Methods). For LeAoxla, products of the anticipated size (approximately
520 and 900 bp) were amplified in the 3' and 5' R A C E reactions, respectively (Figure
4.2). N o products were amplified in the LeAox2 reactions (result not shown).
A partial genomic DNA clone of LeAoxlb also existed at the beginning of this project.
It had been isolated during a colony screen of a commercial tomato fruit c D N A library
using the 175 bp genomic fragments as probes (Holtzapffel and Wilson, unpublished
result). The LeAoxlb insert was 875 bp long and included 549 bp of coding sequence at
the 3' end of Aox coding region, including the S T O P codon. It also contained two
introns and the 3' downstream region of the gene. This 3' downstream region of the
gene was used to design a primer for 5' R A C E , which had as its 3' end, the S T O P codon
present in the genomic fragment. This allowed the amplification of the entire coding
region of the LeAoxlb c D N A from the adaptor-ligated library. A s expected, the 5'
R A C E reaction amplified a single product of approximately 1000 bp (Figure 4.2).
The LeAoxla and b PCR products were cloned and sequenced. Comparison of the
sequences to the entries in the N C B I Genbank database indicated high levels of
similarity to previously published Aox coding regions. Sequencing of the inserts was
performed in both directions using vector- and sequence-specific primers to ensure
complete coverage. The sequences are presented in Figures 4.3 and 4.4. A unique Accl
restriction site in the originally amplified 175 bp region of the LeAoxla sequence was
utilised to subclone the two overlapping R A C E products into a single plasmid, thus
generating the full-length LeAoxla c D N A (Figure 4.3). M a p s of plasmids containing
each c D N A are presented in Figures 4.5 and 4.6.

4.2.2. Attempts to clone a full-length LeAox2 cDNA and identification ofLeAoxlc
Attempts to clone a full-length c D N A for LeAox2 from the chilled green tomato c D N A
library using the original R A C E primers were unsuccessful. A n additional Aox-specific
degenerate forward primer designed by Considine et al (2001) was paired with the
reverse degenerate primer of Whelan et al (1996) to amplify a 310 bp region from all of
the LeAox genes from genomic D N A . This resulted in amplification of a fragment of
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LeAox2 that overlapped ESTs 268259 and 400973 from the T I G R database isolated
from tomato carpel and root tissues respectively. These E S T s cover the 3' end of the
LeAox2 c D N A (Figure 4.7A).

The combined sequences were used to design four

further R A C E primers that were again unsuccessful in amplifying a full-length LeAox2
c D N A from the adaptor-ligated library. This m a y have been an indication that there
were no full-length LeAox2 transcripts present in the library. However, the R A C E
primers could be used in conjunction with one another to amplify specific products from
the adaptor ligated c D N A library. Sequencing of these products confirmed that it was
LeAox2 fragments that were being amplified. These products m a y have been amplified
from low levels of genomic D N A contaminating the library or some other form of
contaminating sequence that was missing the adaptors and thus was unable to be
amplified during R A C E reactions.
Use of the second pair of degenerate primers (amplifying a 310 bp region from all Aox
genes) also revealed the presence of a novel LeAox gene, LeAoxlc. Only a single clone
representing this sequence was found when genomic D N A was used as a template and
no copies were recovered from P C R products amplified from c D N A .

The partial

sequence of this gene is presented in Figure 4.7B.

4.2.3. Comparison ofLeAOX sequences to other known AOX sequences
A dendrogram was compiled using the Clustree algorithm (Thompson et al, 1994) to
reveal the relationships between A O X sequences isolated from 22 eukaryotic species
(Figure 4.8A). A m i n o acids encoded in a 310 bp region c o m m o n to all the sequences
were used for this comparison (Figure 4.8B). The sequences chosen came from both
plant and non-plant species and the analysis confirmed that the non-plant sequences are
significantly divergent from the plant sequences. It was also apparent that the

LeAOX2

protein sequence associates with the type II group of A O X enzymes and that the other
three LeAOX

proteins associate with the type I group, confirming the initial designation

of these genes. Within the type I group of enzymes, there appeared to be clusters based
on

taxonomic

divisions.

Hence

species of the classes Eudicotyledon

and

Monocotyledon formed separate clusters within the larger type I group of A O X
sequences. The dicots could be further separated into species from the orders Asteridae
and Rosidae. A single exception to this pattern was the PtAoxlb sequence.

The

Populus genus is a m e m b e r of the Rosidae order, but one of its A O X sequences clusters
with the Asteridae sequences.

This clustering then, m a y not in fact reflect the
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relatedness of the species but rather be due to differences in the sequences, similar to
those that distinguish type I from type II. Isolation of Aox genes from a larger number
of species will clarify this point in the future. Similarly, the L e A O X 2 protein is the only
m e m b e r of the Asteridae order found in the type II group.

The non-plant A O X

sequences also formed groups based on taxonomy. The naming of these non-plant
sequences includes A O X 1 and A O X 2 for some species. This nomenclature does not
indicate homology with the type I and II groups recognised for the plant enzymes.
Alignment of the deduced amino acid sequences of the two full-length LeAox cDNAs
with ten other plant A O X sequences demonstrated the high degree of identity that exists
for A O X across a wide range of species including both monocots and dicots. The
highly conserved C-terminus of the enzyme has a number of residues that are
completely conserved across this range of species suggesting important roles for these
residues in the function of the enzyme. Residues conserved in more than 5 0 % of the
sequences are highlighted in Figure 4.9.

These include residues suggested to be

involved in binding of quinone (Berthold, 1998); the stabilisation of the di-iron centre
(Siedow et al, 1995; Andersson and Nordlund, 1999; Berthold et al, 2000); and residues
suggested to have a role in the regulation of enzyme activity (see Chapter 5).
Interestingly, it was noted that LeAoxlb

contains a Ser residue in the place of an

otherwise highly conserved Cys residue at position 91 in the L e A O X l b sequence
(Position 135 in Figure 4.9). This substitution is not unique among plant A O X
sequences, as it is also found in the rice O s A O X l b enzyme. T o confirm that this
substitution was not a PCR-induced error, nor a cultivar specific allele, a 618 bp region
surrounding this residue was amplified from two different cultivars of tomato (Sweetie
and Moneymaker) in a number of independent reactions. In all cases, the fragments
were found to encode the Cys/Ser substitution. In further confirmation, the tomato
EST261982 also encodes the substitution. Figure 4.10 shows an alignment of 312 bp of
sequence surrounding the Cys/Ser substitution amplified from both tomato cultivars,
Sweetie and Moneymaker, indicating the conserved nature of the substitution between
these two cultivars.

4.2.4. Relative expression of LeAoxla and lb in tomato tissues
The high, but not absolute, degree of nucleotide identity between LeAoxla and lb
sequences allowed a competitive R T - P C R strategy to be designed to examine the
relative abundance of each transcript in a given tissue. The other two c D N A s cloned in
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this study were not sufficiently similar to allow this type of analysis to be performed.
This experiment was performed to determine if the Ser91-containing LeAoxlb

was

expressed alone in any tissue so that its activity and regulatory properties could be
determined. The strategy is summarised in Figure 4.11 A. P C R primers were designed
to two regions of the sequences that were close to identical. These were used to
simultaneously amplify a 421 bp region of c D N A from both transcripts. This product
was then digested using restriction enzymes with recognition sites unique to each
c D N A , thus generating different digestion profiles that could be separated and
visualised through agarose gel electrophoresis. Examination of c D N A samples made
from flower, green, red and chilled green fruit indicated that LeAoxla transcripts were
present in all tissues tested while LeAoxlb transcripts were only readily detectable in
samples from chilled green fruit (Figure 4.1 IB). Transcripts of neither Aox gene were
detectable in leaf c D N A samples (result not shown).

4.2.5. Comparison of LeAox sequences with the tomato EST database
The T I G R gene database was searched for LeAox sequences to determine if all known
sequences had been amplified in this study and whether the available data confirmed the
observation that only LeAoxla and lb are expressed in tomato fruit. This search
revealed more than 30 ESTs for tomato Aox genes. The results of this search are
presented in Table 4.1. Where a number of these E S T s overlap, The Institute for
Genomic Research (TIGR) has combined them into "tentative consensus" sequences. A
search of this database revealed two tentative consensus sequences for tomato A O X ,
T C 9 4 1 5 2 and TC88264. T C 9 4 1 5 2 encodes LeAoxla and consists of 13 E S T sequences
isolated from a wide range of tomato tissues including fruit (developing, ripening and
ripe), seed, root, flower buds and callus and 16 ESTs isolated from pollen of the wild
tomato species L. pennelii. The second tentative consensus sequence, T C 8 8 2 6 4 consists
of two E S T s both isolated from tomato root tissue. This sequence is identical to
LeAoxlc where it overlaps with the LeAoxlc fragment cloned in this project.
There are also four singleton ESTs in the TIGR database, which were not able to be
aligned with the two tentative consensus sequences.

These are: EST268259 and

EST400973 both of which contain overlaps with the partial LeAox2 sequence cloned
here and were isolated from carpel and root libraries respectively; and EST261982 and
EST248494 isolated from leaf tissue and encoding portions of LeAoxlb. EST248494 is
in fact a fragment of genomic D N A or unprocessed m R N A ; it contains 86 bp of exon
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sequence followed by 255 bp of intron sequence that begins at an intron/exon boundary
conserved in GmAoxl

and SgAox.

There were no novel sequences in the databases,

suggesting that there are only the four LeAox

genes identified here, differentially

expressed throughout the plant.

4.3. Discussion
A summary of the results of this chapter is presented in Table 4.2, indicating the length
of sequence identified, the tissue(s) in which its transcripts were detected through the
R T - P C R experiments and the tissues from which E S T s were reported in the T I G R
tomato database.
The results of this study clearly demonstrated that a multigene family encodes AOX in
tomato and this was confirmed by database searches. Comparison of the four tomato
A O X sequences with other published sequences demonstrated that they could be
classified as either type I or type II based on sequence similarity. It has yet to be
determined whether these different types of A O X enzymes have altered characteristics
such as O 2 affinity, substrate affinity or sensitivity to organic acid activators. However,
it has been shown that there is differential expression of these two types in other plant
species, with reports suggesting that some of the type I A O X enzymes are expressed in
response to stress (Saisho et al, 1997; Tanudji et al, 1999; Djajanegara, 2000) whilst the
A O X II-type enzymes are under more developmental control (Cruz-Hernandez and
Gomez-Lim, 1995; Finnegan et al, 1997). In addition it appears, from reference to the
dendrogram presented in Figure 4.6, that type II enzymes are only present in dicot
species, as none has been reported in monocot species to date.
The adaptor-ligated cDNA library used in this project was made from chilled, green
tomato fruit, the tissue that had the greatest abundance of A O X protein (Chapter 3).
This strategy was used to ensure that Aox transcripts were represented at a significant
level in the library, and proved to be a vital consideration for the isolation of the fulllength LeAoxla and lb c D N A s . I had previously examined a commercial library made
from ripening tomato fruit, but had been unable to isolate full-length Aox c D N A s by
traditional plaque-screen or using a PCR-based approach (Holtzapffel, 1997). Despite
the increased abundance of Aox sequences in the adaptor-ligated library, the ability to
amplify Aox c D N A s was still limited by their abundance in the chilled green tomato
fruit used to m a k e the library. It proved relatively straightforward to amplify two LeAox
c D N A s from the library, but amplification of the two others proved impossible in the
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time available. The difficulty associated with amplifying both LeAoxlc and LeAox2
sequences from the library suggests that they m a y not be expressed at detectable levels
in chilled tomato fruit. If expression of these genes occurs, it m a y be confined to
specific cell types that are of low abundance in the pericarp tissue that was used to m a k e
this library. The fact that there are only two A O X protein bands detected with the antiA O X antibody (Chapter 3) is a further indication that there m a y only be two Aox genes
expressed abundantly in tomato fruit. This aspect of the project is investigated further
in Chapter 6.
As noted in Chapter 3, AOX protein in tomato fruit becomes more abundant in response
to chilling stress and during ripening. Investigation of relative transcript abundance
using competitive R T - P C R indicated that LeAoxla transcripts were present in all tissue
types examined (except leaf) while LeAoxlb transcripts were only readily detected in
chilled tomato fruit (Figure 4.1 IB). A competitive R T - P C R approach was chosen in
preference to Northern analysis as this technique has the advantages of distinguishing
the relative amounts of a number of transcripts within a tissue and a greater degree of
sensitivity.

In contrast, Northern analysis is more useful for determining relative

abundance of a single transcript between tissue samples. The results presented in
Figure 4.1 IB suggest that of the two genes investigated here, LeAoxla is predominantly
expressed throughout the plant. This is in agreement with the results from searches of
the gene databases in which the majority of E S T sequences correspond to this isoform
(Table 4.1). A n interesting point arising from the analysis of the E S T data was that
LeAoxlb E S T s were only reported in leaf tissue despite the failure to amplify LeAoxlb
transcripts from leaf tissue in the R T - P C R experiments performed for this study. This
m a y be explained by age differences between the leaf samples used for this study,
which were older than 4 weeks, contrasting with the 4-week old leaves from which the
E S T s were isolated. A s stated earlier (section 4.2.5) EST248494, reported to be isolated
from leaf tissue is either genomic contamination or an unprocessed transcript. This
suggests that LeAoxlb

transcripts m a y not be highly abundant in this tissue if

contaminants, which could be expected to be at a low level, were isolated.
Only preliminary analysis of gene expression was performed for this study, as the
primary aim was to clone c D N A s in order to facilitate investigations into the regulation
of the A O X protein. Cloning of the genes was an important step in this process. There
is m u c h scope n o w to do more detailed expression analysis concentrating on other
tissues apart from tomato fruit and perhaps testing the effect of other stresses on the
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expression of LeAoxlb

which has been shown in this study to be stress-induced.

LeAoxla appeared to respond to both ripening and chilling.
The discovery that LeAoxlb encodes a protein containing a Ser instead of the highly
conserved Cysi residue in the N-terminal half of the protein (Figure 4.9) was of
particular interest because the function of this Cys residue has been the subject of m u c h
study recently. Analysis of the activity of a similarly mutated G. max A O X protein is
presented in Chapter 5. It was also of great interest to determine if the L e A O X l b
isoform was expressed and active in vivo and these experiments form the basis of
Chapter 6.
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Table 4.1. LeAox E S T s located in T I G R tomato gene database.
LeAox designation is based on identity with the sequences cloned in this project.
Authors submitting the data to Genbank or T I G R specified the tissue source.
LeAox designation

E S T number (from T I G R
database)

Tissue source

LeAoxla

EST252043

tomato callus tissue

EST278523

tomato callus tissue

EST328534

tomato germinating seed

EST319636

tomato root, etiolated radicle

EST361219

tomato root, plant at preanthesis

EST340034

tomato flower buds, anthesis

EST478903

wild tomato pollen

EST480809

wild tomato pollen

EST477234

wild tomato pollen

EST480101

wild tomato pollen

EST480256

wild tomato pollen

EST478846

wild tomato pollen

EST476754

wild tomato pollen

EST476481

wild tomato pollen

EST481557

wild tomato pollen

EST481312

wild tomato pollen

EST477983

wild tomato pollen

EST478699

wild tomato pollen

EST481225

wild tomato pollen

EST477740

wild tomato pollen

EST413539

tomato developing/immature
green fruit

EST407527

tomato breaker fruit

EST404880

tomato breaker fruit
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EST399842

LeAoxlb

LeAoxlc

LeAox2

tomato breaker fruit

EST407583

tomato breaker fruit

EST299472

tomato red ripe fruit

EST285366

tomato mixed elicitor

EST261982

leaf, 4 week old

EST248494

leaf, 4 week old

EST313564

tomato root, plant at preanthesis

EST361195

tomato root, plant at preanthesis

EST268259

tomato carpel tissue, 5 days
pre-anthesis to 5 days postanthesis

EST400973

tomato root, plant at preanthesis
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Table 4.2. A s u m m a r y of results obtained during this study.

Data show the lengths of sequence known for each LeAox cDNA, the expression data
determined during this study and the expression data reported in the T I G R tomato E S T
database. N D , expression analysis not done.
LeAox Known sequence Tissue expression TIGR EST tissue
designation

length (bp)

expression

LeAoxla 1418 flower, green fruit, callus, seed, root, flower
red fruit and chilled,

buds, developing fruit,

green fruit

breaker fruit, red fruit,
whole plant (exposed to
mixed elicitors)

LeAoxlb 1040 chilled green fruit 4-week old leaf
LeAoxlc 1001 ND root
LeAoxl

261

ND

carpel, root
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1

LeAoxla
LeAoxlb
LeAox2
51 100
LeAoxla
LeAoxlb
LeAox2
101 150
LeAoxla
LeAoxlb
LeAox2

50
• ATGACTT TCATGGAAGT TGCAAAGCCA
GCYTCYTCYT CNARRTANCC WACATGACAT TTATGGAAGT ATCAAAACCA
ATGACTA TGGTGGAGCT AGTACAACCT
AATGTATACG AACGTGCTCT GGTTTTCGCA GTGCAAGGCG TCTTCTTCAA
AAATGGTACG AACGTGCATT AGTCTTTGCA GTTCAAGGCG TATTTGTCAA
AAATGGTACG AGAGGTTGTT AGTTATTGCT GTGCAGGGAG TCTTTTTCAA
CGCTTACTTT GCTGCATACC TTATTTCCCC AAAATTGGCT CATCGTATC
TGCCTATTTC ATTGCCTATT TAGCGTCCCC AAAATTGGCT CATCGAATTA
TTTTTACTCT GTGCTTTACT TGCTGTCCCC CAAGCTTGCA CACAGAGTT^
151

LeAoxla
LeAoxlb
LeAox2

175

RRTBCATNCK YTCRTTNTMN GCYTC
~~"""—~^—"~—""""""—""

Figure 4.1. LeAox fragments exisiting at the beginning of the project.
175 bp fragments of LeAox la, lb and 2 had been previously amplified from tomato
genomic D N A using degenerate primers (see Materials and Methods). The unique 126
bp sequences between those primers are presented in plain text. These sequences were
used to design primers for 3' and 5' R A C E experiments. The degenerate primer sequences
are in italics with arrows above and below showing the direction of amplification.
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1000
900

—

Figure 4.2.

5' a n d 3' R A C E

500

products of LeAoxla

and lb

cDNAs.

R A C E reactions were performed using gene specific primers and an adaptor primer (API)
to amplify LeAoxla and lb sequences from an adaptor-ligated c D N A library made from
transcripts isolated from chilled green tomato fruit. Amplified products were purified from
the gel, cloned and sequenced. M , Molecular weight marker (0.5 pg X D N A cut with
Avail); Lane 1, 5' R A C E product amplified using LMox/a-specific reverse primer; Lane
2, 3' R A C E reaction product amplified using LeAoxl a-specific forward primer; Lane 3,
5' R A C E reaction product amplified using LeAoxl ^-specific reverse primer. Numbers on
the left refer to the molecular weight of the marker fragments, in bp. Numbers to the right
indicate the approximate molecuar weights of the amplified products, in bp.
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1
TAA
61 TTT I ATGATGACCCGTGGAGCAACAAG 12 0
M M T R G A T R
121 GATGACACGAGTTGTCATGGGTCATATGGGTCCACGTTACTTTTCAACTACAGTTCTGCG 180
M T R V V M G H M G P R Y F S T T V L R
181 AAATAATCCCGGGACCGGAGTTGTTGGTGGAGTCGCTGCCGGACTTTTGCATGGTCTTCC 24 0
N N P G T G V V G G V A A G L L H G L P
241 GGCGAATCCATCGGAGAAAGTGGCAGTAACGTGGGTTAGGCATTTTTCGGCTATGGGTTC 3 00
A N P S E K V A V T W V R H F S A M G S
3 01 ACGGAGCGCTAGTACTGCGGCATTGAATGATAAGCAACAAGAGAAGGAAAGTAGTGACAA 3 60
R S A S T A A L N D K Q Q E K E S S D K
3 61 AAAAGTGGAGAACACCGCCACCGCCACCGCCGCTGTAAACGGTGGTGTTGGTAAATCTGT 42 0
K V E N T A T A T A A V N G G V G K S V
421 GGTGAGTTATTGGGGGGTTCCTCCTTCAAAGGCTACTAAACCAGATGGTACTGAATGGAA 48 0
V S Y W G V P P S K A T K P D G T E W K
481 ATGGAATTGTTTTAGGCCATGGGAGACTTATGAAGCTGATATGTCGATAGATTTGACGAA 540
W N C F R P W E T Y E A D M S I D L T K
541 ACACCATGCGCCTGTAACGTTTTTGGATAAATTTGCTTATTGGACTGTTAAGATCCTTCG 600
H H A P V T F L D K F A Y W T V K I L R
601 TTTCCCCACTGATGTATTTTTTCAGAGGAGATATGGTTGCAGAGCAATGATGTTAGAGAC 6 60
F P T D V F F Q R R Y G C R A M M L E T
661 AGTGGCGGCGGTGCCTGGAATGGTGGGAGGTATGTTGTTGCATTGTAAGTCATTGAGGCG 7 2 0
V A A V P G M V G G M L L H C K S L R R
7 21

781

A T T C G A A C A G A G T G G T G G A T G G A T C A A A G C T C T G T T A G A A G A A G C T G A A A A C G A G A G B H I 7 80
F E Q S G G W I K A L L E E A E N E R M

EBsmmsma^ms

itiVMmwiLtrsiiLtrammmiitrsiimitrsiaaimuKmAAAGC.c.AAA'iGTATACOAArrtTnr-TrTnoTTTT 84 0
H L M T F M E V A K P N V Y E R A L V F

841 CGCAGTGCAAGGCGTCTTCTTCAACGCTTACTTTSBB8SSC^B8SB^CSB3BSSSAAAATT 9 00
A V Q G V F F N A Y F A A Y L I S P K L
9 01 GGCTCATCGTATCGTCGGATATTTGGAAGAAGAGGCTGTACATTCGTACACCGAGTTCCT 960
A H R I V G Y L E E E A V H S Y T E F

L

9 61 CAAGGAATTGGACAATGGTAACATTGAGAACGTTCCTGCTCCCGCTATTGCTATTGATTA 102 0
K E L D N G N I E N V P A P A I A I D

Y

1021 CTGGCGACTGCCTAAGGATGCCACTCTCCGCGATGTTGTCTTGGTTGTTCGGGCTGATGA 1080
W R L P K D A T L R D V V L V V R A D

E

1081 GGCTCATCATCGCGATGTCAACCACTATGCATCTGACATTCATTACCAAGGACAACAGCTG 114 0
A H H R D V N H Y A S D I H Y Q G Q Q

L

1141 AAGGACTCACCAGCACCACTTGGGTATCACTAA AAGATAT 12 00
K D S P A P L G Y H *
12 01 CTTATCAAGCTAAAAGTCCGTCACTATTTTGTTCCTTTTTTTGAACTGGTAATAGAGAAT 12 60
1261
AGTAGGTATTACTAATCTCGAATGTTGA 1 ]
ATATTTTTGTGTGGATTTGGTTC 1320

1321
1381

-'AAA

TATATA 13 80
1418

Figure 4.3. Nucleotide and deduced amino acid sequence of the LeAoxla cDNA.

Numbers refer to nucleotide positions relative to the beginning of the cDNA s
An inframe STOP codon preceding the initiating Methionine is in bold. Coding regions
are in black, non-coding regions in grey. The black boxes outline the sequence to which
the 3' R A C E primer was designed. The grey box outlines the sequence to which the 5'
R A C E primer was designed. The Accl restriction site used to combine the two R A C E
products is boxed in red.
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TTATTTTGTTAAATTTCAATCATTTGAATATGAATCGTAATGCAGCAATGAAAATATCTG
M N R N A A M K I
S

60

61 GATTACTTATGAGACAATTACGGGGCGAATTTTTGCCCCGTGGAGGCATGGTACAAATTC 12 0
G L L M R Q L R G E F L P R G G M V Q I
121 GTCATTGGAGTAATATGAATACTTCTAGTAAAACAAAAGAAGAACAAAAAACACATAATC 180
R H W S N M N T S S K T K E E Q K T H N
181 AACCATCACACACTGATGCAACCAACGCCGCCGGCGACAAGGCTAAGAAAATTGTTAGCT 2 40
Q P S H T D A T N A A G D K A K K I V S
2 41 ATTGGGGGGTGGATCCTCCCAAAATCTCCAAGGAAGATGGTACACCATGGAAGTGGAACA 3 00
Y W G V D P P K I S K E D G T P W K W N
3 01 GCTTCAGGCCATGGGAGACGTACTCAGCTGATATTTCAATTGATGTGGAGAAGCACCATA 3 60
S F R P W E T Y S A D I S I D V E K H H
3 61 TGCCTACCAATTTTATGGACAAGTTTGCTTATTGGACAGTCCAATCTTTAAAGTACCCCA 420
M P T N F M D K F A Y W T V Q S L K Y P
421 CCTACTTGTTTTTCCAGAGACGTCACATGTGTCATGCTATGTTACTAGAAACGGTTGCAG 480
T Y L F F Q R R H M C H A M L L E T V A
481 CCGTGCCAGGCATGGTAGGTGGTATGCTCCTCCACTGTAAATCCCTCCGTCGATTCGAGC 540
A V P G M V G G M L L H C K S L R R F E
541 ACAGTGGTGGTTGGATCAAAGCCCTCCTCGAAGAAGCAGAGAACGAACGGATGCATCTCA 600
H S G G W I K A L L E E A E N E R M H L
601 TGACCTTTATCGAATTATCAAATCCGAAATGGTACGAACGTGCATTAGTCTTTGCAGTTC 6 60
M T F I E L S N P K W Y E R A L V F A V
6 61 AAGGCGTATTTGTCAATGCCTATTTCATTGCCTATTTAGCGTCCCCAAAATTGGCTCATC 72 0
Q G V F V N A Y F I A Y L A S P K L A H
721 GAATTGTTGGTTACTTAGAAGAAGAAGCAGTAAATTCGTATACAGAGTTTTTGATCGATA 7 80
R I V G Y L E E E A V N S Y T E F L I D
7 81 TAGAAAAGGGACTTTTCGAGAACTCGCCTGCACCGGCTATTGCTATTGATTATTGGCGTT 840
I E K G L F E N S P A P A I A I D Y W R
841 TGCCGGCCGATGCAACGCTAAAAGATGTTGTTACTGTTATTAGGGCCGATGAGGCACATC 9 00
L P A D A T L K D V V T V I R A D E A H
9 01 ATCGGGACCTAAATCACTTTGCTTCGGATATACAGTGTCAAGGGCATGAGTTGAAGGGCT 9 60
H R D L N H F A S D I Q C Q G H E L K G
9 61

ACCCTGCCCCAATTGGATATCATlTGAAGTGAAAACi
Y P A P I G Y H

1040

Figure 4.4. Nucleotide and deduced amino acid sequence of the LeAoxlb c D N A .
Numbers refer to nucleotide positions relative to the beginning of the c D N A sequence.
Coding regions are in black, non-coding regions in grey. The black box outlines the
sequence to which the 5' R A C E primer was designed.
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Figure 4.5. M a p s of p G E M - T plasmids containing the 3' and 5' R A C E products and
the full-length LeAoxla c D N A .
R A C E products were purified from agarose gels and ligated into the T-tailed vector p G E M T as described in Materials and Methods. Plasmids containing inserts were sequenced to
determine the identity of the insert D N A . M a p s show the orientation of the LeAoxla
sequences inserted into the multiple cloning site. A. M a p of the plasmid containing the
3' R A C E product for LeAoxla. The Ncol and Accl sites used for sub-cloning are in bold
type. B. M a p of the plasmid containing the 5' R A C E product for LeAoxla. The Sail and
Accl sites used for sub-cloning are in bold type. C. M a p of LeAoxla plasmid, 2.9.98.2.
This was generated through digestion of the plasmids containing the 3' R A C E product
with Accl and Ncol (blunt-ended); and the 5' R A C E product with Accl and Sail (blunt
ended). Ligation of the resulting molecules resulted in a single plasmid containing the
full-length LeAoxla c D N A . Met, initiating methionine; STOP, termination codon.
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Figure 4.6. M a p of the p G E M - t plasmid containing the 5' R A C E product of LeAoxlb.
M a p of the LeAoxlb plasmid, 12.1.98.23. The insert in this plasmid is the full-length
LeAoxlb coding region amplified by a 5' R A C E reaction. Met, initiating methionine;
S T O R termination codon.
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1 TTGGAAACAGTGGCAGGTGTACCTGGAATGGTTGGAGGTATGCTGTTACATCTGAGGTCA
L E T V A G V P G M V G G M L L H L R S

60

61 TTGCGCAAGTTCGAGCACAGTGGTGGTTGGATAAAAGCATTACTTGAAGAAGCTGAGAAT 12 0
L R K F E H S G G W I K A L L E E A E N
121 GAGAGAATGCATCTGATGACTATGGTGGAGCTAGTACAACCTAAATGGTACGAGAGGTTG 18 0
E R M H L M T M V E L V Q P K W Y E R L
c
b
•
181 TTAGT'fATTGCTGTGCAGGGAGTCTTTTTCAATTTTTACTCTGTGCTTTACTTGCTGTCC
240
L V I A V Q G V F F N F Y S V L
Y L^.L S

•

M

241 CCCAAGCTTGCACACAGAGTTGTTGGTTATCTGGAAGAGGAGGCTATACACTCTTATACA
A H R V V G Y L E E E A I H S Y T
P K L

3 00

d
3 01 TTGTATCTTAATGATATTGATCGTGGTGAAATTGAAAATGTTCCTGCTCCTGCAATAGCA
3 60
L
Y L N D I D R G E I E N V P A P A I A
3 61 ATTGACTACTGGAGACTGCCTAAGGATGCAACTCTAAAGGATGTTATTACTGTCATCCGT 42 0
I D Y W R L P K D A T L K D V I T V I R
421 GCTGATGAAGCTCATCATAGAGATGTTAACCATTTCGCATCTGATATCCATTATCAAGGA 480
G^_
A D E A H H R D V N H F A S D I H Y Q
481 AAGAAATTGCAGGAGGCAGCTGCTCCTATTGGTTACCATTAAATCTTCATATTATTCTGC 540
K X L 2 E A A A P J G Y H *
e
f
541 TTrarATAGCTTCTTTTTTTTTTTGTGTGTGTA^a^aTOrGTGTGrGTGTGrjMSBSgBa
600
:TT
660
601 JBaSCfiUBfiaaP^VrCCAAATAAGGACiAGTCT
661
721

VT
:A

'CT/AAATACTT C C A A
AAGTGCM

ICA.TTCGATTGACTACRGGTCCTTT'..
H A A A A A I . -:•".":•.•

781

MT

841
901

•:
:t :

-CCAAA*TT-TTTGGAA.ArGGGTTTT-TTTT'[

961

-'•: TCCrGGTTTTAATTAACACTCGGCAAACTTTCC

AC

-•-.; "'I':.- 7 2 0
AGAACA< :AAAA:- 780

X'CCTG

ICGGGG.AA; 840

"T: .- •..-.:•..
r-r A T T A T T : 7 T A A A A :
900
;TTTI I C A A A A C A A A A G G G C C T T G A A T T C C ^ :;; ;G ; JTT : AT'I FTC :A -.-_-. 960

:

1001

B
1

TTGGAAACCGTGGCGGCAGTCCCCGGTATGGTAGGAGGAATGTTATTACACTGTAAATCT
L E T V A A V P G M V G G M L L H C K S

60

61 TTAAGGCGATTCGAGCACAGTGGTGGATGGATCAAAGCACTATTAGAAGAAGCAGAAAAT 120
L R R F E H S G G W I K A L L E E A E N
121 GAAAGAATGCACTTAATGACATTTATGGAAGTATCAAAACCAAAATGGTACGAACGTGGA 180
E R M H L M T F M E V S K P K W Y E R G
181 CTTGTCTTAATGGTACAAGGCATATTCTTCAATGTCTATTTTATGACTTATATTTTGTCA 240
L V L M V Q G I F F N V Y F M T Y I L S
241 CCAAAATTGGCACATCGAATT 2 61
P K L A H R I

Figure 4.7. Nucleotide and deduced amino acid sequence of LeAoxl and LeAoxlc
fragments.
A. LeAox2 consensus sequence consisting of P C R products amplified from a chilled green
tomato adaptor-ligated c D N A library and ESTs 268259 and 400973. The sequences
amplified using various primer pairs are presented in black. The region of overlap between
the P C R products and the ESTs is italicised. The sequence in grey is derived solely from
EST268259. The arrows indicate the sequences to which primers were designed. Forward
primers are shown above the nucleotide sequence to which they correspond, reverse
primers, below. Primer identities: a, LeAox2 Forward; b, LeAox2-F; c, LeAox2-F2; d,
L e A o x 2 - R ; e, L e A o x 2 Reverse; f, L e A o x 2 - R 2 , see text for details.
B. LeAoxlc P C R product amplified from tomato genomic D N A using degenerate primers.
For both sequences, numbers refer to nucleotide positions relative to the start of the known
sequence.

Figure 4.8. Dendrogram of selected published A O X sequences
A. Deduced amino acid sequences from a number of published A O X sequences were
used to make a dendrogram showing relationships between a highly conserved region
from all the sequences. Groups are colour coded according to taxonomic classifications.
Purple, sub-phylum Saccheromycotina; Orange, sub-phylum Pezizomycotina; Light green,
Phylum Chlorophyta; Black, Sub Kingdom, Euglenozoa; Dark green, Order Rosidae; Blue,
Order Asteridae; Red, Class Monocotyledon. The plant species are divided into two groups,
labelled Type I and Type II. The Clustree algorithm (Thompson et al, 1997) was used to
generate the dendrogram. Sequences used were: Arabidopsis thaliana A O X la,lb and 2
(D87875 and AB003176), Aspergillus niger A O X (AB046619), Candida albicans A O X
1 and 2 (AF031229 and AF116872), Catharanthus roseus A O X (AB055060),
Chlamydomonas reinhardtii A O X 1 and 2 (AF314254 and AF314255), Emericella nidulans
A O X (AB039832), Glycine max AOX 1,2 and 3 (AF083880, U87906, U87907), Mangifera
indica A O X lb and 2 (AF329896 and AF329899), Monilinia fruticola A O X (AF420306),
Neurospora crassa A O X (L46869), Nicotiana tabacum A O X (S71335), Oryza sativa A O X
la, b and c (AB004864, AB004865 and AB074004), Pichia anomala A O X (D00741),
Podospora anserina A O X (AF321004), Populus tremula x Populus tremuloides A O X la
andb (AJ251511 andAJ271889), Sauromatum guttatum A O X (Z15117), Triticum aestivum
A O X (AF174004), Trypanosoma brucei A O X (AB070617), Venturia inaequalis A O X
(AF363785), Vigna unguiculata A O X (AJ319899), Zea mays A O X (AF040566).
B. The 87 amino acid region of L e A O X l a which is equivalent to the region taken from
all the species and used in generating the dendrogram. Numbers refer to the amino acid
positions relative to the initiating Met residue in the L e A O X l a sequence.
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Chapter 4. Cloning of Aox multigene family

151 AAACAAAAGAAGAACAAAAAACACATAATCAACCATCACACACTGATGCA 2 00
AAACAAAAGAAGAACAAAAAACACATAATCAACCATCACACACTGATGCA
2 01 ACCAACGCCGCCGGCGACAAGGCTAAGAAAATTGTTAGCTATTGGGGGGT 2 5 0
ACCAACGCCGCCGGCGACAAGGCTAAGAAAATTGTTAGCTATTGGGGGGT
2 51 GGATCCTCCCAAAATCTCCAAGGAAGATGGTACACCATGGAAGTGGAAGg 3 00
GGATCCTCCCAAAATCTCCAAGGAAGATGGTACACCATGGAAGTGGAAcS
3 01 SSTTCAGGCCATGGGAGACGTACTCAGCTGATaTTTcAATTGATGTGGAG 3 50
HSTTCAGGCCATGGGAGACGTACTCAGCTGATATTTCAATTGATGTGGAG
351 AAGCACCATATGCCTACCAATTTTATGGACAAGTTTGCTTATTGGACAGT 400
AAGCACCATATGCCTACCAATTTTATGGACAAGTTTGCTTATTGGACAGT
401 CCAATCTTTAAAGTACCCCACCTACTTGTTTTTCCAGAGACGTCACATGT 45 0
CCAATCTTTAAAGTACCCCACCTACTTGTTTTTCCAGAGACGTCACATGT

Figure 4.10. Nucleotide sequence of an LeAoxlb region amplified from two cultivars
of tomato.
Numbers refer to nucleotide positions in the full-length LeAoxlb sequence. The top line
is the sequence amplified from the Moneymaker cultivar and the lower sequence was
amplified from the Sweetie cultivar. T h e codon encoding the Cys/Ser substitution
discovered in this gene is highlighted by the black box.
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Figure 4.11. Detection of LeAoxla and lb transcripts through competitive R T - P C R .
A. S u m m a r y of strategy used for competitive RT-PCR. Primers bind to sequences in
both LeAoxla and lb. Amplified products are digested with Csp45I and Real to differentiate
between products from the different templates. The arrows represent the forward and
reverse primers used. B. Representative results showing digested fragments from flower
(Lane 1), green fruit (Lane 2), red fruit (Lane 3) and chilled green fruit (Lane 4). Undigested
421 bp P C R product can be seen near the top of the gel.
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5. THE ROLE OF CONSEVED CYS
RESIDUES IN THE REGULATION
OF AOX ACTIVITY
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5.1. Introduction
Investigating the factors determining in vivo AOX activity is important for
understanding the regulation of the enzyme. Important mechanisms governing activity
are found at the level of transcription and translation of the genes within the multigene
family and this, as discussed in Chapter 4, allows expression of specific isoforms in
response to different environmental and developmental cues. However, the regulation
of the activity of the expressed enzyme is of equal importance as this ultimately
determines the degree to which A O X contributes to respiration within an organism.
The regulatory mechanisms of A O X have been the subject of m a n y recent studies.
In plants, AOX exists as a dimer, which can be covalently linked by disulfide bonds
formed through the oxidation of sulfhydryl residues (Umbach and Siedow, 1993). The
oxidised dimer is the inactive form of the enzyme, while the reduced dimer is active to
varying degrees in isolated mitochondria depending on the species and the tissue used
(Day et al, 1995). In plants it has been shown that the presence of organic acids such as
pyruvate and glyoxylate are required for maximal activity of the enzyme in vitro (Millar
et al, 1993; D a y et al, 1995). However, activation only occurs with the reduced form of
the enzyme, the oxidised, covalently linked dimer being inactive even in the presence of
organic acids (Umbach and Siedow, 1993). Thus, the oxidation-reduction mechanism is
an "on-off' switch while the organic acid activation modulates the rate. In vitro, strong
reductants such as D T T can reduce the inactive A O X dimers (Umbach and Siedow,
1993). The T C A cycle substrates, malate, citrate and isocitrate can also reduce A O X
(Vanlerberghe et al, 1995). All of these substrates can produce N A D P H via N A D P linked isoforms of malate dehydrogenase and isocitrate dehydrogenase respectively. It
is hypothesised that a mitochondrial thioredoxin reductase system m a y be involved in
reducing the inactive cross-linked dimers to non-cross-linked, activatable dimers (Day
and Wiskich, 1995; Vanlerberghe et al, 1995).

This mechanism, along with the

mitochondrial concentrations of pyruvate and glyoxylate, links A O X activity to the
carbon status of the cell.
The fact that oxidation and reduction of AOX dimers can be performed by sulfhydryl
reagents strongly implicates Cys residues in this regulation mechanism (Umbach and
Siedow, 1996). The residues that have been suggested to be potential regulatory sites
(Umbach and Siedow, 1996) are the two highly conserved Cys residues that are encoded
in all published plant A O X sequences except O s A O X lb and L e A O X l b (see Chapter 4).
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These Cys residues have been termed Cysi and Cysn according to their positions relative
to the N-terminus of the protein (Berthold and Nordlund, 2000) and correspond to Cys127 and Cys-177 in the A f A O X l a sequence. U m b a c h et al (1996) performed a series of
experiments, which suggested that the oxidation/reduction of A O X dimers occurred at a
site that was distinct from the site interacting with pyruvate. The site of pyruvate action
was also shown by these authors to be a sulfhydryl group. Recent experiments using
site-directed mutagenesis have, however, demonstrated the involvement of Cysi in both
the pyruvate activation and dimerisation of the enzyme (Rhoads et al, 1998;
Vanlerberghe et al, 1998).
The aim of this part of the project was to further investigate the potential in vivo
regulation of A O X in order to gain a better insight into the consequences of expression
of the L e A O X l b and O s A O X l b isoforms. T w o different systems were used: 1) tobacco
plants over-expressing the native A O X enzyme (AfrAOXl); and 2) tobacco plants overexpressing a G. max A O X 3 protein with a Cys/Ser mutation (C99S G m A O X 3 ) .
5.2. Results
5.2.1. Isocitrate activation of A OX
Vanlerberghe et al (1995) showed that incubation of tobacco mitochondria overexpressing A/rAOXl with citrate, isocitrate or malate resulted in the reduction of crosslinked A O X dimers and activation of the enzyme.

They hypothesised that this

activation occurred via oxidation of these substrates, production of N A D P H

and

reduction of the disulfide bond through the action of a thioredoxin reductase system.
They failed to show however, that oxidation of these substrates was required for
activation to occur. The experiments presented here demonstrate that this is indeed the
case and thus support the hypothesis of Vanlerberghe et al (1998).
In our experiments, respiratory measurements of isolated mitochondria confirmed that
in the presence of pyruvate, isocitrate could activate A O X in a manner similar to that of
DTT.

This activation was slow, however, occurring over approximately 1 min,

contrasting with the rapid activation by D T T (cf Figure 5.1 A and B). The activation
effect of isocitrate was removed by pre-treatment with D T T (Figure 5.IB). In this case,
isocitrate caused a slight increase in the respiration rate, probably as a result of extra
substrate availability.
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Use of the Q-electrode to simultaneously monitor both Q redox level and O2consumption rate, allowed this activation to be studied more closely. A s shown in
Figure 5.2, the addition of isocitrate caused an initial increase in the reduction level of
the Qi used to monitor the redox poise of the mitochondrial Q-pool. This increased
reduction of the Q-pool was reproducible and significant. Such an effect is seen with
the addition of any substrate to mitochondria, as it results in increased transfer of
electrons to the Q-pool. After this initial increase, there was a small but significant
decrease (2%) in Q R that coincided with A O X activation as measured by the 0 2 electrode.

The Q-pool became more reduced again as 0 2 was depleted.

This

observation is consistent with a requirement for isocitrate oxidation before A O X
activation can occur.
Malonate titrations of succinate-supported respiration confirmed that isocitrate caused a
shift of the curves representing activity vs

QR/QT

to the left, indicating a greater amount

of active enzyme in the presence than in the absence of isocitrate (Figure 5.3). The
effect of pyruvate activation is similar to this activation by isocitrate and has previously
been shown to correspond to changes in the apparent V m a x of the enzyme rather than its
substrate affinity (Hoefnagel et al, 1997). Similar effects are seen when comparing the
kinetics of tissues containing varying levels of A O X protein (Millar et al, 1997). A low
concentration of isocitrate was used for these experiments. This concentration had no
measurable effect on the level of Q reduction.
An additional observation strengthening the argument that a product of isocitrate
oxidation activates A O X is shown in Figure 5.4A. Unlike mitochondria from tobacco,
mitochondria from chilled green tomato fruit did not oxidise isocitrate at measurable
rates. There was also no reduction of the Q-pool in the presence of 10 m M isocitrate.
In turn, A O X from these mitochondria was not activated in the presence of isocitrate
and pyruvate (Figure 5.4A) even though such mitochondria normally possessed a high
A O X capacity after the addition of D T T (Figure 5.4B and Chapter 3). D T T was not
added to mitochondria in Figure 5.4A due to its interference with the Q-electrode.
5.2.2. The role of the Cysi residue in the regulation of AOX
Tobacco plants transformed with the C99S GmAOX3 mutant protein, encoding a
Cysi/Ser substitution identical to the tomato L e A O X l b protein (Chapter 4), were used to
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study the role of this residue in the regulation of A O X activity. These plants were
generated as part of another P h D project (Djajanegara, 2000).
As shown in Figure 5.5, it was initially noted that mitochondria from these plants
demonstrated higher A O X activity when oxidising succinate compared with oxidation
of N A D H (Figure 5.5A and B ) . This increased activity was not dependent on succinate
oxidation, as the presence of malonate, an inhibitor of succinate dehydrogenase, did not
alter the result (Figure 5.5C).

Note the faster rate measured in Figure 5.5A after

succinate addition (132 nmoles.min" .mg"1 protein) compared with Figure 5.5C (99
nmoles.rnin~.mg~1 protein) which is due to the additional effect of succinate acting as a
substrate in Figure 5.5A. Pyruvate and D T T had no positive effect on A O X activity in
these mitochondria. Experiments performed using a Q-electrode confirmed that in the
presence of malonate, succinate did not act as a substrate but activated A O X in a
manner similar to that of pyruvate (Millar et al, 1993). This was seen as a significant
decrease in the reduction level of the Q-pool as monitored by exogenous Qi (Figure
5.6), after the addition of succinate. These experiments used a low concentration of
N A D H , produced by a regeneration system involving N A D + , glucose-6-phosphate and
glucose-6-phosphate dehydrogenase. This minimised the direct effect of N A D H on the
Q-electrode, which is an open electrode and sensitive to redox active compounds.
These low concentrations of N A D H resulted in lower rates of 0 2 consumption than
measured in the presence of succinate due to the decreased level of Q R / Q T . This had the
advantage however of emphasising the effect of A O X activation on Q-pool redox state.
W h e n the relationship between respiration rate and

QR/QT

was investigated through a

malonate titration of succinate-supported respiration, it was seen that the C99S
G m A O X 3 mutant was fully active in the presence of succinate and the inclusion of
pyruvate had no additional effect on the reaction kinetics (Figure 5.7). In contrast, the
G m A O X 3 enzyme expressed in tobacco mitochondria was more active in the presence
of pyruvate, a typical result for a wild-type A O X (Umbach et al, 1994).
It has been shown previously that the organic acid activation of AOX can occur with a
number of molecules structurally related to pyruvate (Millar et al, 1996).

The

specificity of activation for this mutant form of the enzyme was also investigated.
Succinate is metabolised to fumarate in the T C A cycle and so the effect of fumarate on
this mutation was investigated. A s fumarate cannot cross the inner mitochondrial
membrane readily (Wiskich, 1974), mitochondria were freeze-thawed and then assayed
in sucrose-free reaction m e d i u m to disrupt the inner membrane.

N o activation by
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fumarate was seen (data not shown). It was also noted that malonate did not activate
C 9 9 S G m A O X 3 (eg. Figure 5.5) indicating that the activation was specific to succinate.
Immunoblots were performed using both tobacco mitochondria expressing GmAOX3 or
C99S G m A O X 3
GmAOX3,

and soybean root mitochondria (which predominantly express

(Finnegan et al, 1997). These blots confirmed that Cysi is involved in the

formation of covalently linked A O X dimers. They indicated that unlike the wild-type
G m A O X 3 , the C 9 9 S GmAOX3

mutant could no longer form dimers in the presence of

the oxidant diamide (Figure 5.7). The small amount of oxidised A O X protein detected
in the lane containing the C 9 9 S mutant and diamide, is due to the presence of low levels
of the wild-type tobacco A O X protein in these mitochondria.
5.3. Discussion
The results presented in this chapter provide further evidence for a possible in vivo
mechanism for the activation of A O X through reductant produced by isocitrate
oxidation, and demonstrate the crucial nature of the Cysi residue in the regulation of the
enzyme. These results confirm a number of reports in the literature (Rhoads et al, 1998;
Vanlerberghe et al, 1995; Vanlerberghe et al, 1998). They have also extended these
results by showing that the oxidation of isocitrate is necessary for activation of A O X by
this compound and that the alteration of a single amino acid can significantly change the
specificity of activation by organic acids.
Vanlerberghe et al (1995) originally showed that AOX activity was increased in the
presence of organic acids such as isocitrate, citrate and malate. This increased activity
coincided with increased levels of the monomeric form of A O X on westerns. The
results presented here demonstrate that activation by isocitrate is quite slow compared
with that of the reductant D T T and that this is likely to be due to use of isocitrate as a
substrate initially before activation occurs. This is in contrast to the activation caused
by pyruvate (Millar et al, 1993) and succinate (this chapter) which have been shown to
act independently of their oxidation. This strengthens the hypothesis that the oxidation
of some substrates can lead to the production of N A D P H which m a y be used by a
thioredoxin reductase system to reduce thioredoxin which can then activate A O X
through reduction of the disulfide bond (Day and Wiskich, 1995; Vanlerberghe et al,
1995). This would provide an in vivo method for the disulfide regulation of A O X ,
which has otherwise only been demonstrated in vitro with strong chemical reductants.

Chapter 5. The role of conserved Cys residues 98
There has been recent proof of the existence of a thioredoxin reductase system in plant
mitochondria with the cloning of A. thaliana c D N A s encoding isoforms of these
proteins including mitochondrial targeting sequences (Laloi et al, 2001).
Two recent papers have also investigated the effects on AOX activity of mutating Cysi
and Cysii to Ala (Rhoads et al, 1998; Vanlerberghe et al, 1998). In agreement with the
results presented here and in Djajanegara et al (1999), the authors of both of these
papers concluded that it is the Cysi residue that is responsible for both disulfide bond
formation and pyruvate stimulation of A O X . A O X activity in the Cysi/Ala mutants was
also insensitive to pyruvate and glyoxylate and was unable to form disulfide-linked
dimers (Rhoads et al, 1998; Vanlerberghe et al, 1998). However, Rhoads et al (1998)
reported that the mutant protein still existed as dimers, which could be cross-linked by
reagents interacting with different residues.
Mutational analyses performed on the Cysn residue and the double mutant (Rhoads et
al, 1998; Vanlerberghe et al, 1998) also had an effect on enzyme activity. Mutation of
the Cysii residue to Ala resulted in an enzyme that was more active than the wild type,
still responsive to pyruvate and capable of forming disulfide-linked dimers (Rhoads et
al, 1998). This was similar to the results presented by Vanlerberghe et al (1998). The
double mutant was not investigated by Rhoads et al (1998) but Vanlerberghe et al
(1998) showed that it had low constitutive activity and was unable to form disulfidelinked dimers.
AOX activation by pyruvate has been hypothesised to occur through formation of a
thiohemiacetal at the Cysi site (Umbach and Siedow, 1996). Rhoads et al (1998)
presented results consistent with this hypothesis w h e n they reported that mutation of
Cysi to Glu resulted in a constitutively active enzyme. This mutation results in the
placement of a carboxyl group near the original Cysi site, similar to the placement that
would result from the formation of a thiohemiacetal between Cysi and pyruvate (Figure
1.5). Rhoads et al (1998) also revisited the experiments reported in U m b a c h et al
(1996) which had suggested two distinct sites for pyruvate and redox control of A O X
activity. These subsequent experiments revealed an ambiguity in the earlier
experiments, which had confused the interpretation of the results. The refined
experimental system confirmed the existence of a single regulatory site, as diamide
treatment resulted in protection of A O X activity from the inhibitor N E M , which reacts
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rapidly with sulfhydryl residues. This protection was revealed w h e n A O X was rereduced by D T T and assayed for activity.
The fact that the C99S GmAOX3 mutant was unable to form disulfide-linked dimers
w h e n expressed in tobacco (Figure 5.7 and Djajanegara et al, 1999) provided further
evidence that this residue was the one responsible for both the redox regulation of the
enzyme as well as pyruvate activation. D T T had no stimulatory effect on the activity of
this form of the enzyme, strongly suggesting that there is only one effect of reduction in
this isoform (Figure 5.5A and B ) . The slight increase seen in Figure 5.5A is most likely
due to low levels of native NtAOX

protein present in these mitochondria. This

expression can also be seen in lane 4 of Figure 5.4 where low amounts of cross-linked
A O X were detected.
The novel discovery that succinate could replace pyruvate as an activator of the
Cys/Ser mutant was noted by neither Rhoads et al (1998) nor Vanlerberghe et al (1998)
with the Cysi/Ala mutants. However, Vanlerberghe et al (1998), reported that a tobacco
suspension cell culture expressing the Cysi/Ala mutation showed significant rates of
A O X activity in the presence of the complex III inhibitor Antimycin A. This was in
contrast to the low capacity of the mutant measured in isolated mitochondria. They
suggested that there might be an in vivo regulatory mechanism that had been previously
overlooked to account for this seeming discrepancy. The response of the Cysi mutant to
succinate and the continued presence of succinate in vivo could therefore explain these
results.
The implications of succinate activation of Cysi mutants are unknown and require
detailed physiological analyses of the growth characteristics of plants expressing these
mutants. However, in vivo activation by succinate is likely to be physiologically
significant due to the production of succinate within the mitochondrion. A s succinate
cannot form a thiohemiacetal with the Ser residue, these results also demonstrate that a
thiohemiacetal is not absolutely required for A O X activation, although the presence of a
carboxyl group in the Cysi region of the protein does appear to be important. It would
be interesting to determine if the expression of a constitutively active A O X protein such
as the mutant described here is detrimental to the plant. This would help to determine
the in vivo importance of the A O X regulatory mechanisms that have been identified in
vitro. Cysi/Ser isoforms exist naturally in rice (Ito et al, 1997) and tomato (Chapter 4),
warranting the continued investigation of the effects of such mutations on A O X activity.
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For this reason, the results of this chapter were pursued further in the following chapters
which investigate the activity of the L e A O X l b isoform in heterologous systems and
methods for determining the expression of A O X isoforms in vivo (Chapter 6).
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Figure 5.1. The different effects of isocitrate and D T T on A O X activity in tobacco
mitochondria over-expressing M A O X 1 .
Mitochondria were incubated in reaction medium to which the following sequential
additions were made, 1 m M N A D H , 50 p M A D P , 5 p M myxothiazol (myxo), 5 m M
pyruvate (pyr), 5 m M dithiothreitol (DTT), 5 m M isocitrate (iso), 0.2 m M n-propyl gallate
(nPG). Numbers below the traces refer to rates of 02-consumption expressed as nmoles
02.min" 1 .mg _1 protein. Representative traces are shown from separate mitochondrial
isolations.
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Figure 5.2. Effects of isocitrate on Q-pool redox levels in tobacco mitochondria overexpressing A O X .
A. Mitochondria were incubated in reaction medium. The following sequential additions
were m a d e as indicated, 12.5 p M N A D H (generated by the addition of N A D + , glucose6-phosphate and glucose-6-phosphate dehydrogenase), 30 then 60 p M A D P , 5 p M
myxothiazol (myxo), 5 m M pyruvate (pyr), 5 m M isocitrate (iso). The reaction proceeded
until inhibited by low O 2 concentration. The red line represents the 02-electrode trace,
the black, the Q-electrode trace. A representative trace is shown. B. The effect of
isocitrate addition averaged from a number of experiments performed as described for
A. Results are presented as the level of Q-pool reduction expressed as a percentage of
the total reduction seen when O 2 became limiting at the end of each experiment (± se).
Numbers are the average of 4 independent measurements, analysed by paired t-test.
Results show a significant increase following isocitrate addition followed by a significant
decrease after A O X activation, p < 0.05.
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Figure 5.4. Response of mitochondria from chilled green tomato fruit to isocitrate,
pyruvate and D T T .
A. Respiration rate and Q-pool redox level were measured as for Figure 5.2. Mitochondria
were incubated in reaction medium with the following sequential additions, 10 m M
isocitrate (iso), 12.5 p M N A D H (generated as for Figure 5.2), 5 p M myxothiazol (myxo),
5 m M pyruvate (pyr). The red line represents O 2 consumption, the black line, Q reduction
level. B. Representative O 2 electrode trace for mitochondria from chilled green tomato
fruit. Additions as follows, 250 p M ATP/5 m M succinate (succ), 1 m M N A D H , 50 p M
A D P , 5 p M myxothiazol (myxo), 5 m M pyruvate (pyr), 2.5 m M dithiothreitol (DTT) and
0.2 m M n-propyl gallate (nPG). Numbers refer to rates of O 2 consumption in nmoles
Oo.rnur'.mg" 1 protein.
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Figure 5.5. Effect of succinate on A O X activity in C99S GmAOX3-expressing tobacco
mitochondria.
Mitochondria were incubated in reaction medium and the following sequential additions
were made as indicated, 1 m M N A D H , 0.25 m M ATP, 0.1 m M A D P , 5 p M myxothiazol
(myxo), 5 m M pyruvate (pyr), 5 m M dithiothreitol (DTT), 5 m M succinate (succ), 0.2
m M n-propyl gallate (nPG), 10 m M malonate (malon). Numbers refer to rates of O 2
consumption in nmoles 02.min- 1 .mg -1 protein. Representative traces are shown.
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Figure 5.6. Effect of succinate on A O X activity in C99S GmAOX3-expressing tobacco
mitochondria.
Mitochondria were incubated in reaction medium and the following sequential additions
were made, A. 12.5 p M N A D H (generated as for Figure 5.2), 5 p M myxothiazol (myxo),
10 m M malonate (malon), 5 m M succinate (succ). The red line represents O 2 consumption,
the black line, Q reduction level. Numbers refer to rates of O 2 consumption in nmoles
02-min-1.mg-1 protein. B. The effect of succinate averaged from a number of experiments
performed as described for A. Results are presented as the level of Q-pool reduction
expressed as a percentage of the total reduction seen when O 2 became limiting at the end
of each experiment. Numbers are the average of 4 independent measurements, analysed
by a paired t-test. Results show a significant decrease following succinate addition, p <
0.05.

Chapter 5. The role of conserved Cys residues

OJQ

00

-

•

S
•»—i

i

O
80 -

>c

"SI

60 -

a •

40 -

o°
<, <o
"o
E
c

•

.o
•

A A
A

20 -

..^> . -

o-

A

AAa

A

A

AA
i

50

100

QR/QT

Figure 5.7. G r a p h showing the relationship between Q R / Q X and A O X activity ±
pyruvate for tobacco mitochondria containing either GmAOX3
and C 9 9 S G m A O X 3 .
Mitochondria were incubated in reaction medium containing 5 m M succinate and 0.1 m M
A T P . 0.1 m M isocitrate was included in the reactions containing wild-type GmAOX3
to
activate this protein. «, mitochondria containing the C 9 9 S GmAOX
protein, plus
5
m M pyruvate; o, mitochondria containing the C 9 9 S G T W A O X 3 protein, minus pyruvate;
•, mitochondria containing wild-type G m A O X 3 protein, plus pyruvate; A, mitochondria
containing the wild-type GmAOX3
protein, minus pyruvate. Q R / Q T was poised at different
levels and monitored along with A O X activity as described for Figure 5.3.
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Figure 5.8. Immunoblot of Q n A O X 3 proteins from transgenic tobacco mitochondria
and soybean root mitchondria.
Lane 1, wild-type G m A O X 3 in tobacco mitochondria, treated with diamide; lane 2, wildin tobacco mitochondria, treated with D T T ; lane 3, C99S GmAOX3 in
type GmAOX3
tobacco mitochondria, treated with D T T ; lane 4, C99S GmAOX3
in tobacco mitochondria,
treated with diamide; lane 5, soybean root mitochondria, treated with diamide; lane 6,
soybean root mitochondria, treated with D T T . Diamide and D T T were added at 5 m M
and 20 m M respectively. 40 pg protein was loaded in each lane. Numbers on the left of
the figure indicate approximate molecular mass in kDa. Figure reproduced from Djajanegara
et al (1999).
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6. ANALYSIS OF AOX ISOFORMS
EXPRESSED IN TOMATO
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6.1. Introduction

Despite the existence of methods for readily determining the expression of particular
genes at the nucleotide level, such as Northern blotting, RT-PCR and Real Time PCR,
the ultimate evidence that the gene product is present requires identification of the
encoded protein in the tissue of interest. For this reason, proteomics tools are
increasingly used in many areas of biology. In the case of multigene families for

proteins such as AOX, this level of characterisation is of particular interest for studyin
the differential expression of members in response to developmental and environmental
cues. This is especially important in the case of tomato AOX proteins as LeAoxlb
encodes an aberrant AOX isoform in which the highly conserved Cysi residue has been
altered (Chapter 4).

6.1.1. Import of nuclear-encoded proteins

The majority of mitochondrial proteins are encoded in the nucleus and must be imported
into the mitochondria after synthesis in the cytosol (Braun and Schimtz, 1999). AOX is
imported into mitochondria and therefore contains a cleavable presequence used to
target the newly translated proteins to the mitochondrion (Tanudji et al, 1999). During
import this presequence is removed resulting in the formation of the mature form of the
protein. The importability of an Aox gene product is an important step in determining if
this gene is functional or a pseudogene.

6.1.2. Electrophoretic separation and identification of isoforms

Differentiation between protein isoforms can occur through one of several
electrophoretic techniques. In the case of AOX families, techniques such as SDSPAGE allow a number of different isoforms to be distinguished from one another on the
basis of molecular mass (Cruz-Hernandez and Gomez-Lim, 1995; Elthon et al, 1989;
Finnegan et al, 1997; McCabe et al, 1998). However, this technique does not identify
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which genes are responsible for the visible protein bands, as Aox genes often encode
proteins of very similar sizes which migrate differently on SDS-PAGE (eg. Tanudji et
al, 1999). There are also no guarantees that all the expressed isoforms have been
separated on the gel or that they all react with the antibody used for detection.

Isoelectric focusing (IEF)-2D-PAGE, with isoelectric focusing in the first dimension
followed by SDS-PAGE in the second dimension is increasingly used to determine the
protein complement of a cell or organelle (Prime et al, 2000; Gallardo et al, 2001;
Millar et al, 2001; Morris and Djordjevic, 2001; Porubleva et al, 2001). This results in
the separation of many more proteins than single dimension techniques.

An alternative technique of interest when studying proteins such as AOX is DiagonalPAGE or non-reducing/reducing-2D-PAGE. This technique has been widely used in
the study of proteins forming inter- or intra-polypeptide disulfide bonds (Shewry et al,
1988; Kumagai et al, 1997; Froernming et al, 1999; Yano et al, 2001). Proteins isolated
by gel electrophoresis methods, can be excised, subjected to trypsin digestion and
analysed using an ESI-Q-TOF mass spectrometer (Applied Biosystems). This
technology allows for the selection of individual peptides for collision-induced
dissociation and determination of their amino acid sequence.

6.1.3. Functional identification through heterologous expression

In the case of LeAOXlb, it was not only of interest to determine if this isoform was
expressed in vivo, but also to investigate if it had similar regulatory properties to the
C99S GmAOX3 protein (Chapter 5). As shown in Chapter 4, LeAoxla and lb

transcripts are both present in chilled green tomato fruit, indicating that the activity a
regulation of LeAOXlb alone can not be investigated in this tissue. Instead the activity
of this isoform must be investigated through its expression in a heterologous system.
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Systems that have been used for heterologous AOX expression include tobacco plants,
which have low levels of native AOX protein (Djajanegara et al, 1999); E. coli
(Kumar and Soil, 1992; Berthold, 1998; Kirimura et al, 1999); and yeast cells, either
Schizosaccharomyces pombe (Affourtit et al, 1999) or Saccharomyces cerevisiae (Huh
and Kang, 1999). E. coli and S. cerevisiae are particularly valuable in this respect, as
they do not possess native Aox genes.

The E. coli mutant, SASX41B, used previously to express A. thaliana AOXla is
deficient in the haeme biosynthetic pathway and cannot grow aerobically unless supplied
with the intermediate amino-levulinic acid (Sasarman et al, 1968). Expression of an
AOX sequence in this system was originally achieved through serendipity when an A.
thaliana cDNA library was used to complement this mutant as a method for identifying
genes in the C5 pathway of chlorophyll biosynthesis (Kumar and Soil, 1992). Instead,
the cells were rescued by the provision of an alternative respiratory pathway, enabling
aerobic growth.

Expression of Aox sequences in yeast cells has been successful for both plant (Albury et
al, 1996) and fungal sequences (Huh and Kang, 1999) and has the advantage over E.
coli of being a eukaryotic system in which the full-length protein can be targeted to
mitochondria.

In this section of the project, a number of techniques were used in order to investigate
the expression of the LeAOXlb isoform and to determine if this isoform was present in
cold-treated green tomato fruit.

6.2. Results

6.2.1. Import of LeA 0X1 a and LeA 0X1 b into mitochondria

An initial step taken to determine if LeAoxlb encoded a functional protein was to
establish its import capability into isolated mitochondria. This had the additional
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benefit of determining whether the LeAOXla and lb proteins could be distinguished
from one another by SDS-PAGE. Import of in vitro translated, 35S-labelled LeAOXla
and LeAOXlb proteins was performed into isolated soybean cotyledon mitochondria.
These mitochondria are routinely used for such experiments in the laboratory where
these experiments were performed and import proteins from a nurriber of different
species (Adams et al, 2001). GmAOX3 was imported into samples of the same
mitochondria as a positive control.

The deduced LeAOXla, LeAOXlb and GmAOX3 precursor proteins are 358, 318 and
326 amino acids respectively. The predicted molecular masses of these proteins are
40.0 kDa, 36.5 kDa and 37.0 kDa and those of their processed forms, 32.6 kDa, 32.9
kDa and 31.7 kDa respectively. The cleavage sites used in these predictions of
molecular mass were identified by the targeting sequence prediction program, Target P
(Emanuelsson et al, 2000). In vitro translated, S-labelled proteins were incubated with
soybean cotyledon mitochondria in order to investigate the import capability of the two
tomato proteins. The apparent molecular mass of the in vitro translation products was

similar to those predicted from the deduced amino acid sequences (Figure 6.1, lanes 1, 6

and 11). In all cases, there was a lower molecular mass band also present in these lanes.

These represent translation products resulting from initiation of translation at interna
Met residues, which is common in in vitro translation systems (Nishi et al, 1989).

Upon import the GmAOX3 precursor protein was processed to the mature form, which
had an apparent molecular mass of 36 kDa (Figure 6.1, lanes 2 and 3). This mature
form was protected from proteinase K (PK) digestion, as was some of the precursor
form (Figure 6.1, lane 3). Import and processing were prevented in the presence of
valinomycin, as import is dependent on the mitochondrial membrane potential, which is
abolished by the ionophore. This is seen in lane 4 of Figure and 6.1 and lane 5, where
PK was used to digest all unprotected proteins. Similar results were seen for the two
tomato AOX proteins, where mature forms with apparent molecular mass of 33 and 32
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kDa were produced upon import (Figure 6.1, lanes 8 and 13). Import was again shown
to be dependent on a membrane potential (Figure 6.1, lanes 9, 10, 14 and 15).

The interpretation of these results is somewhat confused, however, by the unfortunate
production of additional translation products of approximately the same size as the
mature, processed forms. Both LeAOXla and LeAOXlb have internal Met residues

within five amino acids of their putative processing sites. Comparison of the intensities
of these lower molecular mass forms in lanes with and without mitochondria (Figure

6.1, lanes, 6, 7, 11 and 12) indicates an increase in the amount of protein of the 'matur
size, accompanied by a decrease in the amount of the higher molecular mass precursor
protein. This indicates that not all of the lower molecular mass product was produced
during in vitro translation: some was indeed generated within the mitochondria after
import of the precursor protein. An additional protein of approximately 38 kDa is
visible in the LeAOXla import (Figure 6.1, lanes 7 and 8). The appearance of this
protein is dependent on a mitochondrial membrane potential and is protected from PK

(Figure 6.1, lanes 8 and 9) indicating that it may be an intermediate processing product
(pers. comm Dr. Jim Whelan, University of Western Australia). A similar product is
seen for the GmAOX3 import and processing. These results indicated that both
LeAOXla and LeAOXlb proteins were capable of import into plant mitochondria. The
next step was to investigate the expression of these isoforms in vivo.

6.2.2. Analysis of tomato AOX isoforms through SDS-PAGE

Two distinct protein bands react with the AOX antibody in mitochondria isolated from
chilled green tomato pericarp (Figure 6.2). The lower of these had the same mobility on
SDS-PAGE as that of the processed LeAOXlb protein after import (Figure 6.2). As the
Cysi/Ser substitution exists in LeAOXlb and given the potentially altered regulatory

properties of enzymes with this substitution (Chapter 5), it was important to confirm th
expression of this isoform. The initial approach taken was to differentiate between the
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expressed isoforms on the basis of their ability to form disulfide-linked dimers under
oxidising conditions.

Figure 6.2 demonstrates the effect of diamide-induced oxidation and DTT-induced
reduction on the AOX proteins of chilled green tomato mitochondria. In the presence of
diamide, a higher molecular mass protein of approximately 70 kDa appeared while the
amount of the 33 kDa protein relative to the 32 kDa protein visibly decreased. This
indicated that the lower molecular mass AOX band was resistant to oxidation and may,
therefore, represent the LeAOXlb isoform. Similar results have been published for
Cysi mutants (Rhoads et al, 1998; Vanlerberghe et al, 1998; Djajanegara et al, 1999)
and are also shown in Figure 5.8. This was further investigated through attempts to
resolve these proteins for direct sequence analysis. In our hands, an unusually high
concentration of diamide was required for complete oxidation of the 33 kDa AOX band
(more thanlO mM). Concentrations around 3-5 mM are more commonly reported in the
literature (Umbach and Siedow, 1993; Djajanegara, et al, 1999). The reason for this
difference is unknown.

6.2.3. Investigation of the solubility of AOX for IEF-2D-PAGE

An initial IEF-2D-PAGE experiment was performed using chilled green tomato
mitochondria. These samples were treated according to a typical 2D-electrophoresis
protocol for plant mitochondria in which samples were acetone-precipitated to remove
lipids and subsequently dissolved in buffer containing the chaotropic reagents, urea and
thiourea, and the non-ionic detergent, CHAPS (Millar et al, 2001). Proteins from the
second dimension gels were transferred to nitrocellulose membrane and probed with the
AOX antibody. No spots of the correct molecular mass were detected and it was
hypothesised that the AOX proteins had failed to enter the first dimension IEF gels or

had precipitated during the isoelectric focusing and failed to exit the IEF gels into the
SDS-PAGE second dimension (results not shown).
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The first possibility was investigated by examining the solubility of the AOX protein in
two different sample buffers and three different detergents. Isolated mitochondria were
precipitated using acetone before the proteins were dissolved in either SDS-PAGE or
IEF loading buffer. The samples were then centrifuged to pellet any undissolved
proteins. These were subsequently dissolved in SDS-PAGE loading buffer and heated
to maximise solubilisation before loading onto gels. Samples dissolved in IEF loading
buffer were not heated prior to loading on to the gel to prevent degradation of the urea
and thiourea used as chaotropes. The resulting gel showed noticeable differences in the
amounts of protein present in each of the lanes (Figure 6.3A). The intensity of staining
was quantified for each lane, demonstrating that the solubility of total proteins in each
of the buffers was similar, with approximately 40% of total proteins not soluble in these
buffers. For the sample dissolved in SDS-PAGE loading buffer, the protein profiles for
the supernatant and the pellet were similar indicating that there was no differential
solubility problems for any particular proteins in this buffer. The profiles for the
supernatant and pellet of the sample initially dissolved in IEF-PAGE buffer showed
some clear differences, in particular, there was a strong band at around 30 kDa in the
proteins which had not dissolved in this buffer. There are many mitochondrial transport
proteins of approximately this size. Proteins from a duplicate set of samples were
transferred to nitrocellulose membrane after separation by SDS-PAGE and probed with
the AOX antibody (Figure 6.3B). Close to 100% of the AOX protein in the sample
initially dissolved in SDS-PAGE buffer was detected in the supernatant fraction. In
contrast, only 3% of the detected AOX proteins were in the IEF supernatant. This result
identified the solubility of AOX in CHAPS, a commonly used non-ionic detergent for
IEF sample buffers (Berkelman and Stenstedt, 1998), as a problem, which may partially
explain why AOX proteins are not detected on IEF-2D-PAGE gels.

This experiment was followed by an attempt to optimise the solubilisation of AOX for
running on IEF-2D gels. Mitochondrial samples were precipitated with acetone and
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then solubilised in one of 10% (w/v) CHAPS, 10% (w/v) BIG-CHAP (both non-ionic
detergents) or 0.75% (w/v) SDS (an ionic detergent), followed by dilution in CHAPSbased IEF loading buffer. These samples were then centrifuged to pellet undissolved
proteins and the pellets dissolved directly into SDS-PAGE buffer. After separation by
SDS-PAGE, the samples were transferred to nitrocellulose 'membrane for
immunodetection of AOX proteins. The result of this experiment indicated that after
acetone precipitation, the only detergent tested, which was capable of dissolving the
majority of the AOX in each sample, was SDS (Figure 6.4). The subsequent dilution of
this sample in IEF buffer appeared to decrease the solubility of AOX (cf Figures 6.4B
and 6.5).

Isoelectric focusing relies on. protein separation according to native charge,

necessitating the solubilisation of proteins in non-ionic detergents. However, if the fina
ratio of ionic to non-ionic detergents in the IEF buffer is less than 1:8 and the final

concentration of the ionic detergent is less than 0.25%, there should be no impact on the
isoelectric focusing in the first dimension (Ames and Nikaido, 1976). IEF-2D-PAGE
was therefore performed using mitochondria precipitated with acetone, dissolved in
0.75% SDS and resuspended in IEF buffer containing 2% CHAPS to a final SDS
concentration of 0.04%. When this gel was stained with colloidal coomassie it was
apparent that the IEF had not been disrupted by the presence of SDS in the sample as
focussing appeared to be complete, with no horizontal streaking (Figure 6.5A).
Immunoblotting was performed on a duplicate sample to determine if AOX proteins
were now appearing in the second dimension. A positive control was included in the
second dimension of this SDS-PAGE gel, being 1/5 the amount of mitochondria
separated by IEF (Figure 6.5B). While the positive control clearly marked the
molecular mass region of the gel in which AOX monomers should be found, there were
no strong signals in that region of the second dimension. There was a weak signal in
the region of the gel where AOX dimers could reasonably be expected to appear
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(approx 67 kDa). The signal in this region was much weaker than that seen for the
positive control, which was 1/5 of the IEF-separated sample. This indicates that very
little of the AOX in the IEF-separated sample was present in the second dimension.
The AOX protein may have precipitated during IEF, or before absorption into the IEF
gel. These results were similar to those originally obtained. At this point these
experiments were abandoned in favour of alternative techniques.

6.2.4. Use of Diagonal PAGE for identifying expressed tomato AOX isoforms

Diagonal-PAGE is a 2D gel technique used for the identification of disulfide-linked
proteins. When protein samples are run initially under non-reducing conditions
followed by reducing SDS-PAGE, the majority of proteins are unaffected by the
reduction step and form a diagonal line on the gel, as the name implies. Redox sensitive
proteins run below the line if involved in inter-polypeptide disulfide bonds, due to their
smaller size in the second SDS-PAGE dimension. Redox proteins run above the line if
involved in intra-polypeptide bonds, as such hairpin structures increase mobility in the
first SDS-PAGE (Figure 6.6). These separated proteins can then be identified through
protein sequencing. This technique is obviously only of use for determining the identity
of disulfide-linked AOX isoforms and was used here to determine the identity of the
upper AOX band seen in chilled green tomato mitochondria (Figure 6.2).

Diagonal PAGE was used to separate the diamide-reactive AOX protein(s) in chilled
green tomato fruit from other non-redox sensitive proteins within the mitochondria.
Figure 6.7 shows the diagonal line of proteins produced by this technique. These are
the proteins unaffected by the two treatments. A number of discrete spots also appear
off the diagonal and represent redox-sensitive proteins (Figure 6.1 A). Immunoblotting
of a similar gel demonstrated that AOX protein(s) were present both on and off the
diagonal (Figure 6.7B).
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A spot equivalent to the immunoreactive spot of the blotted gel off the diagonal (Figure
6.7) was excised from the diamide-oxidised Diagonal PAGE gel. This was trypsin
digested and analysed using an ESI-Q-TOF MS/MS (Pulsar Q-Star, Applied
Biosystems). This resulted in a tryptic peptide fingerprint from which individual
peptides could be selected for MS/MS mode collision induced dissociation (CID)
analysis, yielding ion series from which amino acid sequences could be deduced. The
excised spot (indicated in Figure 6.7A) contained peptides of the correct masses to be
tomato AOX tryptic peptides. These peptides were selected for sequencing. Sequence
was obtained for three of these peptides and confirmed that this spot contained
LeAOXla protein (Table 6.1). The use of Diagonal PAGE also provided further proof
that the lower band, which remained on the diagonal, was not being oxidised, in an
extension of the results presented in Figure 6.2, which do not prove that the lower band
is not being oxidised, simply that it is more resistant to oxidation than the upper band.
There was another AOX protein of similar size to LeAOXla which remained on the
diagonal on these gels. This is most likely to be an indication that LeAOXla was not

fully oxidised in the first dimension of these gels (cf. Figure 6.2, where there is a fain
band remaining unoxidised)

Having shown that there is a non-oxidisable AOX protein expressed in tomato
mitochondria, the functions of both LeAOXla and lb were investigated through
expression in heterologous systems.

6.2.5. Attempt to express LeAOXlb in tobacco plants

Initial attempts were made to express LeAOXlb in tobacco. However, there were
technical problems with the construct generated for this experiment and although
transformants were produced (determined through PCR amplification of a region of the
construct from genomic DNA), no LeAoxlb-sized protein was detected in mitochondria
isolated from these plants. In addition, the fact that native AOX protein could still be

Chapter 6 Analysis of A O X isoforms expressed in tomato 120
detected in tobacco plants transformed with the soybean AOX mutant (Chapter 5)
indicated that this system may not be ideal for determining if LeAOXlb is an active
AOX enzyme.

6.2.6. Expression of LeAOXlb in E. coli

These experiments were performed in collaboration with Dr. Deborah Berthold who has
experience with the expression of A. thaliana AOX la in the haeme-deficient strain of E.
coli, SASX41B (Berthold, 1998). The clone that originally rescued this mutant was an
incomplete AOX cDNA contained in the plasmid pcDNAII (Kumar and Soil, 1992).
The initiating Met and mitochondrial targeting sequence were missing from this
sequence and the next available Met was 39 nucleotides further downstream. This was
assumed to have become the 'start Met'. It is prior to the region where AOX sequences
begin to show high levels of similarity to one another. There was an in-frame stop
codon just before the insertion of the AOX gene, truncating the expression of the lacZ
6-galactosidase gene.

An attempt was made to replicate the above situation as far as possible for LeAoxlb
without performing mutagenesis on the coding region of the sequence. The sequence
was amplified by primers that inserted a Sacl site in the mitochondrial targeting region
of this gene and also amplified a region of the multiple cloning site from pGEM-T,
including the Apal site. These sites were used to allow directional sub-cloning into
pcDNAII. A stop codon was also inserted such that it would be in-frame with the lacZ
B-galactosidase gene in pcDNAII prior to the start of the LeAOXlb protein. The
"initiating" Met was now 9 nucleotides after the putative processing site making the
lengths of the A. thaliana and L. esculentum sequences more comparable to one another
(Figure 6.8A). A map of the plasmid generated for expression in E. coli is presented in
Figure 6.8B.
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Transformation of this construct into SASX41B E. coli cells was successful and the
protein was expressed in the membrane fraction of these cells, reacting with the AOX
monoclonal antibody (Figure 6.9). However, the construct failed to rescue the E. coli
mutants, which were still unable to grow aerobically in the absence of amino-levulinic
acid. Note the greater amount of protein loaded on the gel for the 'cells expressing
LeAOXlb. This resulted in non-specific background reactions seen as banding above
the LeAOXlb protein. The amount of LeAOXlb protein expressed was significantly
less than that present in the At AOX la-expressing cells and also appeared to have been
degraded into discrete fragments, suggesting that there may be proteolysis sites within
the protein recognised by E. coli proteases. These problems prevented further work
being done in this expression system.

6.2.7. Expression ofLeAOXla and LeAOXlb in S. cerevisiae

LeAoxla and LeAoxlb constructs were amplified from the adaptor cDNA library (see
Chapter 4) using primers designed to insert the restriction sites BamHI and SphI
(LeAoxla) or EcoRI and SphI (LeAoxlb) at the 5' and 3' ends of the cDNA respectively,
to allow directional cloning of the construct into the yeast binary expression vector
pYES3 (Figures 6.10 and 6.11). The amplified products were initially cloned into the
T-tailed vector pGEM-T, sequenced to ensure there were no PCR-induced errors and
then sub-cloned into pYES3 where expression was under the control of a galactoseinducible promoter. The original initiating Met remained the initiating Met in these
constructs. The original stop codons were also conserved from the cDNA sequences.

These plasmids were used to transform S. cerevisiae R757 cells and sequenced to ensure
there had been no mutations during the sub-cloning procedures. Additional cells were
transformed with the original pYES3 vector for use as negative controls. The galactoseinducible promoter in this vector causes high levels of expression in the presence of
galactose but is repressed in the presence of glucose (Giniger et al, 1985; West et al,
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1984). There were no differential effects on cell growth when transformed cells were
grown in SD-glucose (Figure 6.12A). Cells were also grown overnight in SD-glucose
medium before being transferred to SD-galactose medium for induction of AOX
expression. The growth of these cells consistently stopped for approximately 100 hours
before resuming (Figure 6.12B). This effect was seen with all three transformants.
Yeast cells often have a long lag phase after a change in the carbon source, due to a
need to manufacture appropriate pathways for the metabolism of the new compound
(Prescott et al, 1993). Again, there were no reproducible differences between the
growth curves generated by any of the transformants, suggesting that expression of
AOX proteins in these cells was not having an adverse effect on their growth. The
mean generation time was calculated for each transformant during the log phase of their
growth curves in galactose. Differences in growth rates were observed in some
individual experiments but averaging of a number of results indicated that these were
not significant (Table 6.2).

6.2.8. Respiratory measurements of transformed yeast cells

The respiration of LeAojc-transformed, galactose-induced cells in log phase was
monitored with an oxygen electrode. They showed cyanide-resistant respiration that
was inhibited by nPG or SHAM (Table 6.3). pYES3-transformed control cells were
completely sensitive to KCN. The adenylate control of the yeast cells was investigated
by the addition of the uncoupler, CCCP. It was discovered that in the cells transformed
with either the LeAoxla or LeAoxlb constructs the fold-stimulation by CCCP was
significantly lower than in the cells transformed with pYES3 alone (Table 6.3).
Additionally, cells transformed with the LeAoxlb construct displayed a fold-stimulation
by CCCP that was significantly lower than for the LeAoxl a-transformed cells (Table
6.3). Interestingly, expression of AOX proteins in the yeast cells resulted in much
higher respiratory capacities in these cells in comparison to the pYES3 cells.
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Immunodetection of AOX in total protein extracts of cells grown to mid-log phase in
galactose demonstrated that proteins present in the cells transformed with the LeAox
constructs reacted with the monoclonal AOX antibody (Figure 6.13). These proteins
were not present in samples containing proteins isolated from pYES3-transformed cells.
There were higher levels of AOX present in cells transformed with the LeAoxlb
construct, which may explain the reduced adenylate control of these cells in comparison
with those expressing LeAoxla as well as the higher respiratory capacity of these cells
(Table 6.3). The apparent molecular masses of LeAOXla and LeAOXlb expressed by
the yeast cells were identical to those of the two AOX proteins present in chilled green
tomato mitochondria.

6.2.9. Characteristics of LeA 0X1 a and LeA 0X1 b in isolated yeast mitochondria

Mitochondria were isolated from yeast cells and samples of protein separated through
SDS-PAGE. This confirmed that the proteins present in whole yeast cells were targeted
to the mitochondria. Protein samples were treated with DTT or diamide to investigate
the oxidation of the AOX proteins. In Figure 6.14 Lane 1, the two AOX bands from
chilled green tomato mitochondria are shown. Lane 2 shows the results of diamide
treatment of a duplicate sample. In Figure 6.14, Lanes 3 and 4, the LeAOXla protein
from yeast mitochondria is shown in the reduced form and the oxidised form
respectively. Some specific degradation of this protein appeared to occur during the 30
min incubation at RT that was used for oxidation of AOX. This was seen through the
appearance of an additional lower molecular mass band in Figure 6.14, Lane 4. This
was despite the addition of protease inhibitors. However, diamide treatment confirmed
that this isoform could be oxidised to a 70 kDa form. In the presence of up to 40 mM
DTT, a higher molecular mass band was present in the LeAOXlb sample (Figure 6.14,
Lane 5), suggesting some form of aggregation of this protein in yeast mitochondria.
This was not visible in the whole cells immunoblot (Figure 6.13) which may indicate
that this aggregation was occurring during the mitochondrial isolation. Treatment with
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diamide had an unexpected effect on the LeAOXlb protein, which decreased
significantly in abundance, becoming almost undetectable (Figure 6.14, Lanes 6 and
6a). Formation of oxidised dimers could not explain this decrease in the abundance of
the 32 kDa protein as the 70 kDa band in the DTT-treated sample (Figure 6.14, Lane 5)
also disappeared. A possible explanation for this result is that the LeAOXlb isoform
was degraded at room temperature during the diamide incubation, although these
experiments were performed in the presence of protease inhibitors to reduce this
occurrence. Alternatively, the LeAOXlb may be forming very high molecular mass
aggregates that cannot be visualised on these gels. This may also occur in plant
mitochondria as on some immunoblots performed with chilled green tomato
mitochondria, both bands disappeared after diamide treatment (results not shown).
However, these also did not appear to be forming 70 kDa cross-linked dimers as no
evidence was ever found of more than one AOX protein below the diagonal during the
diagonal PAGE experiments (Figure 6.7C).

Mitochondria were isolated by a relatively quick method that did not involve enzyme
digestion of the cell wall. The mitochondria were free from whole yeast cell
contamination, which had previously manifested as respiration in the absence of
substrates in the O2 electrode. Mitochondrial O2 consumption did not respond to ADP,
however, indicating that they were not intact. Respiratory measurements performed
with the isolated mitochondria demonstrated that control mitochondria isolated from
pYES3-transformed yeast contained no myxothiazol-resistant respiration (Figure 6.15).
Mitochondria isolated from LeAOXla and lb-expressing cells, on the other hand, did
possess AOX activity (Figures 6.16 and 6.17). These experiments also showed that the
LeAOXla protein was responsive to pyruvate addition but not DTT when NADH was
the sole substrate (Figure 6.16B). Pyruvate stimulation of AOX activity was not seen
when succinate was a substrate. This is common in plant mitochondria where it is a

result of pyruvate formation within the mitochondrion as a result of the activity of mali
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enzyme (Day et al, 1994). The percentage of respiration that was resistant to
myxothiazol was constant at around 25% of the uninhibited rate although the absolute
rate depended greatly on the type of substrates present. Succinate as a sole substrate
was less effective than NADH (Figure 6.16C). For all traces there was a slight decrease
in the rate after the addition of DTT. In contrast, the LeAOXlb protein was shown to
be insensitive to the presence of pyruvate (Figure 6.17B). NADH oxidation alone
(Figure 6.17B) was able to support an uninhibited rate that was close to that measured
in the presence of both succinate and NADH (Figure 6.17A). Despite this, the rate of
AOX was less than half of that measured when succinate also was present. This seemed
to indicate that the LeAOXlb isoform was responding to succinate. Because succinate
was a poor substrate for yeast mitochondria (Figures 6.16C and 6.17C), there was an
even lower rate of AOX measured when this substrate was used alone. However when
AOX capacity under these conditions was expressed as a percentage of the uninhibited
rate, it was seen that this was close to 40% in contrast to the 13% measured in the
presence of NADH alone. The inclusion of malonate, to inhibit succinate oxidation and

thus demonstrate a direct effect of succinate on this isoform, resulted in an intermedia
level of AOX activity (Figure 6.17D). Malonate consistently inhibited the rate of
NADH oxidation (seen in three experiments from two separate isolations). The reason
for this is not clear. However, despite this decrease in the uninhibited rate, the
measured AOX activity was similar to that in Figure 6.17B, suggesting that this isoform
was responsive to succinate, similar to the C99S GmAOX3 mutant investigated in
Chapter 5.

6.3. Discussion

The results presented in this chapter demonstrate for the first time that a naturally
occurring Cys/Ser isoform of AOX encodes a functional protein and is likely to be
expressed in tomato. The LeAOXlb protein was shown to be targeted to both plant and
yeast mitochondria through in vitro import experiments with soybean mitochondria, and
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expression in the mitochondria of yeast cells (Figures 6.1 and 6.14). In both these
systems it appeared to be processed to a size identical to that of the 32 kDa AOX
protein present in chilled green tomato mitochondria (Figures 6.1 and 6.14). The
function of the LeAOXlb protein was demonstrated in transformed yeast cells and in
isolated yeast mitochondria. It appeared to be more active in the presence than in the
absence of succinate and was unresponsive to additions of pyruvate and DTT (Figure
6.17). Similarly, the LeAOXla protein imported into soybean mitochondria and
expressed in yeast was shown to be identical in size to the 33 kDa AOX protein
expressed in ripening tomato fruit and in response to chilling of green fruit (Figures
and 6.14). The LeAOXla protein expressed in yeast was stimulated by pyruvate but not
DTT (Figure 6.16). These results demonstrated again, that the Cysi residue is involved
pyruvate activation.

The failure of IEF-SDS-PAGE to separate membrane proteins is a well-known
phenomenon. The experiments performed here clearly demonstrate that solubility in
IEF buffer is a major problem limiting the possibility of using this technique for
isolating individual AOX isoforms. Although SDS is widely used for initial

solubilisation of hydrophobic proteins, it is diluted during the IEF process, which mean
that precipitation problems still remain during IEF (Molloy, 2000). Zwitterionic
detergents such as CHAPS are reported to be superior to other non-ionic detergents
(Molloy, 2000) but clearly were of no advantage for the solubilisation of AOX. One

class of detergents not investigated here are the non-ionic detergents such as Triton X
100, which have also been used with some success (Molloy, 2000).

There is one report of the identification of AOX proteins separated by IEF-2D-PAGE
(Hiser and Mcintosh, 1990). The proteins labelled on the second dimension blot shown
in this paper, however, were smaller than those reported for the same species elsewhere
in the paper and smaller than the expected gene product, raising questions as to their
true identity. Whelan et al (1995) have also reported that the mature form of soybean
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AOX was unable to enter the first dimension gel, while in vitro synthesised precursor
protein was able to be resolved through isoelectric focusing. This was suggested to be
due to the decreased hydrophobicity of the protein when the positively charged
targeting sequence was present.

Diagonal PAGE proved to be a useful technique for the isolation of AOX isoforms
capable of forming disulfide bonds. Use of this technique, combined with trypsin
digestion, peptide analysis and amino acid sequencing proved that the 33 kDa protein
expressed in chilled green tomato fruit mitochondria is LeAOXla. Unfortunately this
technique is not as useful for isolating non-oxidisable isoforms such as LeAOXlb
which did not appear off the diagonal. Use of this technique did however prove that
LeAOXla was present in chilled green tomatoes in confirmation of the results of the
competitive RT-PCR experiments reported in Chapter 4. It also proved the existence of
a non-oxidisable AOX isoform in chilled green tomato mitochondria.

Although expression of the A. thaliana AOXla protein is successful in E. coli cells, it is
not a full-length cDNA and there are no reports of successful complementation of this
mutant with full-length plant AOX sequences. However, both the parasitic
Trypanosoma brucei and the fungal Neurospora crassa Aox sequences have been used
to complement this mutant (Chaudhuri and Hill, 1996) indicating that this system is
suitable for use with other sequences apart from AtAoxla.

The expression of LeAOX proteins in yeast produced some interesting results. A
previous report of the effect of AOX expression in the yeast S. pombe (Affourtit et al,
1999) indicated that there was a small but reproducible decrease in the maximum
specific growth rate of cells expressing Sg AOX1. Maximum specific growth rate is the
inverse of the mean generation time reported here. The variation in the growth rates
reported by Affourtit et al (1994) was less than that seen here as the error between

individual experiments (Table 6.2). The fact that there were no significant differences i
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the mean generation times of the three different transformants when grown on
fermentable galactose, suggests that there is some form of compensation occurring in
response to the decrease in the efficiency of respiration resulting from AOX expression
in these cells. This may also be seen in the higher respiratory rates measured in cells
expressing AOX, which cannot be explained solely by the expression *of an additional
oxidase in these cells. The respiratory capacity of isolated mitochondria did not
increase (cf Figures 6.15, 6.16 and 6.17). The increased respiratory rates in whole cells
must, therefore, be the result of either increased mitochondrial numbers or increased
glycolysis as a consequence of decreased ATP synthesis in the presence of AOX,
relieving adenylate control within the cells. The increases measured with CCCP
indicate that AOX-expressing cells are still subject to adenylate control but this is
reduced in comparison to the pYES3-transformed cells.

It is clear from the experiments presented here that LeAoxlb is an active AOX isoform
that is expressed in vivo. Expression of LeAOXlb during cold storage (Chapter 4)
suggests that it may be a stress-responsive isoform. The unregulated nature of this
isoform may make its expression advantageous under such circumstances and this is
discussed in the final chapter.
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Table 6.1. Results of Q-STAR M S - M S analysis of putative A O X protein from
chilled green tomato fruit mitochondria

Protein spots were selected based on approximate molecular mass and analy
an ESI-Q-TOF-MS/MS. Data in the table is from both peptide mass fingerprinting and
amino acid sequencing of the most abundant peptides. Peptides were identified as
LeAOXla based on the mass of the peptide and/or the sequence determined for it. The
actual mass is the mass recorded by the mass spectrometer and is the product of the first
two columns minus the value of the charge associated with the peptide. The theoretical
peptide mass is the mass determined by the M S Digest program located on the Protein
Prospector website (www.prospector.ucsf.edu). The peptide labelled "AOX" is present
within all known A O X sequences.

Peptide Mass/charge

Actual

charge ratio of peptide uncharged

Theoretical

ppm

Sequence of peptide

uncharged difference

Identity of
protein

peptide mass peptide mass
2

1185.6

2369.2822

2369.1730

46

ELDNGMEVPAPA1A1D LeAOXla
YWR

3

709.8

2126.2542

2126.0650

89

No sequence data

LeAOXla

2

653.4

1304.7862

1304.6843

78

SVVSYWGVPPSK

LeAOXla

2

587.3

1172.59

1172.5752

13

ALLEEAENER

AOX
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Table 6.2. M e a n generation times of S. cerevisiae cells growing in SD-galactose.
M e a n generation times were determined as described in Materials and Methods for the
log phase of cell growth from 3 to 4 separate growth experiments for each transformant.
M e a n generation times are expresses as hr/generation. Numbers are means ± se. There
are no significant differences between any of the transformants.

Transformant Mean generation time in SDgalactose
pYES3 alone 6.7 ± 0.3
pYES3-LeAoxla 6.6 ± 0.5
pYES3-LeAo;c7fc 7.5 ± 0.5
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Table 6.3. Respiration rates measured in whole yeast cells. Respiration rates were
measured in whole yeast cells using an oxygen electrode. Cells were pelleted from their
growth medium and resuspended in 50 m M glucose, 40 m M KH2PO4. Sequential
additions C C C P (4 p M ) , K C N (0.6 m M ) or Antimycin A (0.2 m M ) , n P G (5 m M ) or
S H A M (1 m M ) were made to the reaction chamber. Respiration rates are expressed in
nmoles 02.min~ . mg" 1 protein and are the average ± se of 3 to 4 experiments for each
transformant. CCCP-stimulation is the ratio of the uncoupled rate (+ C C C P ) to the
basal respiration rate. The CCCP-stimulation values for L e A O X l b were significantly
lower than for the other two transformants, p < 0.05. p Y E S 3 and L e A O X l a were
significantly different, p < 0.1.

pYES3

LeAOXla

LeAOXlb

(nmoles 02.min~\,mg~ 1 protein)
Basal respiration rate

+ CCCP
+ KCN/Antimycin A
+ nPG/SHAM
CCCP-stimulation

40±3

64 ± 4

119 + 12

115+3

147 ± 9

217 ±23

0

13 ±1

29 ±2

0

0

2.3 ± 0.04

1.8 ±0.1

—

3.0 ±0.3
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Figure 6.1. Import of G m A O X 3 , LeAOXla and LeAOXlb into soybean mitochondria.
G m A O X 3 (A), LeAOXla OB), and LeAOXlb (C) precursor proteins were in vitro translated,
S-labelled and imported into isolated soybean cotyledon mitochondria as described in
Materials and Methods. Lanes 1, 6 and 11 contain precursor proteins alone. Lanes 2, 7
and 12 contain precursor proteins incubated with mitochondria. Lanes 3, 8 and 13 contain
precursor proteins, mitochondria and proteinase K (PK). Lanes 4, 9 and 14 contain
precursor protein, mitochondria and valinomycin (Val) added prior to additi ~>n of the
precursor protein. Lanes 5, 10 and 15 contain precursor protein, mitochondria, PK and
Val. The numbers to the right of the two panels indicate approximate molecular mass in
kDa. The G m A O X 3 imports were run on a separate gel to the tomato imports.
35

Chapter 6. Analysis of A O X isoforms expressed in tomato

133

Figure 6.2. Immunoblot blot showing differential oxidation of tomato A O X proteins.
40 pg protein was treated with either D T T or diamide prior to loading on an S D S - P A G E
gel. Separated proteins were transferred to nitrocellulose membrane and probed with an
anti-AOX antibody. Lane 1, 20 m M D T T ; Lane 2, 50 m M diamide; Lane 3, 100 m M
diamide. Numbers to the left indicate approximate molecular mass in k D a of the
immunoreactive bands. Lanes are from two gels run with the duplicate samples treated
with either D T T or diamide.
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Figure 6.3. Solubility of tomato mitochondrial proteins in SDS-PAGE buffer and
IEF-PAGE buffer.
A. Mitochondrial samples (25 pg) were precipitated using acetone. The samples were
then resuspended in SDS-PAGE or IEF-PAGE sample buffers. Samples were centrifuged
prior to loading the supernatants (SN) onto an SDS-PAGE gel. Pelleted proteins from the
treatments were resuspended in SDS-PAGE buffer and heated at 90°C before loading onto
the gel (P). The separated proteins were stained with colloidal coomassie and quantified
using Image Gauge software (Fuji). The percentage of protein found in the pellet and
supernatant is shown below the gel. B. Mitochondrial samples treated as described in
(A) were separated by SDS-PAGE and then transferred to nitrocellulose membrane and
A O X proteins detected using an anti-AOX antibody. Chemiluminescent reactions were
recorded using a lumi imager. The signal for each lane was measured using Image Gauge
software and is expressed as a percentage of the total signal measured for each treatment.
Numbers to the left of the figures indicate approximate molecular mass in kDa.
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Figure 6.4. Solubility of A O X in different detergents.
25 pg chilled green tomato mitochondrial proteins were precipitated using acetone before
being solubilised in 1 0 % C H A P S , 1 0 % Deoxy-BIG C H A P or 0.75% S D S . Samples
initially dissolved with detergent alone were then diluted into IEF buffer before centrifugation
of all samples to pellet undissolved proteins. The pellets were subsequently dissolved
in S D S - P A G E sample buffer before loading onto an S D S - P A G E gel. After separation,
the proteins were transferred to nitrocellulose membrane and A O X proteins were detected
as described for Figure 6.4. Signals were quantified as described for Figure 6.4. The
signal measured in the supernatant (SN) and pellet (P) for each sample is expressed as a
percentage of the total signal measured for that sample. The position of the 30 k D a
molecular mass marker is indicated on the left.
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Figure 6.5. I E F - 2 D - P A G E gel and immunoblot of tomato mitochondrial proteins.
A. A n IEF-2D-PAGE gel run with 100 pg chilled green tomato mitochondria initially
solubilised in 0.75% S D S after acetone precipitation. Proteins were visualised using
colloidal coomassie. B. Immunoblot of an IEF-2D-PAGE gel prepared as for A. A 20 pg
sample of chilled green tomato mitochondria was run in the second dimension alone as a
positive control (P). The chemiluminescent immuno-reaction was detected on X-Ray film.
Numbers on the left of the figures indicate approximate molecular mass in kDa. Numbers
above each figure indicate approximate pi.
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Figure 6.6.

Schematic demonstration of the D i a g o n a l - P A G E technique.

The first dimension is run under oxidising conditions. A single lane from the first dimension
gel is excised and soaked in reductant before the proteins are separated in the second
dimension. Proteins form a diagonal line in the second dimension according to their M W .
Proteins forming dimers in the first dimension run at lower M W in the second after
reduction to the monomeric form. Proteins forming intra-subunit bonds in the first
dimension run at a higher M W in the second dimension.
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Figure 6.7. Separation of redox-sensitive proteins through Diagonal-PAGE.
A. A 300 pg sample of mitochondrial protein from chilled green tomato fruit was incubated
with 200 m M diamide before separation in the first dimension. A lane was then excised
and incubated in S D S - P A G E buffer containing 20 m M D T T before separation in the
second dimension. Proteins were stained with colloidal coomassie. B. A n enlargement
of the 70kDa/35 k D a region is presented with a single spot circled that was found to contain
an A O X protein through ESI-Q-TOF M S / M S analysis. C. A 40 pg sample of mitochondrial
protein from chilled green tomato mitochondria was treated as described above. Proteins
separated after the second dimension were transferred to nitrocellulose membrane and an
anti-AOX antibody used to detect A O X proteins. Chemiluminescent reactions were
recorded using X-ray film. The dotted line represents the diagonal on which proteins
unaffected by treatment with diamide appeared. Numbers to the left and above (A) indicate
the approximate molecular mass of the proteins in kDa.
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Figure 6.8. Plasmid m a p of E. coli-LeAoxlb transformation construct and comparison
of N-terminal regions of A t A O X l a and L e A O X l b .
A. Comparison of the lengths of the N-termini of ^ A O X l a a n d l e A O X l b as expressed
in E. coli. * indicates in-frame S T O P codons present up stream of the initiating Met which
are in bold. The grey sequence indicates the beginning of the region of high homology
in all known A O X sequences. B. M a p of plasmid used to transform S A S X 4 1 B E. coli
cells. The L e A O X l b sequence was truncated. The new initiating Met shown is downstream
of the Met assumed to be the real initiating Met in tomato. Functional regions of the
plasmid are identified by colour in the legend.
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Figure 6.9. Immunoblot of m e m b r a n e fractions from E. coli expressing L e A O X l b
and A t A O X l a .
Transformed cells were grown in the presence of IPTG to induce transcription of the Aox
c D N A s . Membrane fractions were isolated as described in the Material and Methods
section and proteins were separated by SDS-PAGE. Proteins were transferred to nitrocellulose
and A O X proteins were detected using an A O X antibody. Chemiluminescent reactions
were recorded using X-ray film. Lane 1, 20 pg protein from Ze^oxi^-transformed cells;
Lane 2, 40 pg protein from LeAoxl6-transformed cells; Lane 3, 1.5 pg protein from
AtAoxla-ftznsformed cells. Numbers to the left of the immunoblot indicate approximate
molecular mass in kDa. Arrows indicate the positions of the L e A O X l b and AtAQXldi
proteins.
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Figure 6.10. M a p of plasmid used to transform S. cerevisiae with LeAoxla.
The binary vector pYES3 (Smith et al, 1995) was used to make the transformation construct
for transformation into & cerevisiae R757. The LeAoxla c D N A was inserted downstream
of the G A L 1 promoter allowing galactose-induced expression of the gene. Functional
regions of the plasmid are identified by colour in the legend.
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Figure 6.11. M a p of plasmid used to transform S. cerevisiae with LeAoxlb.
The binary vector p Y E S 3 (Smith et al, 1995) was used to make the transformation
construct for transformation into S. cerevisiae R757. The LeAoxlb c D N A was inserted
downstream of the G A L 1 promoter allowing galactose-induced expression of the gene.
Functional regions of the plasmid are identified by colour in the legend.
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Figure 6.12. Growth characteristics of transformed R757 yeast cells in various media.

S. cerevisiae cells transformed with pYES3 vector alone (•), pYES3-LeAoxia (t) or
pYES3-LeAo;dfr (A) were used to inoculate SD-glucose (2% glucose) (A), SD-galactos
(2% galactose) (B). The optical density of each culture was monitored at 600 nm. A
typical set of experiments is presented for each of A and B.
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Figure 6.13. Immunoblots of L e A O X l b protein express ed in 5. cerevisiae.
Protein samples, from whole yeast cells were separated by SDS-PAGE and transferred to
nitrocellulose membranes and probed with an Anti-AOX antibody. Chemiluminescent
reactions were recorded using X-ray film. Lane 1,10 pg chilled green tomato mitochondrial
protein as positive control; Lanes 2 and 3, 100 pg of protein isolated from LeAoxla and
LeAoxib-transformed cells respectively; Lane 4, 100 pg of protein isolated from p Y E S 3 transformed cells as a negative control. Numbers to the left of each panel indicate approximate
molecular mass in kDa. The reactions shown came from a single experiment with duplicates
of each sample. A collage was made of individual lanes.
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Figure 6.14. Response of A O X proteins to D T T and Diamide.
Mitochondrial proteins from chilled green tomatoes (10 u j, Lanes 1 and 2), L e A O X l a expressing yeast cells (4 pg, Lanes 3 and 4), LeAOXlb-expvessing yeast cells (4 pg, Lanes
5, 6 and 6a) and pYES3-transformed yeast cells (40 pg, Lanes 7 and 8) were either reduced
with 40 m M D T T (Lanes 1, 3, 5, 7) or oxidised with 50 m M Diamide (Lanes 2, 4, 6, 8).
Lane 6a is a duplicate of lane 6 but a longer exposure from a repeat experiment. Treated
proteins were separated by SDS-PAGE, transferred to nitrocellulose membrane and probed
with an A O X antibody. The chemiluminescent results were recorded on X-ray film. The
reactions shown all come from a single experiment run on one gel. DTT-treated and
diamide-treated samples were kept separate on the gel. Lanes have been cut and pasted
to form the collage to allow easier interpretation of the results.
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Figure 6.15. Representative traces showing the response of mitochondria from pYES3transformed S. cerevisiae cells to K C N .
Mitochondria were isolated from S. cerevisiae cells transformed with the pYES3 plasmid.
Samples were suspended in reaction medium as described in the Materials and Methods.
Additions were made as indicated, 0.5 m M ATP, 1 m M N A D H , 5 m M succinate (succ),
5 p M myxothiazol (myxo), 5 m M pyruvate (pyr), 5 m M DTT, 0.2 m M n-propyl gallate
(nPG). Numbers below the traces indicate respiration rates in nmoles 02.min_l .mg-1
protein.
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Figure 6.16. Representative traces showing the response ofLeAOXla to pyruvate.
Mitochondria were isolated from S. cerevisiae cells expressing LeAOXla. Samples were
suspended in reaction medium as described in the legend to Figure 6.16. Numbers below
the traces indicate respiration rates in nmoles O2.min-l.mg-1 protein. Numbers in brackets
indicate the percentage A O X capacity compared with the uninhibited rate. Additions were
made as described for Figure 6.16.
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Figure 6.17. Representative traces showing the response of L e A O X l b to succinate.
Mitochondria were isolated from S. cerevisiae cells expressing LeAOXlb. Samples were
suspended in reaction medium as described in the legend to Figure 6.16. Numbers below
the traces indicate respiration rates in nmoles O2.murl.mg~l protein. Numbers in brackets
indicate the percentage A O X capacity compared with the uninhibited rate. Additions
were made as described for Figure 6.16. Malonate (malon) was also added at 20 m M .
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7. GENERAL DISCUSSION
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7.1.

Introduction

W h y have plants evolved methods of decreasing the efficiency of respiration and
oxidative phosphorylation w h e n aerobic respiration and oxidative phosphorylation have
been such an evolutionary advantage? This is a key question posed by researchers
studying respiratory uncoupling mechanisms such as A O X and U C P in plants. O n e
answer appears to lie in the fact that oxygen is essential for aerobic metabolism while
also having the potential to form dangerous reactive oxygen species. Plants, unable to
m o v e when environmental conditions deteriorate, have evolved a wide range of
protective and detoxifying systems. A O X and U C P are thought to be just two of these
mechanisms, acting to prevent over-reduction of the mitochondrial Q-pool and the
consequent formation of oxygen radicals (Purvis, 1997; Maxwell et al, 1999; Pastore et
al, 2000).

Other mechanisms include detoxifying enzymes such as superoxide

dismutase, catalase, peroxidases and glutathione/glutathione reductase (Noctor and
Foyer, 1998). In addition, plants as autotrophs, require a certain amount of metabolic
flexibility to enable fixed carbon to be metabolised and converted into reducing
equivalents, A T P , carbon skeletons for plant growth and secondary products. Proteins
such as A O X and U C P can provide this flexibility by allowing A T P synthesis to be
uncoupled from respiration.
At the start of my PhD, coordination of the regulation of UCP and AOX expression had
not been substantially investigated.

In addition, the site of both disulfide bond

formation and pyruvate stimulation of A O X had not been determined. These aspects of
plant respiration were studied during m y PhD.

It was shown that U C P and A O X

expression were not highly coordinated in the early stages of fruit ripening although
both increased in abundance in fully ripe fruit and in response to chilling (Chapter 3).
In Chapter 4, a multigene family encoding A O X was identified with two full-length
c D N A s isolated from a chilled tomato fruit library and two partial sequences cloned
from genomic D N A and c D N A . Evolutionary relationships between subgroups of A O X
enzymes were also noted. In Chapter 5, tobacco plants expressing either M A O X l a or a
mutated form of G m A O X 3 were used to investigate regulatory mechanisms involving
isocitrate, pyruvate and succinate. The isolation of a tomato Aox sequence encoding a
similar amino acid substitution to that of the C 9 9 S G m A O X 3 mutant led to the
examination of the expression and activity of this isoform in tomato and heterologous
systems (Chapter 6). A greater understanding of the mechanisms governing A O X and
U C P activity will eventually help to determine the function of these proteins in vivo.
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7.2.

Regulation of respiration during fruit ripening

Throughout tomato ripening, changes occur in the amounts of sugars and organic acids
present in the fruit, culminating in a fully ripe fruit with maximal amounts of sugars and
a higher ratio of citrate to malate than was present in the green fruit (Hobson and
Grierson, 1993). This is at least partly the result of breeding over m a n y generations
with selection for the "tastiest" tomatoes. The outcome is tomato fruiHn which carbon
metabolism continues throughout the ripening process (Tucker and Grierson, 1987).
The biochemistry of the fruit must therefore be regulated in order to support these
reactions.
Respiratory activity is one aspect of fruit biochemistry that is closely regulated during
ripening and intricately involved in organic acid metabolism (reviewed in Tucker and
Grierson, 1987). It has been suggested that the climacteric is a direct response to the
synthesis of ethylene, an important ripening hormone (Hobson and Grierson, 1993) but
the mechanism of regulation by ethylene is not understood.

Respiratory activity

increases during ripening, peaking at the climacteric before declining again (eg. Figure
3.1 A ) . Yet the results presented in Chapter 3 and in the literature indicate that during
this climacteric period key proteins involved in carbon metabolism ( P D C , G D C ,
O G D C , malate dehydrogenase, citrate synthase, NAD-linked isocitrate dehydrogenase
and N A D - M E ) and electron transport (RISP and C O X I I ) are declining in abundance
(Figure 3.4, Goodenough et al, 1985; Jeffery et al, 1986). A n explanation for this
seeming inconsistency lies in measurements of the capacity and abundance of these
enzymes rather than their actual activities in vivo. A s indicated in Figure 7.1 A , it could
be assumed that the fruit's respiratory capacity is greater than its activity in the early
stages of ripening, as the climacteric occurs without an increase in mitochondrial
respiratory capacity (Chapter 3). Respiratory activity can therefore increase during the
climacteric despite an apparent decrease in capacity. This increase could be largely
driven by increased substrate supply. Sugars and organic acid pools exist in the vacuole
(Tucker, 1993) and these m a y be exported to the cytosol in a regulated manner during
ripening. In the period leading up to the climacteric, the chloroplasts are being replaced
by chromoplasts (Harris and Spurr, 1969).

Release of starch reserves from these

chloroplasts m a y also be a significant source of substrate supply during the climacteric.
The increase in activity occurs at a time w h e n the a and P subunits of A T P synthase are
also declining, suggesting that there m a y be an increasing limitation on the activity of
coupled respiratory electron transport. The decline in A T P synthase subunits m a y well
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reflect a decreasing A T P requirement during ripening. There is certainly a decreased
abundance of A T P in ripening tomato fruit after the climacteric period (Chalmers and
Rowan, 1971). However, decreased A T P synthesis and thus utilisation of the proton
motive force could result in feedback inhibition of the T C A cycle and lead to
fermentative metabolism (Figure 7.IB).

The presence of U C P and the increasing

abundance of A O X during and after the climacteric, leading into senescence, seem to
suggest a role for uncoupled respiratory electron transport during ripening. At this later
stage, the respiration rates measured in whole fruit m a y approach and be limited by the
respiratory capacity of those fruit, as mitochondrial proteins continue to decline in
abundance (Figure 7.1 A ) . It is interesting that U C P declines during the early stages of
ripening and begins to increase in line with A O X after the climacteric. This seems to
indicate a greater need for coupled respiration in the early stages of ripening.

7.2.1. Regulation of AOX and UCP during ripening
The presence of U C P in immature fruit m a y indicate a role for this protein in the finetuning of electron transport and A T P demand during the growth phase of the fruit, while
A O X is induced later in development. Induction of A O X during senescence can be
viewed as the replacement of two electron transport complexes (complexes III and IV)
by a single protein, a relatively simple means of limiting over-reduction of the Q-pool
when membrane systems are beginning to break down. Likewise the synthesis of A O X
does not need coordinate expression of multiple subunits encoded in the nucleus and
mitochondria so could continue effectively even in situations in which signalling
between the nucleus and mitochondria m a y be ineffective. Other examples of this type
of inverse coordination of the expression of A O X and cytochrome chain components
have previously been reported (McCabe et al, 1998; Vanlerberghe and Mcintosh, 1992),
suggesting that A O X plays an important role in maintaining electron transport function
when the cytochrome pathway is compromised.
One group of researchers has questioned the relative activities of AOX and UCP when
both proteins are expressed simultaneously (Sluse et al, 1998). They suggest that A O X
and U C P m a y never be active simultaneously due to inhibition of A O X by linoleic acid
at concentrations that are insufficient to fully activate U C P (Sluse et al, 1998). These
results were based on experiments with freshly harvested green tomato fruit that
contained significant levels of both U C P and A O X (cf Figure 3.4). These authors
suggested that A O X m a y be active during the growth phase of plants when fatty acids
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are in relatively low abundance while U C P activity could increase later in development
w h e n fatty acid levels increase (Sluse et al, 1998). This suggested regulation of U C P
and A O X expression is in direct contrast with the results presented in Chapter 3 where
there is significantly more A O X in the later stages of ripening than in the unripe fruit.
The reasons for these differences in A O X abundance in green tomato fruit is not known
but m a y be a result of the use of different cultivars or growth conditions.
Complete understanding of the regulation and function of both these proteins may lead
to an understanding of w h y two different uncoupling mechanisms exist in plants. The
different mechanisms by which they act m a y be significant: A O X directly oxidises the
Q-pool without contributing to the membrane potential while U C P decreases the
membrane potential without having a direct effect on the Q-pool, although by
increasing the activity of the cytochrome pathway it does have an indirect effect on the
Q-pool. A n y protective function of U C P m a y be neutralised if the cytochrome pathway
is compromised, resulting in high levels of Q H 2 . Expression of A O X could prevent this
situation arising. Conversely, there m a y be situations in which continued cytochrome
pathway activity is required for other functions within the mitochondrion and in these
situations U C P m a y be required instead of A O X . For instance, Complex III is k n o w n to
have a role in the processing of imported proteins (Braun and Schimtz, 1999), and
electron movements through this complex m a y be required for efficient processing
activity (pers. c o m m . D r J Whelan, University of Western Australia). A O X also
requires high substrate flux for activity, because of its dependence on high

QR/QT

(Dry

et al, 1989). In instances of low substrate flux through the T C A cycle, A O X m a y not be
able to contribute significantly to uncoupling of electron transport. These m a y be
reasons for the expression of U C P at significant levels in the immature fruit when A O X
abundance is minimal.

7.3. Regulation of respiration during cold storage
The response of tomato fruit to cold storage can be viewed at two different levels, the
overall effect on respiratory activity (Figure 3.IB) and effects at the level of individual
mitochondrial proteins (Figure 3.5 and Table 3.1). The effect on fruit respiratory
activity presented in Figure 3.IB does not appear to differ substantially from the
increases in respiration measured during ripening. Despite this, significant differences
can be seen at the level of mitochondrial protein expression.

Perhaps the most

interesting of these is the fact that C O X I I , A O X and U C P all increase in abundance.
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This is in contrast to the inverse coordination of expression between C O X I I and
A O X / U C P that was noted during ripening. Such inverse coordination has also
been reported in response to soybean cotyledon development and senescence
(McCabe et al, 1998) and inhibition of the cytochrome pathway by Antimycin A
(Vanlerberghe and Mcintosh, 1992).

T h e first situation demonstrates a

developmental response, similar to that seen in the ripening tomato fruit while the
second is a severe stress that directly inhibits the cytochrome pathway. It appears
from the results in Chapter 3 that a milder stress such as cold storage can result in
increased expression of both respiratory pathways.

While the plant hormone, ethylene, appears to have a role in the regulation of
respiration during ripening, it has also been shown to be involved in plant
responses to stress (Solano and Ecker, 1998; V a n Breusegem et al, 2001). Other
factors m a y be involved in the response of tomato fruit to cold storage, resulting
in an altered response at the mitochondrial level. These factors could include
R O S and products of cellular damage such as lipid peroxidation products, which
m a y act as signal molecules resulting in increased expression of a range of
proteins, including electron transport components involved in the oxidation of the
Q-pool (Figure 7.2). H 2 O 2 is a possible candidate for a signalling molecule as it is
relatively stable and able to diffuse through membranes (Foyer et al, 1997).

7.4.

Estimates of U C P and A O X activities in vivo

A fundamental problem with attempts to estimate the activities of A O X and U C P
from knowledge of their protein abundance is that there are no estimates of
pyruvate and fatty acid concentrations inside mitochondria. Nor is it k n o w n h o w
important the redox state of the mitochondria is in determining the reduction or
oxidation of A O X dimers in vivo. Without these data there is no w a y of
estimating the activity of each protein or even if regulation of A O X by organic
acids is of any significance in vivo. In addition, while it is possible to measure
A O X activity in some tissues using the O 1 8 discrimination technique (see Section
1.2.3.3) it is not yet possible to determine the activity of U C P in vivo. The U C P
assay used in Chapter 3 to estimate the capacity of U C P in chilled and unchilled
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green tomato mitochondria is an indirect assay that relies on measuring changes in
the activity of the cytochrome pathway in response to the application of L A .
Because both U C P and A T P synthase activities result in movements of protons
across the inner mitochondrial membrane, these changes in activity are analogous
to those occurring in state 3 versus state 4. The measured U C P "capacity"
depends, therefore, on the kinetics of both the cytochrome pathway and the
dehydrogenases. W h e n measurements are m a d e with mitochondria from different
tissues, the degree of stimulation seen in the presence of L A will depend on the
capacities of the oxidase pathway and the dehydrogenases, which could be
significantly different in different tissues or in response to environmental factors
such as chilling.

Figure 7.3A demonstrates how the addition of LA results in an increase in the
apparent V m a x of the cytochrome pathway resulting in increased respiratory rate.
In Figure 7.3B, the addition of L A has a greater effect on both the oxidase kinetics
and the degree of stimulation measured due to a greater abundance of U C P . In
Figure 7.3C, stimulation is not m u c h greater in the second instance, despite an
increase in the abundance of U C P protein, as the dehydrogenase capacity has been
decreased. In addition, impairment to the cytochrome pathway resulting in
decreased capacity could also prevent the full capacity of U C P from being
determined.

It is clear that such measurements alone cannot be used to accurately estimate the
capacity of U C P in isolated mitochondria, even though the results presented in
Table 3.1 demonstrate increased U C P capacity in line with increased U C P
abundance.

A

more informative method would be to manipulate the

dehydrogenase capacity for each treatment/condition and determine the oxidase
responses to different Q R / Q T values in the presence and absence of L A . This type
of experiment could be performed using increasing concentrations of malonate to
progressively inhibit succinate dehydrogenase (eg. Figure 5.3) in the presence and
absence of L A . The resulting curves could be modelled to determine the factor of
increase in response to L A addition.
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A n additional problem with current methods of determining U C P capacity lies
with the molecules used to inhibit its in vitro activity. B S A is obviously not a
physiological inhibitor but its use in in vitro assays indicates the reversible nature
of U C P activation by fatty acids. It is hard to understand the rationale of
inhibition by A T P and G T P . High concentrations of these molecules should
logically stimulate rather than inhibit U C P activity if the function of U C P is to
relieve the inhibition of electron transport reactions resulting from high A T P / A D P
ratios. There must be other regulatory factors in vivo, which need to be identified.

7.5. AOX regulation, role of Cysi
7.5.1. Interaction ofCysi with pyruvate
The hypothesis that a Cys residue is responsible for both pyruvate stimulation of
A O X and cross-linkage of A O X dimers has been proven by three recent
mutagenesis studies (Rhoads et al, 1998; Vanlerberghe et al, 1998; Djajanegara
et al, 1999; Chapter 5). It was also demonstrated that mutation of the Cysx
residue could alter the specificity of organic acid stimulation of A O X .

The interaction between pyruvate and Cysi has been suggested to occur through
formation of a thiohemiacetal (Figure 1.5A, U m b a c h and Siedow, 1996). This
covalent linkage of pyruvate to Cysi is likely to occur spontaneously as the S H
group of Cys is relatively reactive. The resulting covalent bond is not highly
stable however (McMurray, 1996) and would be in equilibrium with the free
pyruvate molecule. Pyruvate stimulation has been shown to be rapidly reversible
by the addition of lactate dehydrogenase (Day et al, 1994), which further
strengthens this explanation of the interaction at this site.
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7.5.2. Succinate stimulation ofA OX mutants
The discovery that succinate can stimulate A O X activity w h e n Cysi has been
mutated to either Ser or Ala (Chapter 5, Djajanegara et al, 1999; Djajanegara,
2000) raises the question of h o w this interaction could occur. The O H and C H 3
side groups of Ser and Ala are not sufficiently reactive to form spontaneous
covalent bonds with succinate (Pers. c o m m . Assoc. Prof. R V Stick, University of
Western Australia). This suggests that other weaker bonds between a number of
residues are needed to stabilise the interaction of succinate with the mutated
enzymes. These residues m a y also stabilise the interaction of pyruvate with the
wild type enzyme. Succinate m a y be unable to activate the wild type enzyme
w h e n Cysi is present simply because that residue prevents succinate accessing the
"activation site". Identification of these other residues could lead to information
about the structure of the "pyruvate activation site" and h o w it interacts with the
rest of the enzyme. Identification of these residues could be performed through
random or site-directed mutagenesis of ^ r A O X l a expressed in E. coli in a similar
manner to that used for the identification of residues involved in sensitivity to
S H A M (Berthold, 1998). The identification of mutants of interest could be
performed by analysis of the E. coli growth rates determined by colony sizes in
the presence and absence of succinate or pyruvate in their m e d i u m (Djajanegara,
2000).

LeAoxlb, the tomato Aox cDNA encoding a Cysi/Ser substitution, is the only
example of a naturally occurring, succinate-stimulated A O X isoform that has been
shown to be active and expressed in vivo. The implications of the expression of
such an isoform will depend upon the relative levels of succinate and pyruvate in
mitochondria and on whether the wild type enzyme would normally exist in the
oxidised or reduced form in a given situation.

7.5.3. Function of the N-terminal "regulatory region " ofA OX
Currently the structure of the N-terminus of the plant A O X has not been modelled
as it does not show similarity to any region of the di-iron proteins on which the Cterminal portion has been modelled. This region appears to be involved in the
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regulation of the A O X dimer as it contains the Cysi residue. In addition, it is
missing from the non-plant A O X proteins, which do not appear be activated by
organic acids nor inactivated by cross linking. Determining the structure of this
"regulatory region" of A O X could indicate its function. This region could
function by blocking the active site, preventing access to Q H 2 .

Binding of

pyruvate could cause a conformational change allowing Q H 2 to access the active
site. Cross-linking of this region between two A O X proteins could immobilise
this region as well as preventing the binding of pyruvate. Alternatively, binding
of pyruvate to this "regulatory region" could bring its C O O H group into proximity
with the active site resulting in activation of the enzyme in some manner.
Interestingly, the crystal structure of methane monooxygenase was originally
reported to include an acetate molecule acting as a bridging ligand at the active
site (Rozenzweig et al, 1993). This might suggest a similar role for pyruvate at
the active site. However, in a subsequent paper reporting a higher resolution
structure, this was corrected and proposed to be a water molecule instead
(Rozenzweig et al, 1995). The evidence that non-plant A O X proteins are
functional in the absence of this "regulatory region" reduces the likelihood that
pyruvate is directly involved in the active site. The residues forming the proposed
active site are highly conserved among all k n o w n A O X proteins and in the
I M M U T A N S protein (Berthold and Nordlund, 2000).

Crystallisation of the wild type AOX protein in the presence of pyruvate and the
Cysi/Ser mutant in the presence of succinate would allow unequivocal
identification of the manner in which these organic acids interact with A O X and
the structure of the whole enzyme. Unfortunately the hydrophobic natiire of A O X
makes crystallisation and analysis of its structure by X-ray diffraction unlikely in
the near future. However, other techniques are being developed and used with
m e m b r a n e proteins.

These include aqueous phase N M R

and electron

crystallography of 2-D crystals (Rosenbusch et al, 2001). Advances are also
being made in the modelling of proteins (Foster, 2002) that m a y eventually allow
accurate modelling of most protein folds from amino acid sequence data alone.
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7.6.

A O X regulation, role of multigene families

The presence of multigene families of A O X is well established in m a n y plant
species (Whelan et al, 1995; Whelan et al, 1996; Ito et al, 1997; Saisho et al,
1997; Considine et al, 2001; Saisho et al, 2001). Members of these families are
differentially expressed in response to environmental and developmental cues
(Finnegan et al, 1997; Saisho et al, 1997; Ito et al, 1997; M c C a b e et al, 1998;
Considine et al, 2001; Saisho et al, 2001). A s shown in Chapter 4, plant A O X
proteins can be divided into groups based on taxonomy but their sequences also
indicate the presence of two different types of enzyme which have been called
Type I and II. Type II enzymes have only been reported in dicot species to date
indicating that they have evolved subsequent to the divergence of these clades.
These different types of A O X m a y possess slightly different kinetic or regulatory
properties and thus m a y be expressed in response to different stimuli.
Examination of the literature and E S T databases, as performed in Considine et al
(2002) seems to indicate that indeed, Type II isoforms are often expressed under
non-stress conditions while Type I enzymes are often expressed in response to
stress treatments imposed by scientists. Responses to these applied stresses can
be very specific, for example in A. thaliana where there are three type I Aox genes
and a single type II gene, only AtAoxla

is induced in response to a suite of

chemical inducers (Saisho et al, 2001). But the evidence is far from black and
white as some Type I enzymes are reported to be expressed in developmentally
normal tissues including ripeningfruit(Chapter 3, Considine er al, 2001). It is
difficult to determine exactly what a non-stress situation for a plant is, since even
during normal growth, development and senescence the plant m a y experience
stresses and respond appropriately. Future analysis of promoter elements will
almost certainly help to clarify some of these issues.

In this context it is also important to consider the role that less regulated isofo
m a y play in governing A O X activity. For instance, in tomato the expression of
the L e A O X l b protein m a y result in higher A O X activity than if the same amount
o f L e A O X l a was expressed. This would depend on the relative availabilities of
pyruvate and succinate and whether L e A O X l a was likely to be inactivated by
oxidation of its Cysi residues. There m a y be an evolutionary tolerance for
mutations resulting in enzymes such as L e A O X l b and Os A O X lb, in which
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normal regulatory mechanisms have been altered, if the type I subgroup to which
they belong is expressed only under stress conditions. More detailed examination
of the expression of this and the other isoforms throughout tomato plants will lead
to a better understanding of h o w A O X is regulated by differential gene
expression.

7.7.

Conclusions

The regulation of uncoupled respiration is clearly a complicated issue. Our
current knowledge of the regulation of A O X and U C P is based almost entirely on
in vitro experiments. These have indicated that Q H 2 and pyruvate concentrations,
as well as the redox status of A O X dimers are important in determining A O X
activity (Dry et al, 1989; Millar et al, 1993; U m b a c h and Siedow, 1993).
Likewise, fatty acids and A T P / G T P have been shown to modulate U C P activity
(Vercesi et al, 1995; Jezek er al, 1996; Nedergaard et al, 2001). These data are
certainly very valuable in determining the means by which these proteins m a y be
regulated in vivo, however, in the future there must be a greater effort to
determine the extent to which these mechanisms are relevant in the whole plant.

1 R

It will be important to continue to develop techniques like O

discrimination for

use in determining the in vivo activity of A O X (eg. Ribas-Carbo et al, 1996;
Robinson et al, 1992), which will result in further understanding of the utilisation
of this enzyme in plants. Current methods are costly and time consuming and
m a y have limited applications beyond root and leaf tissues due to diffusion
problems in bulky tissues (Guy et al, 1989).

In the future, metabolomic

techniques m a y be combined with techniques such as non-aqueous phase
fractionation (Winter et al, 1994) to measure the concentrations of key
metabolites such as pyruvate, isocitrate and succinate within mitochondria (Fiehn,
2001). The exact function of non-UCPl type isoforms of U C P is still a hotly
debated topic in the literature and clarification of this issue is needed (eg.
Gonzalez-Barroso et al, 1998; Ricquier and Bouillaud, 2000; Nedergaard et al,
2001). In addition, correlation of the presence of U C P with concentrations of
mitochondrial fatty acids needs to be performed to determine the situations in
which it m a y be functional in vivo.
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Figure 7.1. Hypothetical demonstration of the regulation of respiration during
ripening.
A. Graph showing a possible relationship between enzyme capacity and respiratory activity
during ripening. Respiratory activity (dashed) is lower than the respiratory capacity (solid)
early in ripening. Increased substrate supply or uncoupling activity results in increased
respiratory activity during the climacteric despite an overall decrease in respiratory capacity.
Capacity and activity become closer as the capacity continues to decline during ripening.
B. Scheme demonstrating that increased respiratory activity, perhaps resulting from
ethylene production leading to increased flux through glycolysis, may result in feedback
inhibition of the T C A cycle and fermentative metabolism upon accumulation of pyruvate
unless A O X and/or U C P are present. This feedback inhibition m a y be the result of lower
A T P demand and subsequent increases in the proton motive force, or it m a y be the result
of impairment of the cytochrome pathway resulting from loss of pathway components.
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Figure 7.2. Putative signals resulting in increased expression of electron transport
components as a response to cold storage of tomato fruit.
Impairment of mitochondrial function as a result of cold storage m a y result in the production
of reactive oxygen species (ROS), which are perceived by the cell as a result of an unknown
signalling pathway. The nucleus responds by increasing production of defence proteins
and electron transport proteins involved in oxidation of the mitochondrial Q-pool resulting
in the minimisation of further R O S formation.
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Figure 7.3. Effect of dehydrogenase capacity on measured U C P activity.
The graphs represent the kinetics of the dehydrogenases (dotted lines), which have maximal
activity at low Q R / Q T , and the cytochrome pathway (thick solid lines) which has maximal
activity at high Q R / Q T A. A n increase in the apparent oxidase capacity results from
the activation of U C P by the addition of linoleic acid (LA). B. The increase measured
as a result of L A addition is lower in the control (1) than in the treated sample (2) which
has a greater abundance of U C P . C. The U C P capacity measured in the treated sample
(2) is not greatly different to that of the control (1) due to decreased dehydrogenase
capacity. Treatment may be an applied stress or different developmental stages/conditions.
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