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Abstract

Phosphoenolpyruvate carboxylase (PEPc) is a cytosolic enzyme that plays a
wide range of roles in different tissues of higher plants. A photosynthetic isoform of
PEP¢ catalyses the primary fixation of CO; in Cs and CAM plants. Other isoforms are
thought to be responsible for different functions, including the replenishment of
tricarboxylic acid cycle intermediates, pH control, and the provision of malate in
guard cells, developing fruit and legume root nodules.

PEPc is an allosteric enzyme, inhibited by malate and activate by glucose 6-
phosphate. Superimposed on this is control by reversible phosphorylation of a single
serine residue close to the N-terminus of the protein. Phosphorylation modulates the
allosteric properties of the enzyme, with the phosphorylated form being less sensitive
to malate inhibition. The phosphorylation state of PEPe¢ is controlied largely at the
level of expression of PEPc kinase (PPCK) genes. The aim of this work was o
identity and characterise PEPC and PPCK gencs in C; plants, particularly in the
feguminous plant soybean (Glycine max).

In legume root nodules, PEP¢ plays a central role in the melabolism that
allows fixation of atmospheric Na by bacteroids, It provides the C4 dicarboxylates that
are required by the bacteroids for energy generation and also the carbon skeletons that
are needed for the subsequent assimilation of ammonium into amino acids, In soybean
one PREPc gene (GmPEPC?) is highly and relatively specifically expressed in nodules.
To test the hypothesis that PEPc kinase expression would show a similar pattern, the
expression of both PPCK and PEPC genes were analysed in soybean. Soybean
contains at least four PPCK genes. The genomnic and cDNA sequences of these genes
werc determined, and the function of the gene products demonstrated by in vitro
expression and enzyme assays. For two of these genes, GmFPPCK2 and GmPFPCK3,
transcript abundance is highest in nodules and is markedly influenced by supply of
photosynthate from the shoots. One gene, GmPPCK4, is under robust circadian
control in leaves but not in roots. Its transcript abundance peaks in the latter stages of
subjcctive day. This is the first report of a C3 PPCK gene that is controlled in this
manner. The expression patterns of five PEPC genes, including one encoding a
bacterial-type PEPc¢ lacking the phosphorylation site of the “plant” PEPcs, were also
investigated. The PEPC expression patterns do not match those of any of the PPCK

genes, arguing against the existence of specitic PEPc-PEPc kinase expression
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partners. Collectively, the results demonstrate that the PEPC and PPCK gene [amilies
in soybean are significantly more complex than previously understood.

Another role of PEPc is the production of organic acids in developing fruit.
Previous work had identificd two PPCK genes in tomato (Lycopersicon esculentum),
one of which (LePPCK?2) contained a novel second intron that exhibits alternative
splicing. The correctly spliced transcript encodes a functional PEPc kinasc, whercas
unspliced or incorrectly spliced transcripts encode a truncated, inactive protein. The
relative abundance of the transcripts varies in different tissues, both in wild-type
plants and in the greenflesh tomato mutant. A PPCK2 gene was identilied in tobacco
(Nicotiana tabacum), also exhibiting alternative splicing and producing various
amounts of the transcript in different tissues. Similar sequences are also present in
potato (Solanum tuberosum) and aubergine (Solanum melongena), The data suggest
that the alternative splicing of PPCK2 transcripts is functionally signiticant.

The release of the rice (Oryza sativa) genome sequence allowed the
identification of three putative PPCK genes. The sequence of one of these genes
(OsPPCK2) was unusual in containing three in frame methionine residues at the 5°
end, potentiatly allowing the production of a larger PEPc¢ kinase protein. The
functionality of these genes was assessed, but the results were unable to provide
unequivocal evidence demonstrating the phosphorylation of PEPc by the ‘long’ form
of OsPPCK2.

Overall the data presented in this thesis reveal a novel picture of the

transcriptional control of PEPc kinase in C; plants.
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Chapter 1

Introduction

This thesis explores the roles and regulation of phosphoenolpyruvate
carboxylase kinase (PPCK) in C; plants. The major part of this work was conducted
on the leguminous plant soybean (Glycine max). Legumes are characterised by their
ability to enter into a symbiotic associalion with certain soil-born bacteria. Therefore
my introduction will initially give an overview of this process before moving on te
consider the many roles the enzyme phosphoenolpyruvate carboxylase (PEPc) plays
in higher plants. Finally I shall discuss the control of PEP¢ via rcversible
phosphorylation and the recent advances in identifying and characterising the kinase

responsible,

1.1 Symbiotic nitrogen fixation

1.1.1 Introduction
Nitrogen is an essential element for plant growth and reproduction. Lack of

mineral nitrogen in the soil often limits plant growth and, as a result, modern
agriculture uses approximately 80 million tons of nitrogen fertiliser annually
(Trevaskis er al., 2002). Biological nitrogen {ixation is a fundamental global process.
1t is the most significant natural pathway for the introduction of nitrogen into the
biosphere (Serraj et al., 1999). Fixation of atmospheric Nj is restricted to organisms
with prokaryotic cell structures; bacteria and cyanobacteria. Fixation occurs in the
free-living state, in association with plants or in symbiosis with plants. Nitrogen
fixing symbioses vccur in several plant groups. Cyanobacteria form symbioses with
several mosses, the water fern Azolla, a group of gymnosperms (the cycads) and the
flowering plant Gunnera (Peters, 1991). The (ram-positive actinomycele Frankia
infects nearly 200 species of flowering plants belonging to eight different families
(Doyle, 1998). The best characterised symbiotic Na-fixing system is the symbiosis
between the legumes and a range of Gram-negative soil bacteria termed rhizobia. The
Frankia and rhizobial symbioses are characterised by the formation of a novel plant
organ, the nodule, on the roots (or rarely the stems) of the host plant.

Phylogenetic analysis of the angiospcrms, based on the chloroplast #bcL
sequence, suggests that all flowering plant families involved in rhizobial symbiosis or
actinorhizal symbiosis (nodulation by Frankia spp.) belong to the same lineage, the

Rosid I clade (Soltis er al., 1995). However it is only a small minerity of plant genera

NN,
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within this large group that can be nodulated and their distribution amongst non-
nodulated plants, often from the same families, suggests nodulation has originated
many times independently (Doyle, 1998). It has therefore heen proposed that,
although nodulation may have evolved independently, the predisposition to nodulate

may have a single origin (Soltis et al., 1993).

1.1.2 Legume-rhizobium nodulation

It was in 1888 that Hellriegel and Willarth first identified rhizobia as the
source of [ixed nitrogen in the root nodules of legumes (IIausler ef al., 2001). Since
then the legume-rhizobial nodulation process has been intensively sludied. This is asa
model system for the understanding of plant-microbe interactions, as well as for
agricultural reasons; a number of important crop species are part of the legume
family, These include grain legumes such as soybean, peas and lentils and fodder
legumes including clover, alfalfa and vetch. A better understanding of the nodulation
process will enable more efficient farming and aid the breeding of new varieties. Also
the ahility to engineer non-leguminous crop plants to successfully fix nitrogen has
long been a goal. During symbiosis the host plant receives fixed nitrogen from the

rhizobia in return for providing a source of’ respiratory substrates.

1.1.3 The infection process

The rhizobia-legume interaction has many features in common with plant
parasitc infection and development. These inctude the binding of microbes to the host
plant, penetration into the host plant, redirection ot the host plant metabolism and the
morphological manifestation of the interaction, i.c. the nodule (Vance, 1983) (see Fig.
1.1). It has been suggested that nodulation can be seen as a highly regulated plant
disease response. The infection process and subscquent nodule formation has been
extensively researched and 1 will present only a brief overview of this work.

The development of nitrogen-fixing nodules is a complex multi-step process
requiring the exchange and recognition of specific signals by both the host plant and
ihe infecting rhizobia. The first stage in the process involves the migration of the
bacteria towards the host plant and their attachment to the root hair surface. Flavonoid
compounds present in plant-root exudate attract rhizobia toward the root surface and
induce the transcription of bacterial nodulation (nod) genes. These genes are not

expressed in the free-living bacteria, except for nodD that is constitutively expressed.
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NodD has the ahility to bind specific flavonoids in the plant-root exudatc and this
induces the transcription of the other anod genes. The products of these nod genes are
specific lipochito-ofigosacharrides called Nod factors. The specific Nod factors
produced by the bacteria are associated with determining its host range, The host-
specific characteristics are based on structural variations in the Nod factors produced
by different thizobial strains. In gencral rhizobia can only successfully infeet a limited
number of host plants. However, some rhizobia have a broad host range, such us
Rhizobium spp. NGR234, which can nodulate more thun 110 genera of legumes us
well as the non-legume Parasponia andersonii (Viprey e/ al., 1998). The basts for its
broad host range is thought to be the wide variety ol Nod factoss it excretes (Price ef
al., 1992).

As well as their role in specificity, Nod factors also induce several responses
in the host plant. The first event, occwrring in seconds afier Nod factor application, is
the transient influx of Ca®' into the root hairs. The high Ca®* concentration at the root
hair tip is associated with the ability of the bacteria to cause a reorientation in the
direction of growth of the root hair, causing it to curl. The growth direction of the root
haix is constantly redirected towards the bacteria, which leads to it becoming
entrapped, Local degradation of the cell wall allows the bacterial cells direct access to
the outer surface of the plant plasma membranc. Tlowever, it is the plant itself that
weakens the cell wall at the site of anticipated infection (Parniske, 2000).

A separate Ca’~ phenomenon is observed several minutes after Nod factor
application. Ca®™ spiking has been observed originating from the region around the
nucleus of root hairs in several legume species (Lhuissier ef «l., 2001). The amplitude
of the spikes decreases with distance from the perinuclear region and no spikes were
detected at the root tip. Their role is still unclear but it is thought that they may be
involved in signal transduction and gene expression.

Internalisation of the bactcria is achieved by the formation of an infection
thread. After localised ccll wall hydrelysis at the point of infection, the plasma
membrane invaginates to form a tubular structure, the infection thread, which the
hacteria then enter. The rhizobia inside the infection thread grow and divide, keeping
the tubule filled with bacteria.

The processes of infection and nodule organogenesis occur simultaneously
during nodule development. As the infection thread grows towards the base of the

infected cell, the root cortical cells dediffercntiate and start dividing to form the
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nodule primordium, from which the nodule will develop. When the infection thread
reaches the primordia, thizobia are released from the tip of the infection thread and
enveloped by a membrane of plant origin called the peribacteroid membrane (PBM).
Lven though the rhizobia are intracellular, they arc always extracytoplasmic because
of the integrity of the PBM (Parniske, 2000). Within this organelle-like compartment,
termed the symbiosome, the bacteria stop dividing and enlarge and differentiate into
bacteroids able to fix atmospheric nitrogen.

The signals that trigger the uptake of the rhizobia from the infection thread
into the PBM-enclosed corupartments are unknown. There is evidence for the
involvement of a type-I1I secretion system (['1SS). Recently, TTSSs have been shown
to exist in several rhizobia (Marie ef /., 2001). TTSSs are multi-protein complexes
that span the entire bacterial ceil envelope and are conserved among animal and plant
pathogenic bacteria (Plihler ef wf., 2004). 1t was previously thought that TTSSs were
unique to pathogenic bacteria. Mutations in two components of the TTSS of the
broad-host-range RAizobium spp. NGR234 strongly affect its ability to nodulate a
variety of tropical legumes (Viprey et al., 1998).

1.1.4 The nodule

The mature nodule is a vascularised plant organ where the fixation of
atmospheric nitrogen occurs. It consists ol the central tissue that contains infected and
uninfected cells. In the mature nodule the enlarged infected cells may contain
thousands of symbiosomes (Udvardi and Day, 1997). Fig, 1.2 shows an electron
micrograph of infected and uninfected cells from a soybean root nodule. Proliferation
of the PBM requires massive synthesis of lipids and proteins. An infected nodule cell

has a plasma membrane area of 2800 um? but a PBM area of 21500 pm” (Parniske,

2000). The central tissue is surrounded by the nodule parenchyma, the endodermis
and outermost the cortex. Vascular bundles are located in the nodule parenchyma.
Based on their morphology nodules are classified as determinate or
indeterminate. Temperate legumes (Pisunm, Medicago, Vicia and Trifolium) develop
club-shaped indeterminate nodules on their roots. They are elongated due to a
persistent apical meristem located at their apex, which gives rise o various
developmental zones within a single nodule. The youngest zone, termed the

prefixation zone, is located near the apical meristem and is where infection of the cells
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takes place. The central zone is where nitrogen fixation occurs. At the base of the
nodule is the senescence zone where the bacteroids are degraded by the plant.
Tropical legumes (drachis, Glycine, Phaseolus and Lotus) form spherical
determinate nodules. In contrast to indeterminate nodules, they develop [rom a
spherical meristem that stops dividing at an early stage of development and is not
evident in mature nodules. There are also differences in the number of bacteroids
contained within each PBM. In indeterminate nodules bacieroid division is tightly
coupled with PBM division so a single bacteroid is surrounded by the PBM. In
determinate nodules this coupling breaks down later in development so that several

bacteroids may be enclosed (Brewin, 1991).

1.1.5 Nodule mctabolism
During symbiosis the bacteroid fixes atmospheric N; to ammonia, which is

then assimilated by the plant via the glutaminc synthase (GS)/glutamate synthase

(GOGAT) pathway. In exchange the plant provides the bacteroid with reduced carbon

that is used as fuel for bacteroid metabolism, including nitrogen fixation. This

metabolic co-operation requires several specific adaptations: protection of the oxygen

labile nitrogenase enzyme complex; translocation of carbon compounds to support the

high energy demands of N, fixation; assimilation of the product of N; fixation
(Michiels and Vanderleyden, 1994). In order to achieve (his, plants produce several
prateins in nodule-specific or nodule-abundant forms. These include leghemoglobin,

sucrose synthase, uricase, glutamine synthase (GS) and PED carboxylase (PEPc).

1.1.6 Nitrogen fixation
The reduction of atmospheric nitrogen by the bactcroids is catalysed by the
enzyme nitrogenasc via the following reaction:

No+8H' + 16 ATP +8¢ — 2 NHz + Hy + 16 ADP + 16 Pi

This is a highly energy demanding process consuming jarge amounts of AT

and reductant. Therefore it is unsurprising that it is a tightly regulated process at both

the transcriptional and post-transcriptional level, The enzyme nitrogenase is

irreversibly inactivated by oxygen, so nitrogen must be fixed under anaerobic

conditions. Low O, concentrations are required to induce the nitrogen fixation genes.

In free-living diazotrophs (nitrogen-fixing organisms) the availability ol a nitrogen




source is also a major regulatory factor (Michiels and Vanderleyden, 1994), to prevent
the energy-expensive reaction of N fixation when an alterative source of reduced
nitrogen is available. However rhizobia have evolved to providc the pfant with NH;
and the process of N3 fixation is uncoupled from the control of nitrogen assimilation
(Udvardi and Day, 1997).

In the nodule the high-energy demands of nitrogenase are met by oxidative
phosphorylation. Therefore the plant must provide the bacteria with a high O, flux at a
low O, concentration. Oxygen transport to the bacteroids is facilitated through the
presence of an Oy-carrier protein, leghemoglobin (Bergersen and Turner, 1975).
Leghemoglobin is the most abundant protein in N;-fixing nodules and accounts for up
to 25% of the plant cytoplasmic proteins (Appleby, 1984). Another adaptation to the
low O; environment is the presence of a high- O,-affinity terminal oxidase in the Nj-
fixing bacteroid, which functions at O, concentrations of 5-10 nM (Vance and
Heichet, 1991).

Nodules have also developed mechanisms to regulate their permeability to O3
(Witty ef al., 1987, Layzell ef al., 1990). The free oxygen concentration within
infected cells is about 10-60 nM (Kuzma et al., 1993). This low free oxygen
concentration results from the combination of a variabie O3 diffusion barricr in the
nodule parenchyma, consisting of tightly packed cells with few intercellular air
spaces, and high metabolic activity of the rhizobia (Mylona ef al., 1995). Expression
of plant glycoproteins, which accumulate in the intercellular spaces of the nodule
parenchyma, may further influence oxygen diffusion (Brewin, 1991). There are two
mechanisms that control the nodule permeability to oxygen: long-term developmental
adaptations such as changes in the number of cells in the nodule parenchyma, and
shori-term physiological mechanisins allowing rapid adjustment to changes in
environmental parameters (Kuzma et al., 1993).

Recently, a carbonic anhydrase isoform from Medicago safiva, Mscal, was
shown to be localised to the nodule parenchyma and an inverse correlation was
observed between the cxternal oxygen pressurc and Mscal protein content (Galvez er
al., 2000). Carbonic anhydrase catalyses the hydration of CO; to form bicarbonate. 1t
is proposed that Mscal may play a role in the modulation of the O, diffusion barrier.

Many experiments have shown that increasing the external partial pressure of
s, especially in nodules in which nitrogenase has been inhibited, results in a

significant increase in nodule respiration (Hartwig ¢f al., 1987; Vessey ef al., 1988,




Hunt ef al., 1989; Denison et al., 1992; de Lima et al., 1994). Therefore, it was
concluded that legume nodule metabolism is Op-limited. it has long been assumed that
the bacteroids were the site of O,-limited metabolism. Kuzma ef af. (1999)
investigated the site of oxygen limitation by measuring adenylate pools in soybean
nodules either maintained in air or exposed to subambient O, levels. Using the
adenylate energy charge (AEC = [ATP + 0.5 ADP] / {ATP + ADP + AMP]) value as
an indicator of bypoxic metabolism, they found that in nodules in air the plant
compartment had a Jower value (i.e. more hypoxic} than the bacteroid compartment,
which was close to that of fully aerobic organisms. When exposed to 10% O», the
AEC value of the plant compartment remained unchanged, while that of the bacteroid
was significantly decreased. This supports the view of the bacteroids being the
primary site of O; limitation in nodules. However, cytological evidence has shown
that nodule mitochondria are clustered near gas-filled intercellular spaces (Millar ez
al., 1995), where larger free O, gradients are predicted to occur (Thumfott ef al.,
1994). To resolve the apparent discrepancy between these results and the low AEC
values measured for the plant compariment, Kuzma ef al. (1999) proposed that the
low AEC value is a function of the large size of, and mitochondrial localisation in,
infected cells. The sinks for ATP within the plant compartment would, in many
instances, occur at tong distances from the mitochondria clustered near the
intercellular gas-tilled spaces. Therefore translocation of ATP to these sites, and the
translocation of ADP and AMP back to the mitochondria may be the major factor
limiting ATP production in these cells. Wei ef al. (2004a) developed a mathematical
model based on this hypothesis of large gradicnts in adenylate concentrations existing
across the cytosol of infected nodule celis. The predictions of this model were
experimentally verified (Wei ef al., 2004b), with the authors proposing a role for

adenylates in rcgulating the permeability of the nodule to O diffusion.

1.1.7 Nitrogen assimilation

In 1956 Burris showed that NH, " was the product of atmosphetic nitrogen
fixation by nitrogenase and it was thought to be the sole nitrogen source secreted by
the bacteroid because the levels of bacteroid ammonium assimilatory enzymes
(GS/GOGAT) are insufficient for the rates of glutamate/glutamine synthesis required
for nitrogen {ixation by the plant (Lodwig and Poole, 2003). The NH; produced by the

bacteroids rapidly diffuses down the concentration gradient into the peribacteroid




space (PBS). The PBS has an acidic pli due to the actions of an H"-ATPase present in
the PBM and the bacterial respiratory clectron transport chain, which pumps protons
out of the bacteroid into the PBS {Udvardi and Day, 1997). This promotes the
formation of NHy~ from NH; and maintains the concentration gradient. Movement of
NH," into the plant cytosol is probably through an ion channel on the PBM, and a
putative channel has been identified in pea (Mourilzen and Rosendahl, 1997). The
repression of the bacteroid ammonium uptake mechanism prevents competition with
the plant for asmmonium in the PBS (Lodwig and Poole, 2003).

Recent work by Lodwig ef al. (2003) however has shown (hat the metabolic
exchange between the plant and rhizobia is more complex than the provision of
carbon by the plant in return for fixed nitrogen {rom the rhizobia. They demonstrated
that an amino-acid cycle is essential for symbiotic nitrogen fixation by Rhizobium in
pea nodules. They propose that, in addition to dicarboxylates, the plant provides the
bacteroids with glutamate or a precursor of glutamate (Fig. 1.3). This acis as a
transamination donor for the bacteroid to produce aspartate, or another amino acid
such as alanine. This is then secreted to the plant in addition to NH,' and is used by
the plant [or asparagine synthesis. This exchange of amino acids allows the bacteroid
to shut down its own ammonium assimilation. In order to obtain its supply of amino
acids the bacteroids must supply the plant with ammonium. However, in return (he
bacteroids act like plant organelies for aspartate synthesis. This dependence on cach
other favours the evolution of mutualism and demonstrates the level of metabolic
integration in the legume-rhizobia symbiosis.

Glutamine is the primary amina compound synthesised {rom ammonia in the
plant cytosol by the coupled activities of GS-GOGAT. These enzymes have very high
activities in nodules owing to the expression of nodule-specific isoforms (Lodwig and
Poole, (2003) and references therein). The assimilated nitrogen is translocated out of
the nodule to other parts of the plant, but the form in which it is transported depends
upon the legume species. In legumes with indeterminate nodules the amino acid
asparagine is the predominant form of translocated fixed N3. In legumes with
determinate nodules glutamine is metabolised to the ureides allantoin and allantoic
acid before it is translocated, via the xylem, to the shoots. Asparagine biosynthesis
requires a continued supply of oxaloacetate (OAA) (Vance, 1983), which is supplied
by PEPc. In contrast, the synthesis of urcides does not require the same flux of OAA

(Coker and Schuberl, 1981). Ureide biosynthesis involves both bacteroid infected and
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neighbouring uninfected cells. Purines are synthesised in the infected cells using
ammonia from the bacteroid. The purine is then oxidised to uric acid, which is
translocated to an adjacent uninfected nodule cell. In the peroxisome, urate oxidase
converts uric acid to allantoin, which in tuen is converted (o allantoic acid by

allantoinase in the endoplasmic reticulum {(Atkins ef al., 1992).

1.1.8 Carbon metabolism

Sucrose produced by photosynthesis in the plant shoots is the primary source
of carbon supplied to support nodule metabolism and nitrogen fixation. In the nodule,
sucrose is cleaved by sucrose synthase to UDP-glucose and fructose. A nodule-
enhanced isoform of sucrose synthase has been identified in legume nodules
{(Thummler and Verma, 1987; Silvente ef a/., 2003) and its activity is essential for
nitrogen fixation (Gordon ef af., 1999; Craig ef al., 1999). The products of sucrose
cleavage are used for cellulose or starch biosynthesis and/or metabolised to
phosphocnolpyruvate (PEP) via the glycolytic pathway (Lodwig and Poole, 2003).
PEP is further metabolised to malate by the actions of PEPc and malate
dehydrogenase (MDH), both of which show nodule-enhanced expression in various
legumes (Pathirana ef al., 1997; Suganuma et al., 1997; Hata et al., 1998; Miller ef ai.,
1998). Malate, rather Lhan sugars, is considered (o be the primary carbon source for
hacteroids in planta. The evidence for this includes: the observation that malate,
succinate and fumarate accumulate to high levels in the nodule (Vance and Heichel,
1991}; nodules exposed to 14C0O, rapidly incorporate the label into malate in the
bacteroids (Vance er al., 1985; Rosendahl e/ al., 1990); a high-affinity dicarboxylate
transport system (Det-system) has been identified in rhizobia and mutants with a
defective Det-system form ineffective nodujes (Michiels and Vanderleyden, 1994);
symbiosomes isolated from all legumes can accumulate dicarboxylates rapidly and
with high affinity (Udvardi and Day, 1997) and the presence of a dicarboxylate

transporter on the PBM has been demonstrated (Udvardi ez al., 1988).

1.2 Roles and regulation of PEP¢ in plants
1.2.1 Photosynthesis

Photosynthesis is the process that allows plants to use light energy to
assimilate carbon dioxide (CO2) into organic sugars. For most plants the primary

product of photosynthesis is the 3-carbon compound 3-phosphoglycerate (3-PGA) and




this is therefore termed C3 photosynthesis. In mesophyll cell chloroplasts CO, 18 tixed
by the enzyme ribulose 1,5-bisphosphate carboxylase/oxygenase (Rubisco) as part of
the Benson-Calvin cycle. However, Rubisco also catalyscs the oxygenation of
ribulosc 1,5-bisphosphate, which leads to the light dependent evolution of CO»
(photorespiration). The rate of photorespiration is enhanced by increases in
temperature, irradiance and the relative levels of O, and CO;. Up to 40% of newly
fixed carbon may be re-released as CO» in environments which favour
photorespiration, such as the high light and temperatures of tropical and subtropical
climates (Leegood, 1999). Therefore, some plants evolved mechanisms that
concentrate CQO» at the site of carboxylation.

Most C4 photosynthetic plants have a specialised leaf anatomy known as
‘Kranz’ anatomy. The C, leaf contains two distinct chloroplast-containing cells:
mesophyll and bundle sheath cells. Tightly packed bundle sheath cells are arranged in
a ring around each vascular bundle and have thickened cell walls and prominent
starch filled chloroplasts. The surrounding mesophyll cells are similar to those of C3
plants; they have thin cell walls and abundant intercellular spaces. The primary
products of photosynthesis are 4-carbon acids, malate or aspartate, produced by the
carboxylation of phosphoenolpyruvate (PEP) by the enzyme phosphoenolpyruvate
carboxylase. PEPc is localised to the cytosol of the mesophyll cells and is the site of
primary CO;, fixation. The mesophyll cell chloroplasts lack Rubisco to prevent CO;
[ixation via the Benson-Calvin cycle. The malate (or aspartate) produced in the
mesophyll cell is transported to the bundle sheath cells via plasmodesmata, where it is
decarboxylated. The resulting CO; is fixed by Rubisco via the Benson-Calvin cycle in
the bundle sheath chloroplasts. This spatial separation of carbon fixation allows CO,
to be concentrated in the chloroplasts of the bundle sheath cells, where Rubisco is
localised, and therefore reduce Rubisco's oxygenase activity.

A second method for concentrating CO, at the site of Rubisco is found in
Crassulacean acid metabolism (CAM). This form of photosynthesis was first deteoted
in plants belonging to the Crassulaceae but has been identified in a range of
angiosperms, in both monocots and dicots. Where Cy plants have a spatial scparation
o[ CO; fixation, CAM plants have a temporal separation. The stomata are apen during
the night to allow dark CO; fixation by PEPc. The OAA formed is converted to
malate and stored in the vacuoie as malic acid. During the day the stomata close and

malic acid is rclcased from the vacuole and decarboxylated via malic enzyme or PEP
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carboxykinase, depending upon the type of plant. Rubisco then fixes the CO; released
via the Benson-Calvin cycle. Because both PEPc and Rubisco are present in the same
cells their activities are regulated in time, with PEP¢ active during the dark hut not the
light period and Rubisco only active in the light, The regulation of PEPc in CAM
plants is considered in scetion 1.2.6.

The adaptive benefit of CAM photosynthesis is the greatly increased waler-use
efficiency compared to Cs or C4 plants. The fixation of CO; during the night greatly
reduces water loss. CAM plants typicatly loose 50-100 g of water for every gram of
CO; fixed, compared to 250-300 g [or Cy4 plants and 400-500 g for C1 plants (Taiz,
1998). This makes CAM plants particularly suited to dry cnvironments such as deserts
or the epiphytic environment in tropical rainforests. Many plants show facultative
CAM, such as Mesembryanthemum crystalliveom, which will shift from C3 to CAM
photosynthesis under salt or droughl stress.

The distribution of C4 and CAM photosynthesis amongst the angiosperms and
the variations in the Cy and CAM adaptations (e.g. anatomicai, biochemical) in
different plants strongly imply that they have both evolved independently many times.
This is possible because none of the enzymes involved are unique to these plants. The
dicot genus Flaveria contains both Cs und C4 species as well as species texmed Cy-Cy
intermediates, as they show characteristics of both. This has been adopted as a model
system to study the evolutionary steps reguircd to change from Cs; to Cy

photosynthesis (Svensson er af., 2003).

1.2.2 Structure and catalytic mechanism of PEPc

Phosphoenolpyruvate carboxylase (EC 4.1.1.31, PEPc) catalyses the B-
carboxylation of phosphoenalpyruvate (PEP) using HCO3™ to yield oxaloacetatc
(OAA) and inorganic phosphate (Pi) (Andreo ef af., 1987). A number aof divalent
cations can act as cofactors for PEPc in vitro, The most effective cofactor is Mgz"} but
Mn** and Co®" are also active (Andreo ef al., 1987), however Ca”" is inhibitory
(Andreo ef al., 1987). The reaction mechanism has been studied in detail. The
preferred order of reactant binding is the bivalent cation, then PEP and finally HCOy
(Chollet et al., 1996). The reaction is highly exergonic, with a AG® of -30 kJ mol™
(Kai et al., 2003), and the averall reaction is strictly irreversibie (Izui ef al., 2004).
The current reaction modcl shows the reaction occurring in three steps (see Fig. 1.4).

In step 1, the enolate anion of pyruvate and carboxyphosphate arc formed from PEP
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and bicarbonate by phosphate transfer. In step 2, a conformational change positions
the carbonyl carbon of the carboxyphosphate intermediate adjacent to the carbon-3 of
the enolate and carboxyphosphale is cleaved into carbon dioxide and Pi inside the
catalytic site. In step 3 the carbon dioxide makes an electrophilic attack on the enolate
anion Lo form OAA and Pi is liberated.

PEPc¢ is present in all photosynthelic organisms, including higher plants, green
algae, cyanobacteria, and most nonphotosynthetic bacteria and protozoa, but is absent
form animals, fungi and yeasts. Recently, the three-dimensional structures of PEPc
from the bacterium Escherichia coli and the C4 plant maize (Zea mays) have been
published (Kai et af., 1999; Matsumura ef al., 1999; Matsumura et al., 2002, reviewed
in Kai et al., 2003; Izui er al., 2004). The L. coli PEPc was bound to the inhibitor
aspartate (Asp) and therelore the enzyme was thought to be in the inactive state (T
state). The maize PEPc was bound with 2 sulphate anion and the crystallisation was
performed in the presence of ethylene glycol, a strongly activating compatibie solute,
and therefore it was considered 1o be in the active state (R state). For . coli PEPc, the
structures of the complex with Mn®~ und Asp, and the complex with Mn**-DCDP
(3,3-dichloro-2-dihydroxyphosphinoylmethyl-2-propenoate) and Asp were also
determined (Matsumura ez ¢f., 1999; Matsumura ef al., 2002). DCDP is a PEP
analogue and strongly inhibits PEPc. The basic structural features are well conserved
between £. coli and maize. PEPc consists of four identical subunits arrunged as a

‘dimer-of-dimers.” The maize PEP¢ monometr consists of an eight-stranded [3 barrel
and 42 o helices. The o helices comprise 65% of the polypeptide, whereas the

strands comprise only 5%. Two mobile loops (Loop I and Loop I} were identified
that are conserved between maize and E. coli. Two additional loops appear to be
plant-specific.

The residues R587 (647), K773 (835), R832 (894) and N881 (968)
participated directly in binding of the allosteric inhibitor Asp, where the amino acid
residues are given in the £, cofi numbering, with maize numbering in brackets. R587
(647) has been shown to be catalytically essential by site-directed mutagenesis (Yano
et al., 1995) and is located in the unique PEPc sequence GRGGXXGRY'GG (XX=
TV, 81, or SV), which comprises Loop I. Comparison of the maize PEPc structure (in
the R state) and the E. coli structure (in the T state) show that RS87 (647) moves 15 A

toward the active site due to its release from direct constraint by the inhibitor
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molecule Asp. This ‘trapping’ of R587 (647) could explain the mode of action of the
allosteric inhibitor. Similarly, the essential residue H138 (177) (Terada and Izui,
1991), which is part of a short loop, is located next to the active site in the R state
whereas it is 10 A away in the T state. This suggcsts that R587 (647) and H138 (177)
directly participate in the carboxylation reaction (Kai ef al., 2003).

Loop II comprises the residues 701-708 (761-768) and K702 (762), R703
(763) and R704 (764} are thought to involved in the binding of bicarbonate.
Furthermore, sitc-directed mutagenesis studies suggest that Loop II also plays the role
of a lid covering the catalytic cavity to protect catalytic intermediates from attack by
surrounding water (Izui et al., 2004). The roles of the additional piant-specific loops
are unknown, but may be related to recognition of PCPc by the plant-specific PEPc
kinase (see below and section 1.3).

The catalytic site is located at the C-terminal region of the [ burrel, as revealed

by the structure of . cofi complexed with Mn>*-DCDP and Asp (Malsumura ef al.,
2002). Mn** binds to the oxygen atoms of the carboxyl groups of conserved E506
(566) and D543 (603) at the C-terminal end of the B-5 and $-6 strands. DCDP

interacted with Mn*', R396 (456), R699 (759) and R713 (773), which have been
shown to be catalytically cssential by site-directed mutagenesis (Kai ef al., 2003). A
model of PEP binding revealed a hydrophobic pocket consisting of W248 (288), L504
(564), and M538 (598) around the methylene group of PEP and this is assumed to be
the space where free CO; is fixed onto the enolate form of pyruvate during step 3 of
the PEPc reaction.

In the maize PEPc structure the sulphate ton wus surrounded by four positively
charged residues: R183, R184, R231 and R372 from the adjacent subunit. This site is
hypothesised to be the binding site for the allosteric activator glucose-6-phosphate
(Gle~6-P). The binding of the sulphate ion resulted in the movement of several loops
near the active sile and the binding site of’ Asp. These conformational changes could
relate to the allosteric activation of PliPc by Gle-6-P. Replacement of each of the
arganine residues with giutamine caused desensitisation of PI:Pc¢ to Gle-6-P (Izui ef
al., 2004).

In plants, PEPc is subject to regulation via reversible phosphorylation (Chollet
et al., 1996; Nimmo, 2003) in addition to allosteric regulation. Alignments of plant
PFPc sequences reveal the conserved motif, (E/D)(R/K)XXSIDAQ(L/M)R, around
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the phosphorylatable serine residue (indicated in bold). A model for the mechanism of
activation by phosphorylation suggests that the negatively charged phosphate group
may compete for binding at the same site with the inhibilor Asp (Kai ef al., 1999).
Unfortunately, the crystallised maize PEPe was truncated and lacked this region.
However this model does not explain why a modified PEPc, whose N-terminal region
is truncated by proteolysis shows a desensitisation to Asp (lzui et al., 1986). The
recent observation that a Gle-6-P insensilive mutant of PEPe was also
phosphorylation insensitive (Izui ef al., 2004) may implicate the arginine rcsidues
R183, R184, R231 and R372 in activation by phosphorylation.

1.2.3 PEPc in higher plants

PEPc performs a wide variety of functions in higher plants. 1t has a very low
Km for its substrate bicarbonate (in the micromolar range) and so has a general role in
the carbon cconomy of the plant by recapturing respiratory CO; (Vidal and Chollet,
1997). Initially, most research was focused on the photosynthetic PEP¢ isoforms of Cq
and CAM plants, where it is the enzyme responsible for the primary fixation of
inorganic carbon. 1t also plays a general housckeeping function by replenishing
tricarboxylic acid eycle (TCA) intermediates withdrawn for biosynthesis of amino
acids. This suggests that PEPc plays an important role coordinating carbon and
nitrogen metabolism in plants. A number of specific functions have also been
propased for non-photosynthetic PEP¢ isoforms. These include roles in fruit ripening,
seed maturation, stomatal guard cell movement and nitrogen fixalion in fegume

nodules.

1.2.4 Transcriptional control of PEPc

Transcriptional regulation of PEPc has been shown in Cs, C4 and CAM plants.
In the leaves of the Cy plants maize and Sorghum, light increases the tran script levels
of the photosynthetic PEP¢ isoform in the mesophyll cells (Thomas ez al., 1990). The
promoter sequence of the maize photosynthetic PRP¢ isoform is sufficient to confor
this Jight dependent and cell specific expression (Kausch et al., 2001). The necessary
factors for this cxpression pattern also exist in Cj plants, as the maize promoter also
divects cell specific and light-regulated expression in rice (Matsuoka ef al., 1994).

Gel shift assays using nuclear extracts {rom mesophyll or bundle sheath cclls

have revealed cell specific DNA-protein intcractions in maize leaves using fragments
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of the photosynthetic PEPc promoter (Taniguchi et @/., 2000). The nuclear factors
PEPy;, and PEP;, were shown to be specilic to mesophyll cells whereas PEPy, and
PEPn, are specific to bundle sheath cells (Laniguchi e¢f @f., 2000). The binding
activities of PEPy,, PEPp and PEP), were highest in etiolated leaves and decreased
during greening. In contrast PEPy, was increased during leaf greening. The binding
sites and binding proteins involved in these interactions have not yet been identified.
1t has also been shown that Dof proteins may be involved in maize PEPc transcription
(Yanagisawa and Sheen, 1998; Yanagisawa, 2000). Dof (for DNA binding with one
finger) proteins are a family of zinc-finger DNA binding proteins found in plants. In
maize, Doft and Dof2 can both bind to AAAG motils found in the promoter of the
photosynthetic PEPc {Yanagisawa and Sheen, 1998). Dofl was shown to be a
transcriptional activator whosc binding is light dependent. Dof? is proposed to act as a
transcriptional repressor, as it competes with Dot for binding but does not activate
transcription. They show different expression patterns in maize, with Dof1
constitutively expressed in leaves, stems and roots, whereas Dof2 is expressed in
stems and roots. Therefore (heir combined action may give rise to tissue specific and
light dependent gene expression patterns.

The interaction of DNA binding proteins with naked DNA does not reflect the
environment in vivo, Transcription factors must recognise their binding sites in the
chromatin context in the cell nucleus (Cavalar et al., 2003). The basic unit of
chromatin is the nucleosome, which consists of two molecules each of the core
histones H2A, H2B, H3 and H4 with approximately 160 bp of DNA wound around
the histone octamer. Recent experiments with reconstituted mononucleosomes and
recombinant Dofl and Dof2 transcription factors show they can bind to their target
site on top of a nucleosome and that the position of the binding site on the nucleosome
surface strongly allects binding efficiency (Cavalar ef al., 2003). There is also
evidence of chromatin reorganisation involved in the light dependent increase in PEPc
transcription in maize (Kalamajka et ¢/., 2003). Light-induced chromatin
reorganisation might facilitate access of transcription factors to their binding sites.

In legume root nodules transcripts of a specific PEPc¢ isoform accumulate
during nodule development and their abundance is modulated by light (Pathirana ef
al., 1997, Nakagawa er af., 2003a). In Glycine max the promoter of the PEPc¢ isoform
predominantly expressed in nodules was compared to the promoter of a closely

related PEPc gene which displays 4 general low-level expression pattern (Nakagawa
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et al., 2003b). It was shown that two promoter regions arc required for high
expression levels in nodules. Nuclear factors binding specifically to one of the regions
was demonstrated but they were not identified.

In the CAM plant Mesembryanthemum crystaliinum the shift from Cs to CAM
phatosynthesis occurs in response to salinity or drought stress. The cxpression of the
M. erystallinum photosynthetic PEPc isoform (McPpcl) is also increased in responsc
to salt stress (Cushman et a/., 1989). A DNA-binding factor (PCAT-1) binding to two
AT-rich regions in the McPpcl promoter was identified and shown to be more
abundant in extracts from sal(-siresscd plants (Cushman and Bohnert, 1992). Promoter
deletion analysis of McPpc! has revealed several salt-responsive enhancer regions

and a silencer region (Schaetfer ef al., 1995).

R ey T I

The above examples show the complexity of control of PEPc¢ transcript
abundance, at least in some plants. However a clear understanding of the signal(s) that
modulates PEPc transcription has not been achieved. In recent years rescarch has
focused on posttranscriptiotial regulation of PEPc, parlicularly via reversible

phosphorylation.

1.2.5 Posttranslational control of PEP¢

PLPc is subject to allosteric regulation by various metabolitcs at

physiologically relevant levels (reviewed in Rajagopalan ef al., 1994). Malate is a
potent feedback inhibitor and glucose 6-phosphate (Glc-6-P) an allosteric activator.
The sensitivity of PEP¢ to these effectors depends upon the assay pH and the
phosphotylation status of a single serine residue ut the N-ferminus of the protein. At

pH 8 the enzyme is very active and the cffecils of malate and Gle-6-P are significantly

diminished (Schuller e al., 1990). However, when assayed at suboptimal pH values
that approximate those of the cytosol the enzyme is less active and morc scasitive to
the effectors (Chollet et al., 1996}. The Ki for malate of the recombinant
photosynthetic PEPc from Sorghurm is decreased 25-fold at pH 7.3 compared to pH
8.0 (Duff ef al., 1993). The effects of phosphorylation were also investigated using the
recombinant Sorghum PEPc (Duff et al., 1995). The Ki (L-malate) was (.17 mM and

1.2 mM for the dephosphorylated and phosphorylated forms respectively at pH 7.3,
while the Ka (Glc-6-P) was 1.3 mM and 0.28 mM respeclively,
Several other metabolic effectors have been proposed to rcgulate PEPc activity

(Rajagopalan et al., 1994). Other phosphate containing compounds activate PEPc,

16




such as fructose 2,6-bisphosphate and dihydroxyacetone phosphate (Doncaster and
Leegood, 1987). The amino acids aspartate and glutamate inhibit PEPc (O'Leary,
1982; Schuller ef al., 1990; Biondc and Plaxton, 2003), as do flavanoids and shikimic
ucid (Colombo er al., 1996; Pairoba ef al., 1996; Moraes and Plaxton, 2000). Plants
may divert PEP into the shikimic acid pathway for subsequent secondary metabolite
(flavanoid) biosynthesis under conditions of cxcess products of glycolysis (Colombo
et al., 1996).

1.2.6 Roles and regulation of PEPc in CAM plants

CAM photosynthesis is characterised by a temporal sepatration of its tweo
phases of CO; fixation. This requires that flux through PEPc only occurs during he
night and not during the day. When the detached leaves of CAM plants are kept in
constant environmental conditions, persistent rhythms of CO; exchange are observed
(Wilkins, 1992). This is achieved by flux through PEPc being controlled by a
circadian oscillator, It was observed that, in the constitutive CAM plant Kalanchoé
Jfedtschenkoi adapted to an 8 h pholoperiod, PEPc isolated from leaves during the light
period was tenfold more sensitive to malate imhibition than PEPc isolated from leaves
during the dark period (Nimmo ef a/., 1984). Subsequent purification of PEPc from
leaves during the day and night revealed that the night form of the enzyme is
phosphorylated and the day form is dephosphorylated (Nimmo ef al., 1986). Tt is now
know that this is due to the phosphorylation of a single serine residue locatcd at the N-
terminus (Chollet er al., 1996). Changes in the phosphorylation status of PEPc were
also observed in detached leaves of K. fedtschenkoi maintained in constant
environmental conditions, showing that phosphorylation is controlled by a circadian
rhythm as opposed to light-dark transitions (Nimmo ef al., 1987b). Experiments using
the constitutive CAM plant Kalanchoé daigremontiana and the C3-CAM intermediate
Clusia minor allowed estimates of the iz vivo flux through PEPc to be calculated
(Botland and Griffiths, 1997). This showed a good correlation between estimated flux

and (he phosphorylation stale o[ PEPc¢, as determined by malate sensitivity.

1.2.7 Roles and regulation of PEPc in C, plants
PEPc has been studied in a range of C4 photosynthesising plants including the

agriculturally important monocot crop plant maize and its close relative Sorghum

(Chollet et al., 1996; Vidal and Chollet, 1997), members of the dicot genus Flaveria,
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as a model for Cq evolution (reviewed in Svensson ez af., 2003), and the aquatic plant
Hydrilla verticillata, which is a facultative C4 piant that docs not requirc Kranz
anatomy to perform Cy4 photosynthesis (Rao ef al., 2002). One of the underlying goals
of such research is to introduce components of the C4 eycle into Cy crop plants to
improve photosynthetic and water use efficiencies (Hausler et al., 2002; Leegood,
2002; Miyao, 2003).

As in other plants, PEPc in C4 plants is encoded by a small gene family
(Lepiniec ef al., 1994; Chollet ef al., 1996). In Sorghum three PEPc genes have been
identified, encoding a housekeeping isoforn, a root isoform and a Ca-photosynthetic
isoform (Lepiniec er al., 1993). It was demonstrated that PEPc from maize Jeaves was
phospharylated in vitro when supplied with ATP (Budde and Chollet, 1986), but the
kinetic consequences and physiofogical occurance of phosphorylation were not
assessed. In contrast, in vivo labelling experiments with *2P; fed to detached maize
leaves showed that PEPc was phosphorylated in illuminated leaves and
dephosphorylated when extracted from leaves kept in the dark (Nimmo e? al., 1987a).
Phosphorylation was associated with an increase in Ki for malate, 1.2 mM [rom
ilhwminated leaves compared with 0.5 mM from darkened leaves (Nimmo er al.,
1987a).

The in vivo phosphorylation site was identified via Edman sequencing of i
vivo phosphorylated PEPc from maize and Sorghum (Jiao er al., 1991). A singlc N-
terminal serine residue (Ser-15 in maize and Ser-8 in Sorghum) was the target of
phosphorylation. Alignments of plant PEPc sequences show that the sequence around
the phosphorylatable serine residue is highly conserved in plant PEPcs but absent

from bacterial PEPcs.

1.2.8 Roles and regulation of PEPc in C; plants

The isoform(s) which perform the anaplerotic functions of PEPc¢ are termed
‘Cy’ isoforms to differentiate them from those isolorms invoived in C4 and CAM
photosynthesis. They are not exclusive to Cs plants, but much of the work to clucidate
the roles and regulation of non-photosynthetic PEPc isoforms has been carvied out in
Cs plants. The results of these investigations have highlighted the role PEPc plays in
conneeting carbon and nitrogen metabolism.

The transcript levels and enzyme activities of key enzymes involved in nitrate

and organic acid metabolism varied diurnally in the leaves of nitrogen-sufficient
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tobacco (Nicotiana tabacum) plants (Scheible et al., 2004). PEP¢ transcripts were
maximal at the start of the light period and decreased to a minimum at the end of the
light period. PEP¢ activity follows the changes in transcript abundance with a time lag
of approximately 4 h. This is the sume pattern of changes in transcripls and activities
as measured [or both nitrate reductase (NR) and nitrite reductase (NIR). All three
enzymes were similarly affected by changes in nitrogen metabolism. The transcript
abundances and enzyme activiliecs were all very low in nitrate-limited tobacco plants,
bul greatly incrcased in transgenic tobacco plants with very low NR activity. In
contrast to this pattern, the transcript levels and enzyme activities of cytosolic
pyruvate kinase (PK), mitochendrial citrate synthase (CS) and NADP-isocitrate
dehydrogenase (ICDH) were maximal at the end of the light period and first part of
the dark period. The reciprocal changes in expression are reflected in changes in
metabolite levels. During the first part of the light period, when PEPc and NR activity
is maximal, malate and ammonium accumulate and citrate decreases, whereas in the
later part of the light period and during the dark peried, when PK, CS and ICDIH
activities are maximal, citrate levels increase while malate and ammonium decrcase.

The documented changes in enzyme activities and metabaolite levels led
Scheible ef al. (2000) to propose the following model. The assimilation of nitrate into
ammonia causes alkalinisation, as the reactions catalysed by NR and NIR consume
protons. PEPc and matate dehydrogenase provide the malate to act as a counter-ion to
regulate pH levels. During the first part of the light period nitrate assimilation is
maximal and therefore synthesis of malate is favoured. Later in the light period,
nitratc assimilation rates decrease and now the production of 2-oxoglutarate is
preferred to the production of malate, in order to support the metabolism of ammonia
and glutamine.

‘The coordinated regulation of PGPc and PK has also been suggested to occur
in oilseed rape (Brassica napus) ccll culture during nitrogen assimilation (Smith ef af.,
2000). PEP¢ and PX were purified from B. napus cells and the effects of various
metabolites on enzyme activilics were investigated (Moraes and Plaxton, 2000; Smith
ef al., 2000). Similar to results obtained for other plant PEPc¢s, B. napus PEPc was
activated by hexose-6-phosphates and inhibited by malate. Aspartate, isocitrate and
glutamate also inhibited PEP¢ activity. K is also inhibiled by glutamate, but unlike
PEPc it is activated by aspartate. The effect of aspartate is to effectively relieve the

inhibition of PK by glutamate. They propose a model for the allesteric regulation of
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PK and PEPc with the reciprocal control exerted by aspartate playing a key role.
Aspartate is produced via the reactions of PEPc and aspartate aminotransferasc
(AAT). Increased levels of asparlate would signal sufficient nitrogen Jevels and
protein synthesis might become more dependent upon ATP availabilily rather than
amino acid supply. The inhibition of PEPec and synchronised activation of PK reduce
the flux from PED to aspartate and increase flux to support mitochondrial respiration.
The sequences of many C; PEPc¢ isoforms have now been detcrmined and the
presence of the conserved phosphorylation site at the N-terminus suggests that they
are also subject to regulation via reversible phosphorylation, as the photosynthetic
PEPc isoforms are, in vivo phosphorylation of PEPc was demonstrated in detached
wheat leaves supplicd with **P; (Van Quy et al., 1991). Labelling of PEPc was higher
in illuminated detached leaves compared to leaves kept in the dark. Enhanced PLEP¢
labelling was also seen with leaves taken from nitrate-sufficient plants compared to
nitrate-limited plants. Phosphorylation was associated with a decrease in malate
inhibition, with Iss(malale) values of 1.45 mM from dark control leaves, 1.75 mM
from illuminated low-nitrate leaves and 3.4 mM from illuminated high-nitrate leaves.
Light activation of PIIPc has also been reported in tobacco leaves and barley
protoplasts (Li et @f., 1996; Smith ¢f al., 1996). liowever, the importance of
phosphorylation in regulating C3 PEPc isoforms has been questioned (Gupta et af.,
1994). In the leaves and roots of pea plants diurnal variation in the rate of dark CO»
fixation (2 measure of PEP carboxylation) was observed in vivo (Leport ef al., 1996).
Rates of dark CO; fixation were high during the light period and low during the dark
period. The diurnal modulations were not maintained under constant conditions,
excluding circadian control. PEPc protein levels and activity showed no concurrent
changes. This lead them to conclude that allosteric reguiation of PEPc by changes in
metabolite levels could account for the modulation of PEP carboxylation and that
protein phosphorylation does not play a major role in regulation of PEPc in Cj plants.
Apart from the anaplerotic roles mentioned above, PEPc has also been
hypothesised to play specific roles in certain cells, tissue or organs and in response to

certain environmental conditions. Some of these roles are considered below.

1.2.8 Phosphate Deficiency
PPhosphorous is sccond only to nitrogen as the most limiting element for plant

growth (Vance, 2001). Much of the phosphate in sofls is unavailabie for uptake as it
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rapidly forms insoluble compounds with cations. This is particularly true of the acid-
weathered soils of the tropical and subtropical regions, where phosphorous is
considered the most limiting nutrient for the growth of leguminous crops
(Raghothama, 1999; Vance and Lamb, 2001).

Plants have developed several responses for growth in phosphate-limited
environments (Raghothama, 1999). These include increased root hair proliferation,
proteoid root formation and association with mycorrhizal fungi, modification of
metabolism to bypass phosphate-requiring steps and secretion of organic acids into
the rhizosphere to enhance phosphate solubilisation. Increased activity of PEPc in
response to phosphate starvation has been found in many plants. PEPc is thought to be
involved in the production of malate and citrate for secretion by the roots and as part
of the mechanism of an alternative glycolytic pathway (Plaxton, 1996). Pyruvate
kinase requires Pi and ADP, but PEPc, malate dehydrogenase (MDH) and malic
enzyme can bypass pyruvate kinasc. Similarly, the PPi-dependent
phosphofructokinase (PFP) can bypass the ATP-dependent phosphofructokinase
(PFK).

Toyota et «l. (2003) investigated PEPc activation by phosphorous deficiency
in tobacco. Tobacco plants cultured for 8 days without phosphorous showed an
increase in PEPc activity. 'The inclusion of 2% sucrose in the media produced a
synergistic response with phosphate deficiency. Three PIEPc genes have been
identificd in tobacco (Koizumi ef ¢/., 2002) but only one (Nsppcl) was predominantly
expressed in the 8 day old seedlings. Promoter-reporter constructs using 2kb of the
Nsppel promoter region showed incrcascd cxpression under phosphate starvation and
a much greater induction when sucrosc was included. This suggests that increased
Nsppel ranscription accounts for the observed increases in PEPc activity. Analysis of
the Nsppc! promoter by deletion studies and gain-of-function experiments suggest
that the promoter sequence between ~539 and —-442 1s necessary and sufficient for the
phosphate-deficiency responsc.

White lupin (Lupinus albus) is a leguminous plant that has an extreme
tolerance for low phosphate levels. It develops protecid roots, which arc clusters of
rootlets covered in a mat of root hairs and are specialised in the synthesis and
secretion of organic acids (Raghothama, 1999). A PEPc gene was cloned from while
lupin (LaPEPCT) that shows incrcased expression levels in proteoid roots under

phosphate deficiency (Uhde-Stone e/ «f., 2003). LaPEPC] transcripts were higher in
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mature prolcoid roots than in recently emerged protecid roots, which correlates with
the timing of organic acid exudation. A macroarray analysis of 1250 ESTs from
phosphate-deficient proteoid roots found thal many genes in the glycolytic pathway
were induced by phosphate-deficiency (Uhde-Stone et l., 2003). These included
MDIT and PFP, suggesting a role for the phosphate-conserving alternative metabolic

pathways in phosphate-deficient proteoid roots of white lupin.

1.2.10 Guard cells

Stomata are composed of pairs of specialised epidermal cells called guard
cells, which surround the stomatal pore, Changes in guard cell turgor pressure
regulate the aperture of the stomatal pore. Environmental factors such as light
intensity and quality, temperature, relative humidity and intercellular CO;
congentrations are sensed by guard cells (Taiz, 1998). Stomatal opening is initiated by
the activation of a proton pump, H -ATPase, which hypcrpolarizes the plasma
membranc. This provides the driving force for passive uptake of solutes, primarily
potassium ions (K), which increases the osmotic potential of the guard cells, This
leads to osmotic water uptake, the guard cells swell and due to their cell wall structure
the aperture of the stomatal pore increases.

The changes in the K* concentration are electrically balanced by chloride and
malate anions. The malate is synthesised in the cytosol by the actions of PEPc and
malate dehydrogenase. Thus PEPc in guard cells is a key enzyme for malate
accumulation during stomatal opening (Cotelle ef a/., 1999). The guard cells of open
stomata in Vicia faba contain approximately 5-fold as much malate as those of closed
stomata (Qutlaw and Lowry, 1977). A ¢cDNA encoding PEPc¢ has been isolated from
the guard cells of Solgrnum tuberosum (Miiller-Rober ef al., 1998), This cDNA
hybridised to two difterent sized mRNAg that were derived from the same gene. The
smaller transcripts were exclusively localised to the guard cells, while the larger
transeripts were found in all tissues. However, a promoter-GUS reporter construct of
this gene showed GUS staining only in the guard cells.

Fusicoccin is a fungal toxin which induces stomatal opening. 1t activates the
H*-A’lPases of the guard cells and stimulates the accumulation of malate (Du et al.,
1997). Abscisic acid (ABA), an antagonist of fusicoccin, causes stomatal closure and
induces malate efflux (Du et al., 1997). Du et al. (1997) examined the changes in

phosphorylation status of guard cell PEPc in Vicia faba during fusicocein-induced
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stomatal opening and ABA-induced stomatal closure. PEPc was more phosphorylated
when stomata were open and stomatal closure reduced PEPc phosphorylation. Further
work by Qutlaw ef al. (2002), investigating the signalling pathway that leads to PEPc
phosphorylation in fusicocein-treated guard cells, showed that activation of the H'-
ATPasc was essential, but not sufticient, to cause guard cell PEPc phosphorylation.
They found a correlation between malate accumulation and PEPe phosphorylation but

not necessarily a correlation between stomatal opening and PEPc phosphorylation.

1.2.11 Fruit ripening

The ripening process of fleshy fruits makes the fruit attractive and palatable to
seed-dispersing organisms. Before ripening the accumulation of high levels of organic
acids, such as malate and citrate, makes the fruit unpalatable. During fruit ripening the
organic acid levels decline and soluble carbohydrates accumulate. Therelore, fruit
development involves lurge changes in the composition of sugars and organic acids.
Other processcs that occur during fruit ripening include: the enzymatic breakdown of
cell walls, starch hydrolysis, alterations in pigment biosynthesis and accumulation,
and increased levels of flavour and aromatic volatiles (Gilovannoni, 2001).

Due to its importance as a crop species, tomato (Lycopersicon esculentum) has
long been the primary model for climacicric fruit ripening. In tomato, the
accumulation of organic acids commences at the end of the cell division stage of fiuit
development and the levels peak at the end of cellular expansion, rcaching up to 75
mM (Guillet ef ai., 2002). PEPc may play an important role in the synthesis of these
organic acids.

PEPc activity has been demonstrated in various [ruits, including: banana (Law
and Plaxton, 1995), avocado (Notton and Blanke, 1993), peach (Moing et «l., 2000),
grape (Or ef al., 2000), cherimoya (Munoz ef al., 2001), as well as tomato (Guillet et
al., 2002). Recently, Guillet e al. (2002) reported the isolation of two PEPc cDNA
sequences from tomato, termed LePpcl and LePpe2. The expression patterns of both
genes were determined and LePpcl transcripts were detected at various levels in all
parts of the plant, indicating a possible housekeeping function. However, LePpc2
transcripts accumulated strongly and specifically in the fruit tissues (gel and pericarp)
but not other tissues. Transcript levels of LePpc? were maximal at 8 days post
anthesis (DPA) and remained high until 20 DPA, which correlates with the cell

expansion phase of fruit development and maximal growth rates. PEPc protein and
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activily levels closely followed LePpc?2 transcript levels, Jn situ localisation of
LePpc? in 8 DPA fruits showed an association between cell expansion and LePpe?2
transcripts. LePpc2 transcripts were localised to the cclis that show the greatest levels
of expansion. This led the authors o suggest a possible role for LePpc2 in the

synthesis of organic acids to provide the turgor pressure necessary for cell expansion.

1.2.12 Seed development and germination

The role of PEP¢ in seeds has been examined in both monocotyledoncus and
dicotyledonous plants. In developing and germinating wheat grains two PEPc
polypeptides were detected with molecular masses of 103 and 108 kDa (Gonzalez et
al., 1998). The 103 kDa form was the most abundant and was present throughout
grain development and in the scutellum and aleurone layer of germinating grains. The
108 kDa form progressively declines from 15 DPA unlil it is barely detectuble by 31
DPA. However, it was also present in the scutellum and aleuronc layer of germinating
grains, Both isoforms were found in tissucs with high metabolic activity. PEPc may
play an anaplerotic role by re-fixing CO, released through respiration and supplying
carbon skeletons for amino acid biosynthesis. During grain development the starch
endosperm accumulates malate, which may represent a further role for PEPc. PEPc
was also detected at high amounts in the vascular tissue of developing grains.

Two PEPc ¢DNA clones have been isolated from a Vicica fuba sced library,
termed VPEPCasel and V/PEPCase2 (Golombek er al., 1999). They show different
expression patterns in various Vicia farba organs but arc both expressed in cotyledons.
The peak of expression oceurs during the early to mid cotyledon stage (around 22 to
28 days after pollination (DAP)), just before storage protein accumulation, and then
declines. However, PEPc activity during cotyledon development does tot follow
transcript abundance as it was shown to increase from 15 to 40 DAP. Similarly, PEPc
from 36 DAP cotyledons was less sensitive to inhibilion by malate than PEPc from 16
DAP cotyledons, suggesting that the increase in activity may be duc to an increase in
PEPc phosphorylation state. The increase in PEPc activity occurs at the time of
storage protein synthesis and therefore may indicate a role for PEPc in shifting the
carbon flux to amino acid synthesis.

The transcripts of V/PEPCasel, but not V/PEPCase?, were modulated by
nitrogen starvation, Under nitrogen starvation V2?EPCasel mRNA levels decreased,

but only in the presence of glucose and fructose. Nitrogen starvation treatments in the
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presence of sucrose did not affect ¥fPEPCasel transcript levels. PEPc activity levels
followed this same pattern. It is suggested that sucrose overrides the effeet of nitrogen
starvation as sucrose is thought to induce storage activity in sink tissues.

PEPc¢ has also been investigated in the oil accumulating seeds of castor bean
(Ricinus communis) (Blonde and Plaxton, 2003). Two immunologically distinct PEPc
isoforms were detected, PEPC1 and PEPC2. While PEPCI was a typical
homotetramer, PEPC2 was heteromeric, consisting of the same subunil [ound in
PEPC1 together with an immunologically unrelated subunit. The composition of
PEPC?2 is considered further in the section below on algal PEPc, Protein levels of
PEPC1 increased during castoroil seed maturation, similar to the trend of storage
protein accumulation. PEPCI is proposed to fulfil an anaplerotic role by providing
carbon skeletons to support storage protein synthesis. The developmental profile for
PEPC2 was different to PEPC1; it peaked carlicr during seed maturation and then
rapidly declined so as not to be detectable at the maturation phase, when PEPC1
prolein levels are maximal. This mimics the accumulation of triglycerides (storage
lipids) in castor oilseeds. 'Iriglyceride accumulation requires synthesis of long chain
fatty acids, which occurs in specialised plastids called leucoplasts. Malate is the
carbon source for fatty acid synthesis and therefore PEPC2 may support leucoplast
fatty acid synthesis, The metabolite regulation of PEPC1 and 2 support these
hypotheses. PEPC1 is similar to other plant PEPcs; it is activated by hexose mono-
phosphates (Glc-6-P, Fru-6-P) and inhibited by malate, aspartate and glutamate. The
inthibition via amino actds may act as feedback control. In contrast, PEPC2 ts much
less affected by all the metabolites tested and also shows a broader pH range. The
reduced inhibition by malate may allow PEPC2 to function in the presence of

significant malate fevels.

1.2.13 Algal PEP¢

In contrast to the attention given to PEPc¢ in vascular plants, retatively little
work has been concentrated on (he enzyme in unicellular green algae. Investigations
into algal PEPc have been restricted to two members of the Chlorophyceae,
Chiamydomonas reinhardiii and Selenastrum minutum (Rivoal ef al., 1996; Rivoal ef
al., 1998; Rivoal et al., 2001; Rivoal ef al., 2002). Selenastrum minutiom has been
used as a model to study the interactions between carbon and nitrogen metabolism in

plants (Huppe and Turpin, 1994). Resupply of NH4" to nitrogen starved cells leads to
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a large increase in the flux of CQ; through PEPc (Schuller ¢ al., 1990), which allows
the rapid synthesis of amino acids via GS-GOGAT (Turpin et al., 1990).

Two distinet classes of PEPc have been purified from C. reinhardtii and S.
minutum (Rivoal ez al., 1996; Rivoal ef al., 1998; Rivoal ef /., 2001). Class 1 PEPc
(PEPC1) is a typical homotetramer composed of 100 kDa or 102 kDa (p102) subunits
in C. reinhardtii and S. minutum respectively. Class 2 PEPcs consist of large protein
complexes containing the PEPc1 monomer and other distinct PEPc catalytic
polypeptides, and represent the bulk of PEP¢ activity extractable from the algae. In C.
reinhardiii a single isoform of the Class 2 PTiPc was isolated (PEPc2) (Rivoal ef al.,
1998), whereas in S. minutum there are three isoforms (PEP¢2, PEPe3 and PEPc4) of
the Class 2 PEPcs (Rivoal ef af., 1996).

Initial reports of the purification of PEPc2, 3 and 4 from 8. minutum revealed
native molecular weights of 984, 1186 and 1590 kDa respectively (Rivoal ef al.,
1996). The isoforms contained the p102 polypeptide of PEPcl and various amounts of
immunologically unrelated polypeptides of 73, 70, 65 and 61 kDa. Howcever, later
purification using more protease inhibitors showed that the Class 2 PEPcs contained a
130 kDa polypeptide (p130} as well as 73 and 65 kDa polypeptides (Rivoal ef al.,
2001). As the size of the Class 2 PEPcs inercased, p130 became more abundant and
p102 less abundant. During puritication p130 and p102 coeluted and efforts o
separate them failed. Even though they could not be assayed individually the data
suggested that both subunits had PEPc¢ activity and that p102 has a higher K,, for PEP
(1.23 mM) than p130 (0.13 mM). Experiments investigating the allosteric regulation
of PEPc] showed that it was activated by glutamine and inhibited by glutamate, 2-
oxoghitarate, aspartate and malate (Rivoal ef al., 1996). These properties suggest that
PEPc! is the isoform responsible for the rapid increase in PEPc acttvity upon nitrogen
supply to nilrogen-starved cells. Rivoal ef @/, (2001) proposed that the pl30 PEPc
plays a housekeeping role when nitrogen is limited. The co-expression of both pi102
and p130 may allow the algae to react quickly to nutrient changes in the environment.

Rivoal et al. (2002) showed that in S. minutum a Ca® -independent protein
kinase with molecular weight of 40 kDa co-purifies with PEPcl but not PEPc2.
However, the p130 subunit of PEPc¢2 was phosphorylated by a protein kinase present
in clarified cell extract that modulated the structural organisation and aclivity of
PEPc2. Dephosphorylation of PEPc2 by protein phosphatasc 2ZA was associated with

an increase in the native molecular weight of PEPc2 and an increase in activity. N-
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terminal sequencing of the 100 kDa PEPc polypeptide of PEPc2 from C. reinhardti
and of p130 from S, minufum showed no sequence similarity to the conserved
phosphorylatable region of plant PEPcs (Rivoal ef ad., 1998; Riveal ef al., 2001).
Recently the cDNA sequences of two PEPcs from C. reinhardtii were deposited in
Genbank (Accession numbers AY 517644 and AY517643). C. reinhardtii PPC1
encodes a protein of 974 amino acids in length with a predicted mass of 109 kDa,
while C. reinhardtii PPC2 contains 1221 amino acids with a predicted mass of 131
kDa. The sequences confirm the lack of similarity with plant PEPc sequences at the
N-terminal end and arc discussed further in chapter 6.

The first evidence that plants may alse contain two distinet types of PIIPc
came from experiments on developing castor oilseeds (Ricinus communis) (Blonde
and Plaxton, 2003). PEP¢ was isolated [rom the endosperm of castor oilseeds as two
distinct isoforms; PEPcl was a typical 410 kDa homotctramer composed of 107 kDa
(p107) subunits whereas PEPc2 existed as a 681 klDa hetero-octamcr comprising the

same p107 polypeptide found in PEPc] and a 64 kDa protein (p64) which was

structurally and immunologically uruelated. PEPc2 from castor bean exhibited similar

kinetic properties to the Class 2 PEPc isoforms of algae, namely, enhanced thermal
stability relative to PEPc1 and much lower sensitivity to allosteric regulation and pH.

Q-TOF MS/MS of the p64 polypeptide tevealed il to be most closely related to two

putative PEPcs from the rice and Arabidopsis genome sequence databases. Both these

sequences contained the conserved regions required for PEPc activity but possessed
N-terminal regions lacking the conserved phosphorylation motif found in all
previously reported plant PEPe sequences (Chollel ef al., 1996). This was confirmed
when the expression of these novel PEPe isoforms [rom rice and Arabidopsis, termed
Osppe-b and Aippcd respectively, was reported (Sanchez and Cejudo, 2003). A
phylogenetic analysis showed that both A#ppcd and Osppe-b are more closely related

to PEPc sequences [rom y-proteobacteria, such as £. coli, than to PEPc¢ sequences

from plants, including other PEPc isoforms from Arabidopsis and rice. These results

will be discussed further in chapter 6.

1.2,14 PEPc¢ in legume nodules
Several functions have becen proposed for PEPc in root nodules (Deroche and

Carrayol, 1988). These include re-fixation of respiratory CO,, provision of malate for
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metabolism by the bacteroids in support of nitrogenase activity (King ez al., 1986),
synthesis of carbon skeletons for the assimilation of ammonium into amino acids
(Caker and Schubert, 1981), provision of oxaloacctate for asparagine biosynthesis
(particularly in amide-transporting legumes) (Sawhney ef al., 1987), production of
malate for export in the xylem to counterbalance cation transport and regulate pH
(Tsrael and Jackson, 1982) and production of malate which may be a factor in the
control of the variable O diffusion barrier (Pathirana ef al., 1997). Enhanced levels of
PEPc activity, relative to non-nodulated roots, have been measured in the nodules of
many legume species, as well as the non-legume Alnus glutinosa (Deroche and
Carrayol, 1988). Activity of bacterial PEPe has not been detected in bacteroids (Miller
et al., 1987).

PEPc accounts for approximately 0.5 to 2.0% of total soluble protein in alfalfa
(Medicago sativa) and soybean root nedules (Miller ef al., 1987; Zhang ef al., 1995).
The presence of a nodule-enhanced PEPc isoform in legume root nodules is welt
documented (Pathirana et al., 1997; Suganuma et al., 1997; Hata ef al., 1998;
Nakagawa er al., 2003a). During nodule development increases in PEP¢ transcript,
protein and activity levels are associated with the onset of nitrogenase activity and
nitrogen fixation (Vance and Gantt, 1992; Pathirana e al., 1997; Dolgikh et al.,
1998). In situ localisation and immunogold localisation studies together with the
production of transgenic plants expressing promoter-reporter constructs have revealed
the cellular lacalisation of the nodule-enhanced PEP¢ mRINA and encoded protein in
alfaifa nodules (Robinson ef al., 1996; Pathirana ef al., 1997). PEPc was present in the
meristematic zone, infection zone and the nitrogen-fixing zonc of the nodule. PEPc
was present in both infected and uninfected cells within the nitrogen fixing zone.
PEPC was also detected in the nodule parenchyma and vascular tissue, particularly
pericyele cells. These cells are located inside the vascular bundles and are
characlerised by protrusions of the cell wall, which are thought lo [acilitate the
transport of assimilated nitrogen into nodule xylem. This may reflect the role of PEPc
in pH control or, as these cells contain many mitochondria and are thought to be
highly metaholically active, it may reflect PEPc’s rolc in re-tixing respired CO,. Very
similar results to those oblained in alfalfa have been reported for ir situ hybridisation
studies in nodules from pea and soybean (Hata et af., 1998; Fedorova et al., 1999).

The increase in PEPc transcript levels during nodule development and the

corresponding increases in protein and activity levels suggest regulation at the
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transcriptional level. Pathirana et al. (1997) performed promoter deletion studies in
transgenic alfalfa plants. They showed that a promoter-GUS construct containing 1.3
kb of sequence upstream of the transcription start site of the nodule-enhanced PEPc
conferred nodule-enhanced reporter expression and gave results very similar to those
obtained with i sifu hybridisation studics, When a reduced promoter consisting of 0.7
kb of upstream sequence was used, GUS activity was greatly reduced in nodules. A
further 98 bp deletion of this construct almost abolishcd GUS activity in all tissues
except root and nodule vascular tissue, where very high levels of activity were
measured. These results suggest that the region between —0.7 and ~1.3 kb contain
elements required for high levels of expression in the nodules and the region from
-0.7 to —0.6 kb contains a negative element controlling expression in vascular tissue,

The promoter of the nodule PEPc isoform has also been investigated in
soybean. In soybean the nodule-enhanced PEPc is termed GmPEPC7 and shows high
sequence similarity with that of another soybean PEP¢ isoform, GmPEPCI5, which
has been shown o be expresscd at a low level in all tissues (Hata et al., 1998).
Nakagawa ef al. (2003b) showed that a promoter-GUS construct consisting of 466 bp
of sequence upstream from the transcription start site of GmPEPc7 was sufficient to
direct expression to the nodules, with no GUS activity detected in the roots. Deletion
of 66 bp from this promoter resulted in loss of GUS activity. This critical region of the
GmPEPc7 promoter (400 to —466) was termed the switch region (SR). Gel-shifl
assays found no nodule-specific proteins interacting with the SR of GmPEPC7 but
DNA-binding proteins were detected when another region, termed the amplifier
region (AR), consisting of —400 to —290 bp, was used. In hybrid promoter
experiments, the SR region from GmPEPc7 was incorporated into the corresponding
promoter region of GmPEPc15. This lead to weak but significantly increased levels of
activity obsetved in nodules. When both the SR and AR were incorporated nodule
activity was comparable to that of the GmPEPc7 construct.

Much of the early work on nodule PEPc was concerned with posl-iranslational
control and the role of metabolites. Schuller ef af. (1990) examined the effect of a
range of metabolites on the activity of PEPc partially purified from soybean nodules.
Similar to the results obtained with PEPc isolated from other plant tissues, soybhean
nodule PEPc¢ is activated by sugar phosphates (Glc-6-P, Fru-6-P, Gle-1-P) and
inhibited by malate, citrate, 2-oxoglutarate, aspartate and glutamate when assayed at

pH 7. Raising the pH to 8 abolishes the effects of the activators and decreases or
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abolishes the effects of the inhibitors. The exceptions to this were 2-phosphoglycerate
(2-PGA), 3-phosphoglyceratc (3-PGA) and inorganic phosphate (Pi). Both 2-PGA and
3-PGA had no effect on PEPc activity at pH 7 but were inhibitors at pH 8. Similarly
Pi, which was activating at pH 7, became inhibitory at pH 8. Based on comparisons
belween the estimated concentrations of metabolites in the nedule and the Tsq values
obtained, they suggested matlate and aspartate are likely to be the most significant
inhibitors in vive and that pH fluctuations could play a significant role in modulating
their effects. There is evidence that the sugar phosphate activators could also
modulate the effccts of pH and malate inhibition (Ocana ef al., 1996; Woo and Xu,
1996). Also using partially purified PEPc from soybean root nodules, Woo and Xu
(1996) showed that Gle-6-F broadens the pH optimum of PEPc, stimulates PEPc¢
activity at physiological PEP concentrations by increasing the affinity for PEP and
protects the enzyrme from malate inhibition. Ocana ef al. (1996), working with
partially purified PEPc from Vicia faba, also showed reversal of malate inhibition by
Glc-6-P.

Schuller and Werner, (1993) demonstrated that soybean nodule PEPc can be
phosphorylated in vitro by an endogenous protein kinase present in nodule crade
extracts. When phosphorylated, PEPc was less sensitive to malate inhibition with 5o
(malate) valucs of 0.34 and 1.24 mM before and after phosphorylation respectively.
Zhang et al. (1995) were able o show in vivo phosphorylation of PEPc in detached
intact soybean nodules. They also investigated the apparent phosphorylation status of
PEPc, as indicated by its malate sensitivity, in response to freatments that perturb (he
flow of photosynthate from the shoots, They showed that stem girdling reduced the
phosphorylation status of PEPc, as did extended periods ol darkness (26 h) but not
shorter periods of darkness (14 h). Subsequent illumination for 3 h reversed the effect
of extended darkness and this reversal was prevented by concomitant stem girdling.
Complete removal of all shoot material (detopping) also increased the sensitivity of
PEPc to malate (Wadham ¢f ¢f., 1996). Measurements of metabolite levels in nodules
from control and detopped plants show a decrease in malate and an increasc in PEP
levels, which is consistent with reduced PEPc activity (Wadham et al., 1996). These
resulls suggest that the phosphorylation status of soybean nodule PEPc is modulated
by photosynthate transported from the shoots. Zhang and Chotllet, (1997) partiaily

purified PEPc kinase from soybean root nodules and demonstrated that the effects of
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photosynthate supply [rom the shoots on PEP¢ phosphorylation status were mediated
through parallcl changes in PEPc kinase activity.

Treatments that affect the carbon and nitrogen metabolism of root nodules,
such as stem girdling, detopping or replacement of N in the rhizosphere with argon
(Ar:O, treatment), inhibil the activity of nitrogenase in the bacteroids (Hartwig er al.,
1987; Vessey ef al., 1988; Hunt ef af., 1989; Denisen ef al., 1992; de Iima et al.,
19%4), Curioni ef af. (1999) measured the concenirations of intermediates of the
glycolytic cycle in alfalta nodufes after detopping or Ar:O; treatment, Their results
suggested that both treatments lead to inhibition of glycolysis at the sleps catalysed by
phosphotructokinase, pyruvate kinasc and PEPc. This inhibition occurred after the
decrease in nitrogenase activity, thought to be due to a decrease in the permeability of
the nodule to oxygen, and was associated with an increase in the ratio of glutamate to
glutaminc in the nodule. They proposed that the decrease in nitrogenase activity, and
therefore reduced levels of ammonium, causes the GS/GOGAT cycle to become
nitrogen limited. This rcsults in an incrcase in glutamate levels, which inhibit PEPc
and PK activity. This in turn leads to the accumulation of the substrate PEP, which is
a potent inhibitor of PFK. Such a mechanism could represent a method to coordinate
the supply of respiratory substrates to the bacteroids, and the supply of 2-oxoglutarate
for N; assimilation, to the supply of ammonium from the bacteroids. Wei ef al.
(2004b) proposed that the reduced flux through glycolysis might be due to changes in
adenylate levels. They put forward a model where large cytosolic adenylate
concentration gradicnts cxist across the infected cells in nodules (Wei et af., 2004a).
This is due to the mitochondria being clustered at the cell periphery near the
intercellular gas-filled spaces, while the main site of ATP utilisation is the cytosol
surrounding the symbiosomes. Wei et a/. (2004b) measured adenylate leveis in
soybean nodules before and after Ar:O; treatment. Using a nonagueocus fractionation
technique they were able to separate subcellular compartments of the central infected
zone of the nodule, which contained 94% of the total adenylate pool of the whole
nodule, and calculate adenylate levels for the bacteroids, plant cytosol and
mitochondria, After Ar:Q; treatment the levels of ATP in the cytosol increased, while
those of ADP and AMP decreased. This is consistent with a decrease in nitrogenase
activity and therefore a reduction in ATP demand for ammonium assimilation by
glutamine synthetase. I'he increase in the cytosolic ATP:ADP ratio could inhibit

certain glycolytic enzymes and reduce carbon-flux through the pathway. Cytosolic PK
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from several different plants and tissues is inhibited by ATP (Ambasht and Kayastha,
2002), while PFK from chickpea (Cicer arietinum) nodules has a lower affinity for its
substrate in the presence of ATP (Lee and Copeland, 1996). They also suggest that
adenylatcs may be the signal molecules controlling nodule oxygen permeability
through activation of ion pumps or ion channels at the plasma membrane. A potential
role for AP acting as a signal molecule, sitilar to its role as a neurolransmitter in
animals, is envisioned, with an extracellular A'1P pool rcflecting intracellular

adenylate levels.

1.3 Regulation of PEPc by phosphorylation
1.3.1 Control of PEPc¢ phosphorylation status

With the early work trom the Nimmo group demonstrating the circadian
control of PEPc phosphorylation in the CAM plant Kalanchoé fedtschenkoi (Nimmo
et al,, 1984; Nimmo ef al., 1986; Nimmo et al., 1987b) and the subsequent
observation of PEPc phosphorylation in leaves of the Cy plant maize during
illumination (Budde and Chollet, 1986; Nimmo et a/., 1987a), research focused on
identifying the factors responsible for control of PEPc phosphorylation, The statc of
PEPc phosphorylation is dependent upon the activities of the kinase and phosphatase.
Therefore the identification of these proteins and the measurements of their activities

under conditions known to affect the phosphorylation status of PEPc was required.

1.3.2 PEPc phosphatase

In yeast and mammalian celis four main Set/Thr protein phosphatases have
been identified, PP1, PP2A, PP2B and PP2C. They are classified on the bhasis of
substrate specificity, pharmacological properties and divalent cation requirements.
Homologues of PP, PP2A and PP2C have been identified in plants (Hrabak et af.,
2003) and Carter ef al. (1990) showed that PP2ZA purified from rabbit skeletal muscle
could dephosphorylatc PEPc from K. fedtschenkoi, which lcad to an increase in the
sensitivity of PEPc to malate inhibition. Partial purification of a PP2A catalytic
subunit from K. fedtschernkoi could also dephosphorylatc PEPc (Carter ef «d., 1990)
and its activity showed no variation during a 24 h period (Carter et al., 1991).
MeNaughton et ¢f. (1991) investigated PP2A activity in maize leal extracts using
glycogen phosphorylase-a as a substrate. No change in activity was observed between

extracts from illuminated or durkened leaves. These results suggest that, al least in Cy
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and CAM plants, the main regulator of PEPcs phosphorylation status is the kinase and
not the phosphatase. Recently Dong er ¢/. (2001) purified and characterised PP2A
from illuminated maize leaves. Similar to other cukaryotic PP2As it consisted of a
heterotrimer. The enzyme was not specific for PEPc as it dephosphorylated
mammalian phosphorylase-a and casein iz vitro. Some difference in PP2A activity
was observed between extracts from illuminated or darkened leaves. The activity from
the light sample was about 1.5- to 2-fold higher and was correlated with increased
amounts of PP2A subunifs present in the sample. However it is thought unlikely that
these modest changes would account for the large differences in PEPc

phosphorylation status observed in vivo.

1.3.3 PEPc Kkinase

Carter ef al. (1991) partially purificd a kinase from the leaves of K.
Jfedtschenkoi which could phosphorylate XK. fedtschenkoi PEPc. The activity of this
kinase was unatfected by calcium. Measurements of the kinase activity over a diurnal
cycle in leal extracts revealed high activity in the middle of the night period, when
PEPc is phosphorylated, and low or no activity during the light period, when PEPc is
dephosphorylated. These resulis indicate that the activity of PEPc kinasc is
responsible for the change in PEPc phosphorylation status previously observed by
Nimmo ef al. (1987b), Carter ef al. (1991) also showed that the appearance of PEPc
kinase during the night was prevented by feeding leaves RNA or protein synthesis
inhibitors, indicating de novo protein synthesis is required for the appearance of PEPc
kinase activity. ITartwell e al. (1996) developed a novel assay; total RINA isolated
from plant lcaves was used in in vitro translation reactions and the products of
translation were assayed for PEPc kinase activity. They showed that PEPc¢ kinase
mRNA levels were 20-fold higher during the night than in the day in K. fedtschenkoi
leaves, and in leaves kept in constant conditions the kinase mRNA exhibited circadian
oscillations which paralleled the phosphorylation state of PEPc. Inhibitor studies also
showed that the appearance of the kinase mRNA and activity were blocked by
inhibitors of protein and RNA synthesis.

The identity of the PEPc¢ phosphorylating enzyme in C4 plants was initially
canfusing as both calcium-dependent and independent kinases were isolated. A Ca®*-
dependent PEPc kinase, with a molecular mass of approximately 50 kDa, was isolated

from maize (Ogawa et al., 1992; Ogawa ef al., 1998). It was inhibited by specific
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inhibitors of Ca*"-calmodulin dependent kinases, a calmodulin antagonist (W7) and in
the presence of EGTA, which chelates Ca**. Although it phosphorylated PEPc¢ this did
not cause significant changes in PEDP¢’s sensitivity to malate. Wang and Chollet,
(1993b) also partially purified a PEPc kinase from illuminated maize leaves; however,
it was a Ca*'-independent kinase of approximately 30 kDa. This kinase
phosphorylated Sorghum PEPc specifically on the Ser-8 residue and this lead to a
decrease in sensitivity to malate inhibition, Using an “in gel” kinase assay technique,
Li and Chollet, (1993) further investigated the number and nature of PEPc kinases in
maize leaves. Protein extracis from illuminated leaves were separatced by SDS-PAGE
followed by in sifu renaturation of the proteins in the gel. PEPc kinase activity was
then assayed by incubating gel segments with **P-ATP and dephosphorylated maize
PEPc. They detected three polypeptides which could phosphorylate PEPc iin vitro, one
Ca”*-dependent kinase (57 kDa) and two Ca®*-independent kinases (37 and 30 kDa).
The 30 kDa kinase appcared to correspond to the kinase previously identified by
(Wang and Chollet, 1993b). Protein samples from leaves placed in darkness or treated
with inhibitors of photosynthesis (methyl viologen) or cytesolic protein synthesis
(cycloheximide) all showed a large reduction in the activities of the 37 and 30 kDa
Ca“—independent PEPc kinases (Li and Chollet, 1993). However, none of these
treatments had similar inhibitory effects on the 57 kDa Ca*'-dependent PEPc kinase.
These results suggest that the physiologically relevant PEPc kinase, which undcrgoces
light activation in the leaves of C4 plants, is Ca”*-independent and is either one or
both of the 37 and 30 kDa polvpeptides.

As was shown for the nocturnal increase in PEPc kinase activity in CAM
plants, Hartwell ef af. (1996) demonstrated that the light induced increase in PEPc
kinase in maize leaves was accompanied by a 7-told increase in kinasc mRNA levels.
They also showed that RNA synthesis inhibitors blocked this increase in transcript
levels and the phosphorylation of PEPc (Hartwell ef 4l., 1999b). However, while
treatment with protein synthesis inhibitors blocked the light-induced increase in PEP¢
phosphorytation, they did not prevent the increase in mRNA levels (Hartwell e7 al.,
1999b). In fact the mRNA levels were increased by protein synthesis inhibitor
treatments. These results suggests that the transcriptional requirement for the light-
induced increase in PEPc¢ kinase mRNA in maize leaves is that of PEPc kinase itseif
and not of another protcin which affects the translatability of the kinase mRNA. The

authors suggested that the increase in mRNA levels seen after treatment with protein
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synthesis inhibitors is due to the perturbation of a metabolic signalling system which
influences the transcription of PEPc kinase gene(s).

Results from C; plants revealed PEP¢ Kinase to have similar properties in Cs,
C4 and CAM plants. Wang and Chollet, (1993a) partially purified PEP¢ kinase from
itluminated leaves of tobacco (Nicotiana tabacum). They demonstrated that this
kinase was Ca”"~independent, Using “in gel” kinase assays, Li ef al. (1996) resolved
two Ca™*-independent PEDPc kinase polypeptides with molccular weights of 37 and 30
kDa. They showed that kinasc activity was not present in the leaves during the dark
but was induced hy exposure to light. Cycloheximide trecatment prevented the light
activation of PEPc kinase activity, as did the use of an inhibitor of photosynthesis
(DCMU). They also found that the light-induced kinase activity was blocked when
glutamine synthase activity was inhibited by methioninc sulphoxide treatment, and
this could be partially alleviated by fecding glutamine to the leaves. Light activation
of PEP¢ kinase activity in C; leaves was also investigated using barley. Iartwell ef al.
(1996) observed an approximate 2-fold increase in PEPc kinase translatable mRNA
extracted from illuminated barley leaves compared to darkened Icaves. Using barley
leaf mesophyll protoplasts, Smith ef g/, (1996) showed PEP¢ kinase activity was
present in the dark but increased after exposure to light. Cycloheximide treatment
prevented PEPc kinase light induction but DCMU treatment did not. However,
approximately 50% of the kinase activity was unaffected by prolonged cycloheximide
treatment. The authors suggest that barley contains two different PEPce kinase
activities, one which has a siow turnover and is present in the dark and a second that

is light-induced and rapidly turned over.

1.3.4 Cloning and identification of PEPc kinasc genes

Purification of PEPc kinase from plant tissues has proved difficult due to its
very fow abundance, less than 1 in 10° of soluble leaf protein in K. fedtschenkoi
(Hartwell ef al., 1999a). Saze et al. (2001) recently achieved high purification of
maize PEPc kinase after a 1.4 million-fold enrichment, which required 2.6 kg of leal

tissue and resulled in the recovery of less than 1g of enzyme. This has prevented

direct biochemical attempts to isolate the gene by obtaining partial amino acid
sequence data, The cloning of a PEPc kinase cDNA was therefore a high priority. An

attempt to isolate PEPc kinase using a yeast two-hybrid screen with a Cy4 PEPc cDNA
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as bait was unsuccessful (Alvarez et af., 2003). The first PEPc kinase gene (PPCK)
was cloned from K. fedtschenkoi using a novel approach (Hartwell ef al., 1999a). A
¢DNA library was coustructed from RNA isolated {rom mature K. fedischenkoi leaves
collected in the middie of the dark period. The ¢cDNA bbrary could then be screened
by transcribing lincarised plasmid, translating and then assaying for PEPc kinase
activity. By successively subdividing the library and selecting pools with the most
PEPc kinase activity, a single clone encoding a 30 kDa Ca**-independent PEPc kinasc
was isolated. Northern analysis showed the transeript abundance of PPCK increased
during leaf development, which parallcls the induction of CAM photosynthesis and
increasing levels of PEPc kinase aclivity seen as the Jeaf matures. The PPCK
transcript levels varied over a diurnal cycle and this variation was maintained in
detached leaves under constant environmental conditions. The correlation seen
between levels of PPCK iranscripts, translatable mRNA and PEPc kinase activity
strongly suggest that the cloned PPCK gene is responsible for controlling the
phosphorylation state of the CAM photosynthetic PEPc.

Bascd on comparisons with the K. fedischenkoi PPCK (KfPPCK) sequence
two PPCK genes were identified in Arabidopsis thaliana (AtPPCKI and As°PCK2)
{(TTartwell e# al., 19994; Fontaine e af., 2002). They both encode Ca*'"“independent
PEPc kinase proteins of 31 kDa. Expression patterns of the two genes was
investigated by reverse transcriptase PCR (RT-PCR), as a signal was not obtained
with Northern blotting experiments indicating their low expression levels (Fontaine et
al., 2002). AtPPCK] transcripts were highest in rosette leaves, clearly detectable, but
lower, in flowers and roots, and barely detectable in siliques, cauline leaves and
stems. In contrast, 4z2PPCK2 was most highly expressed in roots and flowers,
modecrately expressed in cauline leaves and expressed at a low level in rosettc lcaves
and stems. Their differing expression patterns suggest that 41PPCK T and AtPPCK?2
perform different functional roles within the plant.

A second PPCK clone was isolated from: a CAM photosynthetic plant, the
facultative CAM plant Mesembryanthemum crystallinum (Laybi et al., 2000). M.
crystallinum can be induced to perform CAM photosynthesis by salinity stress. As
with K. fedtschenkoi, M. crystallinum leaves performing CAM have high PEPc kinase
activity during the night and low activity during the day (Li and Chollet, 1994). Taybi
et al. (2000) used this expression pattern as the basis for a protein-kinase-targeted

differential display RT-PCR cloning strategy. A PCR product showing salt and night
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up-regulated cxpression was subjecled to RACE PCR (rapid amplification of cDNA
ends) to obtain a full length ¢cDNA clone. The resulting clone, termed McPPCKI,
encodes a 32 kDa Ca**-independent PEPc kinuse polypeptide. McPPCK transcripts
showed circadian oscillation in abundance, with expression peaking during the second
half of a 12 h dark period. Southern blot experiments revealed the presence of another
sequence with high homology to McPPCKI in the M. crystallinum genome,
suggesting that, as in 4. thaliana (Fontaine ef gl., 2002), PEPc kinase is encoded by a
small gene family.

To further characterise McPPCK. |, a recombinant form of the kinase was
produccd in E. coli and purified (Ermolova et af., 2003). Phosphorylation experiments
using recombinant McPPCK1 in the presence of wild-type or phosphorylation site
mutants of M. crystatiinum, sorghum and maize PEPc demonstrated that McPPCK 1
only phosphorylates PEPc on the single invariant serine residue located near the N-
terminus ol PEPc. Phosphorylation of M. erpstallimmm PEPc cxtracted from leaves of
salt-stressed plants collected during the day resulted in a significant decrease n
PEP¢’s sensitivity to malate inhibition. When the cxperiment was repeated with PEPc
collected from leaves during the night there was no further reduction in malate
sensitivity. These results demonstrate the role of McPPCK1 in controlling PEPc
activily and therciore nocturnal fixation of CO, in M. crystallinum.

Tsuchida et al. (2001) reported the first cloning of a PPCK gene from a Cy
plant, the dicotyledonous Flaveria trinervia. Using degenerate primers based on
conserved regions of previously reperted PPCK genes (Hartwell er al., 1999a; Taybi
et al., 2000}, a 520 bp fragment was obtained from F. #rinervia cDNA.. This fragment
was then used to screen a I'. trinervia iltuminated leaf cDNA library from which a full
length PPCK sequence was obtained (FtPPCKI). This clone was expressed in F. coli
and the recombinant protein was able to phosphorylate wild-type maize PEP¢ but not
a phosphorylation site mutant maize PEPc. Analysis of FtPPCK] iranscript levels by
Northern blot showed highest expression in jeaves during the day but little expression
in leaves during the night. Expression levels in roots and stems were also very low.
‘This suggests that FtPPCK ! encodes the C4 photosynthetic PPCK. Southern blot
analysis indicates the presence of othet sequences with high homology to F1PPCK].
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1.3.5 Structure of PEPc kinase genes

The sequences of the PPCK genes revealed that it is the smallest protein
kinasc known (Hartwell et /., 1999a). PPCK comprises a protein kinase catalytic
domain with minimal N- and C-terminal cxtensions. Its sequence shows close
similarity to members of the CaMK (Ca**/calmodulin-dependent kinase) group of
protein kinases (Hanks and Hunter, 1995), particularly the higher plant family of
calcium-dependent protein kinases (CDPKs). However, PPCK lacks the
autoinhibitory region and Ca” -binding ET hands of CDPKs, explaining its Ca**-
independent nature. Many protein kinases are activated by phosphorylation of
residues located in the ‘activation loop’ (Johnson ef al., 1996}, PPCK does not contain
these phosphorylatable residues, indicating it is constitutively active. This agrees with
the high activity of PPCK generated in in vifro transcription/translation reactions
(Hartwell et al., 1999a).

The genomic sequences of K/PPCK, AtPPCK1 and A(PPCK2 (Hartwell ef al.,
1999a; Fontainc ¢f al., 2002) revealed the presence of a single intron present very
close to the 3” end of the cading region, the presence and position of which is
conserved in all PPCK sequences identificd to date (Nimmo, 2003). This intron
interrupts the codon for a conserved Arg residue prior to the
His.X.aromatic.hydrophobic consensus sequence that is taken to mark the end of the
catalytic domain of protein kinases. In most PPCK sequences the intron contains an in
frame stop codon, so a translated genomic protein would lack this consensus
sequence. Fontaine ef al. (2002) assayed the transcription/translation product of the
genomic clonc of AtPPCK2 and showed that it did not possess kinase activity.

The results of Hartwell ef al. (1999a), Taybi ef al. (2000), Fontaine ez a!.
(2002) and Tschida er af. (2001), together with the analysis of sequence databases
presented in Nimmo (2003) all suggest that PPCK is encoded by a small gene family
in plant species. All of the available sequences to date have indicated that PPCK is a
Ca*“-indcpendent kinase of approximately 30 kDa. The identity of the 37 kDa

polypeptide revealed in studies using ‘in-gel” kinase assays remains unclear.

1.3.6 Regulation of PEPc kinase
Most progress in characterising the signalling pathway controlling the
transcript abundance of PPCK has been achieved in C4 photosynthetic plants. Much

of this work has made use of isolated mesophyll cells and mesophytl cell protoplasts
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from the C4 grass Digitaria sanguinalis. One advantage is that isolated mesophyll
cells of D. sanguinalis contain functional plasmodesmata fucilitating introduction of
certain compounds into the eclls (Duff er al., 1996). Treatment of D. sanguinalis
protoplasts with light and a weak base, such as NH4C! or methylamine, resulted in a
decrcasc in PEPc’s sensitivity to malate due to an increase in PEPc kinase activity
(Giglioli-Guivarc'h ef al., 1996, Duff er al., 1996). The effect of weak basc treatment
could be mimicked by application of exogenous 3-phosphoglycerate (3-PGA) and
these treatments were shown to cause an increase in cytosolic pH using pH sensitive
fluorescent dyes (Giglioli-Guivarch et «l., 1996). I'reatment with EGTA and a Ca”™"
ionophore (A23187), to deplete intracellular Ca™* Tevels, prevented PEPc
phosphorylation in situ (Duff et af., 1996) and demonstrated a role for endogenous
Ca®". Furthermore, experiments using various Ca”'-channel blockers suggested the
release of Ca** from vacuolar stores (Giglioli-Guivarc'h ez al., 1996). This suggests
that a Ca®"-dependent step acts upstream of the Ca**-independent PEPc kinase. The
light and weak base induced increase in PEPc kinase activity could also be blocked by
photosynthesis inhibitors (DCMU and gramicidin), the calcium/calmodulin
antagonists (W5, W7 and compound 40/80), and the cytosolic protein synthesis
inhibitor cycloheximide.

Coursol er al. (2000) extended this work by demonstrating the involvement of
Ca’"-dependent phosphoinositide-specific phospholipase C (PT-PLC) in the light
dependent pathway leading to increased PEPc¢ kinase activity. [n animal cells, PI-PLC
catalyses the hydrolysis of membrane bound phosphatidylinositol-4,5-bisphosphate to
give inositol-1,4,5-triphosphate (Ins(1,4,5)P3) and 1,2-diacylglycerol (DAG).
Ins(1,4,5)Ps causes the release of Ca® from internal stores, while DAG leads to the
activation of protein kinase C (PKC). A similar pathway is believed to exist in plants.
Coursol ef al. (2000) measured a transient increase in in situ levels of Ins(1,4,5)P;3 in
light and weak base treated D. sanguinalis protoplasts. A PI-PLC inhibitor, U-73122,
blocked the increase in Ins(1,4,5)Ps and the increase in PEPc kinase activity,
suggesting that PI-PLC signalling is a required step in the activation of PEPc kinase.
Based on these results a model for the light transduction pathway leading to
phosphorylation of PEP¢ in mesophyll cells of C4 plants has been proposed (Fig. 1.5).
In this model it is envisioned that 3-PGA, which is generated in the bundle sheath cell
chloroplasts during photosynthesis, diffuses into the mesophyll cell and acts as a

signal indicating the rate of photosynthesis occurring in the adjacent bundle sheath
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cell. 3-PGA is transported into the mesophyll chioroplast in a protonated form, which
causes alkalinisation of the cytosol. L'his is followed by activation of PI-PLC and a
transient increase in Ins(1,4,5)P; and DAG. The increased levels of Ins(1,4,5)P; cause
tonoplast calcium channels to open and an efflux of Ca” into the eytosol. The
increascd cytosolic Ca®" concentration, together with DAG, activates a PKC-like
enzyme. This then leads to de noveo protein synthesis of PEP¢ kinase, possibly through
the phosphorylation of a (ranscription factor that increases PPCK transcription.
Recently, Osuna et al. (2004) have identified a Ca**-dependent protein kinase from D.
sanguinalis mesophyll cell protoplasts which has some characteristics of maminalian
PKCs and the authors suggest that it may represent the Ca*'-activated component of
the C4 PEPc signalling pathway. However, the link between alkalinisation of the
cytosol and activation of PI-PLC is unclear as the enzyme has an acidic pIT optimum
(Cuoursol et ¢f., 2000).

In CAM plants there is evidence that at least some of the components
identified in the Cs4 signalling pathway are also involved in the necturnal induction of
PEPc kinase in M. crystallinum lcaves (Bakrim ef al., 2001). In detached leaves the
noclurnal increase in PEPc¢ kinase activity could be prevented by treaiment with
various inhibitors. Cycloheximide, the PI-PLC inhibitor U-73122, the tonoplast Ca™-
channel blocker TMB-8 and the Ca®*-dependent protein kinase antagonist W7 were
all effective in preventing PEPc kinase induction. These results suggest that, as in the
Cs model, the second messenger Ins(1,4,5)P; is involved in Ca*" release from the
vacuole leading Lo activalion of a Ca® -dependent protein kinase. However, whether
eytosolic alkalinisation, as suggested by Bakrim et al. (2001), due to the accumulation
of malic acid in the vacuole during the night could trigger the phosphorylation
cascade in CAM plants, in a simifar way as proposed for C4 plants, is unclear.
Paterson and Nimmo, (2000) investigated the effects ol pH on PEPc kinase induction
in K. fedtschenkoi, Leaf discs were treated with the weak base NH4Cl but this did not
affect induction of the kinasc.

Other work has shown the potential importance of metabolite regulation in
control of PPCK in CAM plants. PEPc kinase mRNA and activity levels were
measured in leaves of Kalanchoé daigremontiana subjected to treatments that affect
the levels of cytosolic malate (Borland et @/., 1999). Leaves were enclosed in an
atmosphere of nitrogen during the night, which prevented the nocturnal accumulation

of malate. When the leaves were released into normal air at the siart of the
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pholopertod an increase in the rate of CO; fixation and the duration of CO; fixation
was observed in comparison to control leaves. This was due to the levels of PEPc
mRNA and activity, and PI:Pc phosphorylation state, remaining elevated for longer
than in control leaves. Another treatment was to expose the leaves to a temperature
increase in the middle of the night, which lead to a reduction in PEPc kinase mRNA
and activity levels. This effect of elevated temperature is thought to be due to an
increased permeability of the tonoplast to malate and therefore efflux of malate into
the cytosol. In leaves which had been prevented trom accumulating malate, the effect
of an increase in temperature was an increase in kinase mRNA. These results suggest
that malate could be a feedback inhibitor of PPCK expression. This lead to a proposed
model of circadian control of PPCK expression heing a secondary response to
fluctuations in metabolism, shown in Fig 1.6 (Nimmo, 2000). ln this model the
primary output from the circadian oscillator is control of malate transport across the
tonoplast. This would result in circadian changes in metabolite levels, which in tuin
could regulate PPCK expression. A possible dircet connection between the oscillator
and PPCK cxpression and malate feedback to the oscillator is also proposed.

Recently, a further level of control of PEPc kinase aclivily has been suggested.
Nimmo ef al. (2001) detected the presence of a protein that reversibly inhibits PEPc
kinase activity. The presence of this inhibitor has been detected in the leaves of K.
Jedischenkoi, maize and Hordeum vulgare (barley), thereby demonstrating its
presence in C;, C4 and CAM plants. It was demonstrated not to be a protease, ATPase
or protein phosphatase. The inhibitor appeared to be specific for PEPc kinase as it had
no effect on the activities of casein kinase 1, histone kinase or cyclic AMP-dependent
protein kinase. In K. fedischenkoi leaves the amount of inhibitor varied over a diurnal
cycle, increasing at the end of the dark period and decreasing towards the end of the
photoperiod. This is the opposite pattern to that of PEPc kinase activity. The authors
suggest that the function of the inhibitor may be to inhibit the low levels of kinase
activity presenl during the light period.

Much less is known about the signalling pathway controlling PPCK
expression in Cs plants. The results of Van Quy ef ¢/. (1991) and Duff and Chollet,
(1995) demonstrated that illumination and supply of nitrate to detached nityate-
deficient wheat leaves led to an increase in PPCK activity and the phosphorylation
status of PEPc. Li et al. (1996) also reported that PEPc kinase is reversibly light

activated in vive in tobacco leaves and this light activation is dependent upon the

a1

o Ee
Fn® ot

S T A S A




nitrogen status of the leaf. The fevel of translatable mRNA in barley leaves and the
transcript levels of both AfPPCKI (in roseite leaves) and A/PPCK2 (in flowers) werc
increased in response to illumination (Hartwell ez al., 1996; Uontaine ef al., 2002). In
legume root nodules it appears that photosynthate supply from the shools is involved
in the regulation of PEP¢ kinase activity (Zhang and Chollet, 1997). In germinating
barley seeds the phosphorylation of PEPc increased during imbibition (Osuna et al.,
1999). However, PEPc kinase activity was present in the dry seeds and did not
increase following imbibition. Furthermore, the increase in phosphorylation was not
affected by cvcloheximide, W7or TMB-8 treatment, which have all been used to
prevent upregulation of PEPc kinase in other systems. These results suggest that the

PEPc kinase present in barley sceds is not subject to rapid protein turnover.

1.4 Objectives

In C; plants, PEPc has been proposed to play a varicty of roles, as well as
fulfilling a morc general anaplerotic (unction. As was shown for C4 and CAM
photosynthetic PEPc isoforms, the activity of PEPc in Cs plants is modulated by
reversible phosphorylation by a specific protein kinase, PEPe kinase. However, at the
start of this project only a single PPCK gene had been cloned [rom a C; plant
{(Arabidopsis thaliana). In the root nodules of leguminous plants PEPc plays an
important metabolic role and a PEPC gene with nodule-enhanced cxpression has been
cloned. Further work partially purified PEPc kinase [rom soybean root nodules and
demonstrated that treatments which perturb the flow of photosynthate from the shoots
affected the activity of PEPc kinase in the nodules. The major aim of this project was
to clone PEPC and PPCK genes and characterise their expression patterns in the
leguminous plant soybean. During the course of the project Xu er /. (2003} published
the cloning of two PPCK genes from soybean, one of which showed nodule-enhanced
expression. They proposed the existence of PEEPC-PPCK ‘expression-partners’ in
ptants, exemplified by the expression of a nodule-enhanced PEPC and PPCK gene.
However, the results presented in this thesis show that the situation is appreciably
more complex.

Further work arose from the identification of two PPCK genes in tomato, one
of which was a novel PPCK gene subject to alternative splicing (Marsh, 2002). To
extend this work the expression patterns of these genes was assessed in a tomato

mutant and the closely related solanaceous species tobacco.
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Finally database searches of the rice genome allowed identification of three
putative PPCK gencs. The sequence of oue of these genes was unusual in containing
three in frame methionine residues at the 5° end, potentially allowing the production
of a larger PEPc kinase protein. In collaboration with Dr Hiroshi Fukayama (National

Institute of Agrobiological Resources, Japan) the functionality of these genes was

assessed,
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Figure 1.1 Cartoon showing the diffcrent stages in the infection process of a
ieguminous plant,
Taken from

http://homepage.simc.cdu/ishida_Carolyn/WeekQ1/EnviromentalMicro.htm.
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Figure 1.2 Electron micrograph showing cells in the infection zone of a soybean
root nodule.
The large infected cells (ic) containing large numbers of symbiosomes can be seen on

either side of an uninfected cell (uc) and an air space (as). Taken from Udvardi and
Day, (1997)
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Figure 1.3 Nutrient exchange between a nitrogen fixing bacteroid and the host
plant cell, including the proposed amino-acid cycle.

Transport systems of the peribactcroid membrane that have been kinetically but not
genetically characterised are shown in blue, while those that are hypothetical are
shown in yellow. PHB, polyhydroxybutyrate; OAA, oxaloacetate; TCA, tricarboxylic
acid cycle. Taken from Lodwig er al. (2003).
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Figure 1.4 Proposed reaction mechanism of phosphoenolpyruvate carboxylase.
Step 1: the enolate anion of pyruvate and carboxyphosphate are formed from PEP and
bicarbonate by phosphate transfer. Step 2: a conformational change positions the
carbonyl carbon of the carboxyphosphate intermediate adjacent to the carbon-3 of the
enolate and carboxyphosphate is cleaved into carbon dioxide and Pi inside the
catalytic site. Step 3: the carbon dioxide makes an elecirophilic attack on the enolate

anion to form oxaloacetate {(OAA) and Pi is liberated. Adapted from Izui et al. (2004),
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Figure 1.5 Model of the signal transduction cascade in the C4 leaf resulting in
increased PPCK activity in response to light.

An increase in 3-phosphoglyceric acid (3-PGA) ensures the intercellular coupling via
pHce changes in the mesophyll cell cytosol. This is [ollowed by activation of a
mesophyll cell phospholipase C (PI-PI.C) and transient production of the second
messenger inositol-1,4,5-triphosphate (Ins(1,4,5)P3) and diacylglycerol (DAG).
Ins(1,4,5)P; causes tonoplast calcium channels to open and efflux of calcium into the
cytosol while DAG and calcium activate a PKC-like protein. The rapid synthesis of
the calcium-independent PEPc kinase leads to phosphorylation of C4 PEPc. Question
marks indicate the steps that remain to be elucidated. AOA, oxaloacctatc; PiP2,
phosphatidylinositol-4,5-bisphosphate; TP, triose-phosphate. Taken from Jeanneau ef
al. {2002).
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Figure 1.6 Hypothetical model for the circadian control of PEP¢ by metabolites.
The primary oscillator (1) drives a switch (2) that affects the tonoplast, controlling the
rates of malate uptake cnergised by an H'-ATPase (3) and malate release (4).
Temperature extremes affect the switch operation as shown. The nuclear signal
inhibits the expression of PEPc kinasc. In addition, there might be feedback from
cytosolic malate to the oscillator (5) and some direct connection between the
oscillator and the expression of PEPc kinase (6). Broken arrows represent connections

that might occur. Taken from Nimmo (2000).

54




Malate
Hs-

Temparabira

N, Y

™. Muclear signal

a,

— PEPC kinase geng |




Chapter 2
Materials and Methods
2.1 Materials
All chemicals wete from Sigma-Aldrich Ltd (Poole, Dorset, U.K.), Fisher
Scientific UK (Southampton) or VWR International Ltd. (Poole, Dorset, U.K.), unless

otherwise stated.

All restriction enzymes were from New England Biolabs Ltd. (Hitchin,
Hertfordshire, U.K.) or Promega UK (Southampton).

AMY Reverse transcriptase, DNA size markers, dNTPs and RNasin RNase

inhibitor were from Promega UK (Southampton),

[y-ﬂP] ATP (triethylammonium salt, 3000 Ci mmol'l), rabbit reticulocyte

. . . 35 . . -1
lysate in vitro translation kit and Redivue | S]-methionine (1000 Ci mmol ) were

from Amersham Biosciences UK Ltd. (Bucks., U.K.).

R WA e e it N A e

DNA sequencing and primer synthesis were catried out by MWG-Btotech,
{Ebersberg, Germany).

DNA-free kit and mMessage mMachine T3 and T7 in vitro transcription kits
were from Ambion (Huntingdon, UK.). ¥

GeneRacer RACE kit and TOPO TA cloning kit were from Invitrogen Lid.
{(Paisley, U.K.),

Genome Walker kit was from BD Bioscicnees Clontech (Cowley, Oxtord,

U.K.).
Hydroxyapatite (Bio-gel HTP) and 37.5:1 acrylamide:bis-acrylamide solution
were trom Bio-Rad Laboratories (England) Ltd., Bramley, Kent, UK.
Okadaic acid was from Moana Bioproducts, Honolulu, U.S.A.
PUREgene DNA isolation kit was from Gentra Systems (Minneapolis, MN).
QIA-quick gel extraction kit, QLA-prep spin plasmid miniprep kit and RNeasy
Plant RNA extraction kit were from Qiagen Lid. (Crawley, West Sussex, U.K.).
ReddyMix PCR master mix was from ABgene (Epsom, UK).

2.2 Plant and bacterial material

2.2.1 Glycine max
Nodutated soybean plants (Glycine max, cv. Williams 82) were grown in a

perlite/sand mix in a controlled environment chamber (Microclima 1750, Snijders
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Scientific) at 22°C/18°C day/night temperature and 60% relative humidity (RIT), with
a 16 h photoperiod and a light intensity of 400 wmol m™s™! at the top of the leaf

canopy. Plants were inoculated with Bradyrhizobium japonicum (strain 3402) after
germination. Nodulated plants were watered daily with a nitrogen-frec nutrient
solution (Ryle e af., 1978). Plant material was collected from S week old plants,
cxcept for flowers, which were collected from 7-8 week old plants. For the
experiments conducted in constant conditions, non-nodulated soybean plants were

grown in a perlite/compost mix at 22°C, 60% RH with a 12 h photoperiod.

2.2.2 Lycopersicon esculentuin

Tomato plants (Lycopersicon esculentum cv Alicante and the gf mutanl) were
grown from sced on bedding compost (William Sinclair Horticulture Ltd., Lincoln,
U.K.) in a greenhouse under 4 16 h photoperiod supplemented with mercury-vapour

lamps (300 wmol m?s™"). Plants were re-potted at 4 weeks and then watered every 2

days. Tomato fruit were allowed to ripen on the vine. Stages of ripening were
assigned according to the colour classification by the U.S Department of Agriculture
(Standards for Grade of Fresh Tomatoes). Quartered segments were used to isolate
RNA. Young leaves were harvested as the primary leaf 14 days after sowing, while

mature leaves were harvestled aller 6 weeks.

2.2.3 Nicotiana tabacum
Tobacco plants (Nicotiana tabacum cv Petite Havana) were grown in bedding
compast (William Sinclair Horticulture Ltd., Lincoln, UK.} in a greenhouse under a

16 h photoperiod supplemented with mcrcury-vapour lamps (300 umot m?s™). Plants

were watered every 2 days. Plant material was collected from 6 week old plants,

except for flowers, which were collected rom 8-9 week old plants.

2.2.4 Bradyrhizobium japonicum
Bradyrhizobium japonicum (strain 3402) was grown on yeast mannitol agar

(Vincent, 1970) slopes in universal bottles at 28°C. Once grown, cullures were stored

at 4°C. New agar slopes were inoculated every 4-6 months. Congo Red plates were
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used to check the purity of the rhizobium stocks. Colonies ol thizobium absorb very
little of the Congo Red dye, whereas many other bacteria strongly absorb it (Hahn,

1966; Vincent, 1970). For inoculation of soybean seeds, 100 mls of yeast mannitol

media was inoculated with B. japonicum and grown in a shaking incubator at 28°C,

200 rpm, for 7-10 days. The culture was divided into two 50 ml centrifuge tubes and
spun for 5 min at 3000 rpm in a Sorvall Legend RT bench top centrifuge using a

swing-out rotor (Number 75006441). The supernatant was decanted and the cells

resuspended in dIH{;0 and watered onto the soybean seeds.

2.3 Nucleic acid isolation
2.3.1 Isolation of genomic DNA from plant tissue
Plant leaf material was collected and immediately frozen under liquid nitrogen

and stored at -70°C. Genomic DNA was isolated using either the PUREgene DNA

isolation kit (Gentva Systems, Minneapolis, MN) or the DNeasy DNA isolation kit
(Qiagen, U.K.) according to thc manufacturct’s protocol. The quantity and purity of
the DNA was determined spectrophotometrically according to the method described
by Sambrook e al. (1989). To check the integrity of genomic DNA a sample was
resolved by electrophoresis on a 0.8 % agarose gel and visualised with ethidium

bromide.

2.3.2 Isolation of plasmid DNA from F. coli
Plasmid DNA was isolated from 10 ml overnight cultures of E.coli containing

the plasimid of interest using QIA-prep spin plasmid miniprep kit (Qiagen, UK.)

according to the manufacturer’s protocol.
P

2,3.3 RNA isolation from plant tissue
Plant matcrial was collected and immediately frozen under liquid nitrogen and

stored at -70°C. Total RNA was isolated using the RNeasy plant RNA isolation kit

(Qiagen, U.K.) according to the manufacturer’s protocol. T'o ensure the elimination of

any contaminating genomic DNA the RNA samples were treated with the DNA-free

kit (Ambion, U.K.) according to the manufacturer’s protocol. The quantity and purity
of the RNA was determined spectrophotometrically according to the methed

described by Sambrook ef al. (1989). The integrity of the RNA was determined by
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detection of ribosomal RNA bands after denaturing agarose gel electrophoresis and

ethidium bromide staining.

2.4 Polymerase chain reaction techniques

2.4.1 Primer design

Primers were designed using the online Primer3 software (Rozen and

Skaletsky, 2000).

Table 1. Primers used in RT-PCR reactions and clening.

RT-PCR primers

GmPPCK-F

' GAGTACGATGAGAAGGTTGATGTGT

GmPPCKI-R

ATCCGAAACTGAAACTCTTTAAAC

CACTACTACTACAGCATGTAGCTAC

AAAATCTACAGAAGCGTGCTCTGTTCC

CAAGATCGTTCAGCTTCTCTCC

GmPPCKA4-R AAAAACACGAGTCGGAAACCT
“GmUbiquitin-F GTACCCTCGCCGACTACAAC
‘GmUbiputin-R GGGTCCTTCCATCCTCTAGC
GmCAB-F TTGGTGTTGGAAGGGTTAGC
GmCAB-R TCTATCCAGGTGGCAGCTTT
GmNod26-F AACATGATAACATTTCCTGGGATAG
GmNod26-R GTGCCAACAAATATATCCATATTCC
GpLHY-F ATACAGCTCCATCGAACACAAGT
GmpLHY-R CTGTAGTCACTGATGCAGGACAG
GmPEPC7-F ATGGTTGCAGCACTGAAAGTTA
GmPEPC7-R TTCCTTGTTATTTCTCCCCTCA
GmPEPC4-F TCGAAGAAGGATCAAGTTACTGAAGA
GmPEPC4-R | CCATGAAACAATCACAACACACA
GmPLPCI-F | GTTTGTTTGAATACTGAAAGTG
GmPEPCI-R GGAATTCTACAGCAGACTACCAAA
GmPEPC16-F TGTCTICTCTTTGGTTCCACTTTT

GmPEPC16-R

GACTTTCAGCCTAATGACAACAAA

GnmPEPCL7-F

TACAAGCCTTCCACAATTCACATA

GmPEPC17-R

GGAAAAACTTAATTATTTTGCATC

TC178069-F CCTGTGTTGCCTTCCTATACAAGT
TC178069-R AGAATCCAGTTAAAATCCAAGCTG
LePPCKI-F TCAAATTTGCGAAGAAATCG
LePPCKI1-R CCTTCTCCTTCTCTCTTCCACA
LePICK2-F GAGCTATTCGCCGTCAAGTC
LePPCK2-R AAATCAGCCAATTTCAGTTCG

LeUbiquitin-F

GACAACGTCAAGGCTAAGAICC

LeUbiquitin-R

TTACCAGCGAAAATCAACCICL

Degenerate nested PCR primers

GmPEPCI 7 degencrate-F

ATGACGGCAACNACNGAYGAYATCGC

GmPEPCI7-RI AAGGGTGAACATATGIGAATIGL'G
GmPEPCI7-R2 GAAGCAAGGTCAACCTGTATICTT
Primers for cloninp

GmPPCK {-F ATGTATAGAGAAGCAGCGGTGAAGA
GmPPCK]-R ATCCGAAACTGAAACTCTTTAAAC
GmPPCK2-I¥ GGAGTCGGAATIGAATAGAATGTGGT
GmPPCK2-R CACTACTACTACAGCATGTAGCTAC
GmPPCK3-F GCTAAGAAAGAAAAGAGAAGAAACGAA
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GmPPCK3-R AAAATCTACAGAAGCGTGCTCIGIICC
GmPPCK4 full-length F ATCACAGTGGAAACCAGTGAAGT
GmPPCK4 full-length R TACAGAGAGATCAACCACCTCCA
GmPEPC4-F TGGITCATATTGGTTGGTTCAG
GmPEPC4-R CCATGAAACAATCACAACACACA
GmPEPC17-F TTTCTCCACCTTTCITGCTTTC
GmPEPC17-R - GGAAAAACTTAATTATITTGCATC
SIPPCK2-F GAGTCATTCGCCGICAAGTC
SIPPCEZ-R o AAATCAGCCAATTICAGCTCG

2.4.2 Polymerase chain reaction

Polymerase chain reaction (PCR) experiments were performed using a PTC-
220 DNA Engine DYAD Peltier thermo cycler (MJ Research). Unless otherwise
stated the reaction mixture (usually 25 pl) contained DNA or ¢cDNA template, 1x

ReddyMix PCR master mix with 1.5 mM MgCl, (Abgene, Epsom, UK) and 0.5 uM

of each primer. Amplification was performed using 4 suitable number of cycles
consisting of an initial denaturation step of 2 min at 94°C, then each cycle would
contain a denaturing step of 94°C for 20 s, an annealing step for 30 s usually ata
temperature 5°C below the predicted primer melting temperature, and an extension
step at 72°C for 1 min per kb of product length. A final extension step at 72°C for 5
min was then performed before the reactions were maintained at 4°C. The reaction
products were then resolved by electrophoresis on an agarose gel and stained with

ethidium bromide.

2.4.3 Genome Walking
To obtain upstream and downstream genomic sequence information from an
area of known sequence the Universal GenomeWalker kit (BD Biosciences, U.K.)

was used.

2.4.4 RACE-PCR
5* and 3" RACE-PCR was carried out using the GeneRacer RACE kit
(Invitrogen, U.K.).

245 RT-PCR
Total RNA samples (2.5 itg) were incubated with 0.25 pM oligo dT for 10

min at 70°C and then cooled to 4°C. Reverse (ranscripiion was catried out in a
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reaction mixture (25 uL) containing 1x AMYV reverse transcriptase buffer, 1 mM
dNTPs, 1 U ™' RNase inhibitor and 0.4 U uL”' AMV reverse transcriptase, The

reaction was performed at 48°C for 45 min. The enzyme was then heat-inactivated at
95°C for 5 min and the samples cooled to 4°C before they were used for PCR.

PCR reactions were performed with 2.0 Ul of cDNA in a reaction mixture (25
1) containing 0.5 UM of each primer and 1x ReddyMix PCR master mix with 1.5

mM MgCl; (Abgene, Epsom, UK). The reaction products were then resolved by
electrophoresis on an agarose gel and stained with ethidium bromide, RT-PCR
experiments were optimised by performing PCR reactions over a range of
amplification cycles in order to cnsurc that the reactions were within the linear range
of amplification. A suitable number of cycles was chosen which allowed detection of

transcripts while still revealing any variation in expression.

2.5 Determination of I’EP’¢ kinase activity
2.5.1 In vitre transcription

Full-length ¢cDNA or genomic PEPc kinase clones were used as templates for
in vitro transcription from the ‘13 or 1'7 priming site using the mMessage mMachine
kit (Ambion, ITuntingdon, UK). The plasmid DNA carrying the clone was first
linearised by endonuclease digestion in the multiple cloning site after the 3° cnd of the
insert. The digested DNA fragment was then resolved by electrophoresis on an
agarose gel stained with ethidium bromide and the band excised with a sterile razor
blade. The DNA was purified from the gel slice using the QIA-quick gel extraction kit
(Qiagen, U.K.). The quantity and purity of thc RNA was determined
spectrophotometrically and the size of the RNA transcripts determined by denaturing

agarose gel electrophoresis and ethidium bromide staining,.

2.5.2 In vitro translation

A rabbit reticulocyte lysate system (Amersham, U.K.) was used for in vitro
translation of the RNA from the ir vitro trascription reactions according to the
manufacturer’s protocols and Hartwell ef af. (1996), using Redivue [*°S]-methionine

as the labelled amino acid. Incubations were for 45 min at 30 °C.
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2.5.3 PEPc kinase activity in in vifro translation products
The activity of PPCK in the ix vitro franslated products was assaycd (Hartwell

el al., 1996) by incubating 5 pl of translation products in a total volume of 25 I with

50 M Tris/HICl, pt 7.8 containing 3 mM MgCl;, 1 mM benzamidine hydrochloride,
antipain (10 pg ml™”, leupeptin (10 ug m1™), 5 nM okadaic acid, €.03 units of purified

dephosphorylated K, fedtschenkoi PEPc and 10 uCi [y-"*P]ATP. After 30 min
incubation at 30°C, the reactlion was halted by adding 10 pl of potyclonal rabbit anti-

K. fedtschenkoi PEPc antibody (Nimmo ef a/., 1986) and incubating, upon ice, for 1 h.
The immunoprecipitated PEPc was pelleted by centrifugation at 13000 rpm in a
microtuge for 10 min. The supernatant was discarded and the pellet was washed in

200 pt of 1.3 M NaCl, 2 mM EDTA (pH 7.0). The PEPc was re-pelleted by
centrifugation at 13000 rpm in a microfuge for 10 min, and re-suspended in 30 ul of
5% SDS sample bufter, followed by 4 min incubation at 100°C. *2P incorporation into

PEPc was measured by SDS-PAGE and autoradiography or phosphorimaging.

2.6 DNA cloning, transformation and culture of Eschericia coli
2.6.1 DNA cloning and transformation of competent E. coli

PCR amplified DNA inserts were cloned into pCR4-TOPQO vectors and
transformed into TOP10 chemically competent E. co/i cells using a TOPO TA

Cloning Kit (Invitrogen Life Sciences), according to the manufacturer's protocols.

2.6.2 Culture of L. coli strains possessing plasmids containing cloned
cDNA/gDNA inserts
As outlined in (Sambrook ef af., 1989), transformed cells (10 pl and 90 ul)

were plated out onto LB broth plates (1% (w/v) Bactotryptone, 0.5% (w/v) Bactoyeast
extract, 1% (w/v) NaCl, 1.5% (w/v) Bactoagar, pH 7.5) containing 100 pg/ml

ampicillin or 50 pg/ml kanamycin (filter sterilised and added after antoclaved media
had cooled o ~ 45°C), and then incubaled overnight at 37°C.

Single colonies were “picked” from the selection plates by using a sterile loop.

The colony was used to inoculate 10 ml of LB broth (1% (w/v) Bactotryplone, 0.5%

62

L. R RIPIET B T




(w/v) Bactoyeast extract, 1% (w/v) NaCL, pH 7.5) containing 100 pg/ml ampicillin or
50 pg/ml kanamycin. The culture was allowed to grow overnight in a shaking
incubator (at 37°C and 200 rpm). Glycerol stocks were made by mixing 700 ui of the
overnight culture with 300 ul of sterile glycerol. The mixture was vortexed and flash-

frozen in liquid nitrogen before storage at —70°C. This method was adapted from

Sambrook et al. (1989).

2.6.3 DNA Sequencing
DNA vector insetts were sequenced by MWG-Biotech using universal primers

after plasmid DNA extraction and purification.

2.7 Gel electrophoresis technigues
2.7.1 SDS-polyacrylamide gel electrophoresis (SDS-PAGE) of proteins

Proteins were separated by discontinuous SDS-PAGE according to the method
originally outlined by Laemmli (1970). All SDS-PAGE gels used in this work
contained an 8% or 12.5% polvacrylamide scparating gel and a 3 % stacking gel.
Samplcs were denatured by adding one [ifth volume of 5 x concentration sample
buffer (125 mM Tris-HCl, pH 6.8, 2.5% (w/v} SDS, 25% (v/v) glycerol, 0.05%
Bromophenol Blue and 2.5% (v/v) 2-mercaptoethanol to achieve a [inal concentration
of | x and boiling the samples in a water bath or heating block for 4 min. Samples
were lhen loaded onto the gel and electrophoresed at 60-70 mA until the tracking dye

had lcft the bottom of the separating gel.

2,7.2 SDS-PAGE gel staining

The stacking gel was removed and discarded and the scparating gel was
stained for 30 min. at 37°C in 0.1 % Coomassie Brilliant Rlue G250, 50% (v/v)
methanol, 10% (v/v) glacial acetic acid and destained in several changes of 10% (v/v)

methanol, 10% (v/v) glacial acetic acid at 37°C.
2.7.3 Drying, autoradiography and phosphbor imaging of SDS-PAGE gels

SDS-PAGE gels were dried onto Whatmann 3MM chromatography paper
using a Scie Plas Gel Drier (model GD4535) connected to Vacuubrand MZ C2
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vacuum pump. Dried radioactive gels and blots were exposed onto X-ray film (Fuji
RX) using two intensifying screens at -70°C for 1-3 days. X-ray film was developed
using a Kadak X-OMAT Processor (model ME-3). Radioactive gels and blots were
also routinely phosphor imaged using a Fuji FLA-5000 phosphor imager (Fuji Photo
Film Co. Ltd., Japan) by exposing the gel to a pre-blanked imaging plate for 1-24 h in
a cassette at room temperature. Exposed plates were developed automatically by
inserting them in the Fuji FLA-5000 phosphor imager and the images were captured
onto an Apple Power Mac G4 computer running Image Reader and Image Gauge

software (Fuji Photo Film Co. Ltd., Japan).

2.7.4 Agarose gel electrophoresis of RNA and DNA

Samples of purified DNA and RNA were routinely checked for integrity and
molecular weight distribution using horizontal agarose gel electrophoresis. 0.8-2.0 %
(w/v) agarose gels were prepared and run in 0.5 x TBE (45 mM Tris-borate, pH 8.0, 1
mM EDTA) buffer containing 0.25 pg/ml ethidium bromide. Samples of DNA or
RNA were mixed with 6 x Blue/Orange loading buffer (Promga, U.K.) to facilitate
loading into the gel, and electrophoresed at 5 V/em for 1-2 h depending on the
dimensions of the gel. For DNA samples, 1 Kb or 100 bp ladder (Promega,U.K.) was
run alongside the samples to allow the subsequent estimation of the molecular weight
of the sample DNA. Ethidium stained agarose gels were visualised under ultraviolct
light using a Bio-Rad Gel-Doc 2000 connected to an Apple Power Mac G4 computer

running Quantity One software (Bio-Rad Laboratorics, CA)

2.7.5 Denaturing agarose gel electrophoresis of RNA

RINA samples were routinely checked for integrity and molecular weight
distribution by electrophoresis through denaturing formaldehyde/MOPS agarose gels.
This method ensures accurate separation of RNA according to size as the denaturing
conditions remove secondary structure that can cuuse RNA to run at aberrant
molecular weights in non-denaturing agarose gels.

Gels (0.8-1.5 % (w/v) agarose) were prepared in 1 x MOPS buffer, pH 8.0 (10
x MOPS buffer: 200 mM MOPS, pH 8.0, 50 mM sodium acetate and 10 mM EDDTA)
and 10 % (v/v) formaldehyde. The agurose was dissolved in water by microwaving.
After cooling to approximately 60°C the formaldehyde and 10 x MOPS were added in

a fume hood and mixed thoroughly. The gel was poured and left to set in the fumc
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hood. Gels were run in 1 x MOPS buffer, pIH 7.0 {10 x stock as above but with the pH
adjusted to 7.0).

RNA samples were diluted to a final volume of 8 pl with dH;O and combined
with 6 ul of sample buffer (72 pg/ml ethidium bromide, 2 x MOPS, pH 8.0, 6 % (v/v)
formaldehyde and 70 % (v/v) formamidc) and heated to 65°C for 2.5 min. 1-2 pg of
RNA size markers (Promega, UK) were treated in the same manner, and run alongside
the samples to allow the later estimation of the molecular weight of RNA bands of

interest, Samples were then snap cooled on ice for 5 min and loaded onto the gel.

2.8 Sequence alignments and phylogentic analysis
2.8.1 Nucleotide alignments

Pairwise nucleotide alignments were performed using LALIGN at
http://www.ch.embnet.org/. The global alignment method was chosen, with all other
parameters set to default values (opening gap penalty ~14 and extending gap penalty
—4). The multiple nuclcotide alignment for Fig. 5.5 was produced using the
GeneJockey 1l programme with all parameters set to default valucs (fixed gap penalty
of 10, floating gap penalty of 10 and weighted DNA transitions). Translation maps of

nucleotide sequences were produced using the GeneJockey II programme.

2.8.2 Amino acid alignments

Amino acid alignments were performed using the GeneJockey II programme
with all parameters sct to default values (fixed gap penalty of 10, floating gap penalty
of 10 and PAM 250 weight matrix).

2.8.3 Phylogenetic analysis

ClustalX Multiple Sequence Alignment Program (version 1.64b) (Thompson
et al., 1997) was used for phylogenetic analysis. Deduced amino acid sequences were
aligned using the default parameters (gap opening 10, gap extension 0.05, BLOSUM
protein weight matrix selected, residuc-specific penaltics on, hydrophobic penalties
on, gap separation distance 8 and end gap separation off) and 1000 bootstrap
replicates were performed on the Neighbour-Joining tree. 'Itees were viewed using
TreeView (Page, 1996).
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Chapter 3
1dentification and expression of PEPC and PPCK genes in Glycine mirx

3.1 Introduction

PTiPc has been proposed to play a variely of roles in the root nodules of
leguminous plants. Its major function is thought to be the provision of malate as a
respiratory substrate to support bacteroid metabolism and the high-energy demands of
nitrogen fixation (King ef af., 1986). 'T'he high levels of PEPc¢ protein present in alfalfa
and soybean root nodules, 0.5-2.0 % of the lotal soluble protein, indicale the
importance of this enzyme in the nodule (Miller ef al., 1987; Zhang et al., 1995) and
PEP¢ gencs showing nodule-enhanced or nodule-specific expression patterns have
heen reported from several legume species (Pathirana et af., 1997; Suganuma ef al.,
1997; Hata ef af., 1998, Nakagawa ef ¢l., 2003a), With the work from CAM and C4
plants demonstrating the importance of reversible phosphorylation in modulating
PEPc activity, research focused on characterising PEPc kinase from root nodules.

Zhang and Chollet, (1997) partially purified two PEPc kinase polypeptides
from soybean root nodules with molecular masses of' 32 and 37 kDa. However at the
beginning of this project no PPCK genes had been isolated from legume nodules. The
recent cloning of PPCK genes from K. fedischenkoi and A. thaliano offered the
possibility of identifying PPCK genes from other species based on sequence
similarity. Soybean was a good candidate for such a project; it is a model plant for the
study of symbiotic nitrogen fixation and much of the early work investigating PEPc in
nodules used soybean, it is an important C; crop species and a large collection of
expressed sequence tag (IST) sequences were available. A similar method of
sequence similarity was also employed to identify additional PEPc genes from
soybean., Previous work on legume PEPc was focused on the identification and
characterisation of the nodule-enhanced isoform. By investigating the expression
patterns of previously identified but {ittle characterised PEPc isoforms together with
newly identified tsoforms it was hoped a {uller picture of PEPC and PPCK genes in
Cs plants counld be achieved.

During the course of this project Nakagawa et /. (2003a) and Xu et al. (2003)
reported the cloning of PPCK genes from Lotus japonicus and soybean respectively.
L. japonicus 1s an unusual legume because it forms determinate nodules, like soybean,

but also transports the products of nitrogen fixation as amides rather than ureides, like
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indeterminate legumes. Nakagawa et al. (2003a) cloned two PEPC genes and one
PPCK gene [rom L. japonicus and expression ol all three genes was investigated. Xu
et al. (2003) isolated and characterised two PPCK clones from a soybean nodule
cDNA library. Comparisons between these recent results and those presented in this

chapter will be presented in the discussion.

3.2 Results
3.2.1 Identification of PPCK genes in Glycine max

Potential PEPc kinase genes were identified by searching soybean (EST)
databases with known plant PEP¢ kinase amino acid sequences. Putative PEDc kinase
clones (Genbank accession numbers A1736847, AW0990717, and AW756453) were
sequenced completely and found to have different 3’untranslated regions (UTRs). The
corresponding genes are termed GmPPCK1, GmPPCK2 and GmPPCK3. Gene-
specific primers were designed and 5° RACE was used to obtain full-length sequences
of GmPPCK!, GmPPCK2 and GmPPCK3. GmPPCK4 was identificd from EST
CA783260. Table 2 gives the accession numbers of all the soybean ESTs encoding
PEPc kinase and the libraries from which they were cloned. A virtual expression
analysis reveals that nonc of the scquences were isolated from nodule libraries. This
may be because only one nodule c[DNA library has been used as part of the soybean
EST project.

Adapter ligation PCR was used to obtain 57 and 3° sequences from genomic
DNA. Full-fength PCR products for all of the genes were obtained from genomic
DNA and ¢DNA, and the sequences have been deposited in GenBank under accession
numbers AY 144180 to AY 144185, AY568713 and AYS68714. Fig. 3.1 shows the
alignment of the deduced amino acid sequences. These sequences are typical of plant
PEP¢ kinase genes. The cncoded proteins comprise a Ser/Thr kinase catalytic domain
slinilar to the catalytic region of plant catcium-dependent protein kinases but lacking
the N-terminal extensions, the auto-inhibitory region and the Ca®'-binding EF hands
of that family. The genomic sequences revealed a single intron (81-107 bp long) close
to the 3’ end of the coding scquence, the position of which is conserved in all plant
PEPc kinase sequences identified to date (Nimmo, 2003). Fig. 3.2 shows the
translation map of the genomic sequence ol GmPPCK2. The GmPPCK3 sequence is
unusual in not having an in frame stop codon in the intron, unlike almost all other

PPCK genes. Hence unprocessed GmPPCK3 transcripts would encode a protein
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identical to GmPPCK3 over most of its length but with one amino acid alteration (the
codon inteerupted by the intron) and an insertion of 30 residues.

Pairwise aligmments of the soybean PPCK sequences show that GmPPCK2
and GmPPCK3 are the most similar. At the nucleotide level, GmPPCK2 and
GmPPCK3 are 94% identical in the coding region and 81% identical in the 3’UTR.
GmPPCK]I is 71% and 70% identical to GmPPCK2 and GmPPCK3 respectively in
the coding region, and 42% and 40% identical in the 3"UTR. GmPPCK4 is more
divergent being only 66% and 67% identical to GmPPCK2 and GmPPCK3
respectively in the coding region.

To test the function of the gene products, full-length cDNA sequences for each
GmPPCK and the full length GmPPCK3 genomic DNA sequence were cloned behind
a T7 promoter. The plasmids were linearised, transcribed and translated, and the
ranslation products were assayed for PEPc kinase activity. Fig. 3.3 shows the
phosphor images of the *’S-labelled translation products scparated by SDS-PAGE and
of the **P incorporated into purified K. fedtschenko: PEPc in PEPc kinase assays. All
of the cDNA sequences gave rise to translation products of the expected size (31-32
kDa), whilc the genomic GmPPCK3 sequence encoded a larger protein (34 kDa)
owing to the translation of the intron sequence. However, while the cDNA translation
products were able to phosphorylate PEPc, confirming their identification as
functional PEPc¢ kinases, the product from the genomic GmPPCK3 sequence showed

no kinase activity.

3.2.2 Fxpression of PPCK genes in soybean

Although PPCK transcripts in soybean nodules are sufficiently abundant to be
detected by Northern analysis (Xu et al., 2003), their expression in other organs was
expected to be very low, as is the casc in other Cs plants such as Arabidopsis
(Fontaine ef al., 2002). Therefore the expression of the four soybean PPCK genes was
studied using RT-PCR (Fig 3.5). Various tissues were collected from 5 week old
nodulated plants (Fig. 3.4), except {lowers which were collected from 7 week old
nodulated plants. As a control for the equal loading of RNA into each clYNA reaction,
primers were designed to amplify a soybean ubiquitin gene (Genbank accession
D16248). The use of ubiquitin as a constitutive control in legumes has been
previously reported (Horvath ef al., 1993; Moran et al., 2002). Controls for tissue

contamination were also used. Nodulin-26 (Nod26) encodes an aquaporin channel
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protein, which is found in the symbiosome membrane (Dean e/ af., 1999). Primers
were designed based on the Genbank sequence X04782. Chlorophyl! a/b binding
protein (CAB) is also a membrane protein, found in the thylakoid membrane in
chloroplasts. Primers were designed based on the Genbank sequence U01964.

Of the four GmPPCK genes, GmPPCK displays the most tissue specific
expression pattern. [ts expression is highest in stem and root tissue, with low levels of
expression in all other tissues examined. GmPPCK2 and GmPPCK3 have very similar
expression pattemns. They are both preferentially expressed in nodule tissue, with
lower expression levels in all other tissues. Howeves slight differcnces are abserved,;
GmPPCK3 is more highly expressed in flowers and stems than GmPPCKZ.
GmPPCKA4 is also expressed in all tissues examined, with highest transcript levels in
nodules, roots and flowers. As expected CAB is expressed only in green tissucs, while
Nod26 is exprosscd only in nodules.

The timing of expression of the PPCK genes during nodule development was
examined. Nodule and root tissue was collected at one week intervals starting one
week after inoculation with B. japonicum. ¥For weeks 1 and 2 nodule and root tissue
were not separated due Lo the absence of nodules at 1 week post-inoculation and the
small sizc of nodules at 2 weeks post-inoculation. For weeks 3-5 nodule and root
lissue was separated. Cotyledons from one week old scedlings were also collected.
The results of the RT-PCR analysis are shown in Fig. 3.6. Transcripts of GmPPCKI
are detectable only during weeks 1 and 2, presumably due to the presence of root
tissue. Transcript levels of both GmPPCK2 and GmPPCK3 increase during nodule
development. The faint bands observed at week 1 are probably duc to their low levels
of expression observed in root tissue (Fig. 3.5). However by week 2, transeripts of
both genes are clearly detectable. This suggests that GmPPCK?2 and 3 expression is
not increased by B. japonicim infection but by nodule emergence. The expression of
Nodulin-26 shows that bacteroids were present from week 2 onwards, GmPPCK4
expression also increased during development. The increase in expression shown from
weeks 1 to 3 probably reflect the higher levels of GmPPCK4 expression in nodule
tissue compared to root tissue (Fig. 3.5). The expression in roots from weeks 3 to 5
and in cotyledons is also shown in Fig. 3.6. The transcript levels of al! four kinases
remain stable in roots over this period. GmPPCK4 appears to be the main PEPc kinase

isoform expressed in cotyledons.
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3.2.3 Identification and expression analysis of soybean PEPC genes

The presence of a nodule-enhanced PEPc isoform in legume root nodules is
well documented (Pathirana ef ol., 1997; Suganuma ef a/., 1997; Hata et ai., 1998).
The nodule-enhanced gene in soybean is GmPEPC7. Three other PEPc genes have
also been identified in soybean, GmPEPCI (Vazquez-Tcllo ef ul., 1993), also termed
GmPEPCI5 (Hata er al., 1998), GmPEPC4 (Hata et al., 1998) and GmPEPCI6
(Sugimoto ¢t al., 1992). Results from Northern blolting experiments showed that
GmPEPC] and GmPEPC16 were expressed at low levels in the tissues examined
(Sugimoto ef al., 1992; Hata et al., 1998). However, only a small amount of sequence
data for GmPEPC4 was available and its expression pattern was not cxamined (Hata
et al., 1998). Bascd on the partial sequence and using 5 RACE a full-length cDNA
sequence of GmPEPC4 was obtained (Genbank accession AY563044).

Querying of the TIGR soybean EST database (see http:/www.tigr.org/)

revealed a further three Tentative Consensus sequences with high sequence similarity
to plant PLPc genes, TC192656, TC178069 and TC202374. Recently it was shown
that Arabidopsis thatiana conlains a PEP¢ gene termed Azppc4 encoding a putative
protein that resembles bacterial PEPcs much more than higher plant I’'EPcs; for
example it lacks the N-terminal phosphorylation site present in other plant PEPc
genes (Sanchez and Cejudo, 2003). One of the soybean Tentative Consensus
sequences, TC1926506, closely resembles Azppc4. Using a degenerate 5° primer based
on the sequence of A#ppe4 and a 37 primer bused on TC192656, an RT-PCR product
was isolated, lermed GmPEPC17, and a full-length sequence was obtained by 5°
RACE (Genbank accession AY563043). Fig. 3.7 shows an alignment of the deduced
amino acid sequences of the full length soybean PEPC genes and Fig 3.8 shows the
deduced amino acid sequence of GmPEPCI17 compared with the Arabidopsis
homologue Afppcd, Atppcl, which is expressed in all organs (Sanchez and Cejudo,
2003), and GmPEPC7, which encodes the nodule-enhanced PEPc. As expected,
GmPEPC17 is much more similar lo Afppc4 than Lo the other soybean PEPc
sequences, and lacks the N-terminal phosphorylation site.

Primers were designed to the 3°UTR regions of GmPEPCI, GmPEPC7,
GmPEPC16, GmPEPCI17 and TCI178069 for RT-PCR analysis. For GmPEPC4 the
forward primer was in the 5° portion of the coding region and the reverse primer
bound to the 3’UTR. The expression of TC202374 was not investigated due to the

small amount of 3’UTR sequence available and the high degree of similurity to
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TC178069 in the coding region, preventing the design ol gene-specilic primers. The
tissuc expression pattern of the soybean PEPC genes is presented in Fig 3.9. The data
confirm the preferential expression of GmPEPC7 in nodules, and the broad but low-
level expression pattern of GmPEPCI16 and GmPEPCI, although GmPEPC] is not
detectably expressed in leaves. TC178069 showed a broad expression pullern while

both GmPEPC4 and GmPEPCI7 were expressed mainly in above ground organs.

3.3 Discussion

The results in this chapter demonstrate the presence of four PPCK genes in
soybean, the transcribed cDNA products of which arc all able to phosphorylate
purified K. fedischenkoi PEPe in an ir vitro kinase assay. All previously identificd
genomic PPCK sequences contained a stop codon in the intron. Fontaine et al. (1999)
demonstrated that the translated product of the genomic AtPPCK2 sequence was non-
functional, This proved that the conserved His, X, aromatic.hiydrophobic sequence is
required for kinase activity, The conserved presence of a stop codon in the intron
could suggest its function was to prevent unspliced transcripts from producing a
protein with undesirable properties. The lack of an in-frame stop codon in the intron
of GmPPCK3 allowed us to test the effect of the extra amino acids encoded by the
intron on kinase activity. The genomic GmPPCK3 iranslation products had no
detectable kinase activity in vifro, suggesting that unspliced transcripts would not be
functional in vivo.

The results of the RT-PCR analysis revealed that two PPCK genes showed
nodule-enhanced expression (Fig. 3.5). This was an unexpected result, as our working
hypothesis was that PPCK expression would mirror PEPC expression in having a
single nodule-enhanced isoform. The recent work of Xu ef al. (2003) supports such a
hypothesis. Xu ef al. (2003) reported the sequence and expression pattern for two
soybcan PPCK genes. These are a nodule-enhanced gene termed NE-PpcK, identical
to GmPPCK2 in this work, and a more broadly expressed gene termed GmPpcK,
identical to our GmPPCK /. However, the results presented in this chapter reveal a
more complex picture with both GmPPCK?2 and GmPPCK3 showing nodule
enhanced expression patlems. GmPPCK2 and 3 are very similar at the sequence level
and their expression patterns are also similar, but not identical. However, if is not
possible to ascribe different functions to the two genes based on expression data. Xu

et al. (2003) suggested that the cxpression of NE-PpcK and GmPEPC7 (the soybean
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nodule-enhanced PEPc isoform) argued for the existence of PPCK-PEPC
‘expression-partners.” In that regard, it is noteworthy that GmPPCK2 and GmPPCK3
are expressed in immature and mature leaves as well as in nodules, whereas
GmPEPC7 is not (Fig. 3.9). Hence, if the target of the GmPPCK2 and 3 in nodules is
GmPEPC7, their targets must be different in leaf compared to nodule tissue.

Nakagawa ef al. (2003a) recently reported the cloning of two PEPc genes and
a PPCK gene from a root nodule cDNA library of L. japonicus. One of the PEPc
genes, LiPEPCI, was preferentially expressed in nodules, while the other, ZjPEPC2,
was mainty cxpressed in shoots and roots at low levels. Northern blot analysis of the
expression of the isolated PPCK gene, LjPEPC-PK, showed transcript levels highest
in nodules but also present in shoots and roots. Nakagawa ef g/. (2003a) also
investigated the in siru localisation of LjPEPCI and ILjPEPC-PK transcripts in hoth
mature and rapidly growing immature nodules. ITn mature nodules LjPEPC/! and
LjPEPC-PK transcripts were present in all cell types with the strongest signal in the
vascular bundles of infected cells. However, in immature nodules LjPEPCT
transcripts were located at the base of the nodules, while LjPEPC-PK transcripts were
present in the central and upper portions of the infected zone. Xu er al. (2003) also
investigated the in sifty localisation of NE-PpcK in mature soybean nodules. NE-PpcK
transcripts were present in both infected and uninfected cells in the central zone of the
nodule but not the vascular bundles or the cortex. Clearly a more detailed analysis of
the expression of GmPPCK2 and 3 in root nodules is required, and may shed some
light on the possible roles of these genes. Further analysis of other legumes such as
Lotus and Medicago 1o reveal whether they, like soybean, also contain two nodule-
enhanced PPCK genes would indicate if two nodule-enhanced PPCK genes is a
requirement for nodule functioning. However, the selective disruption of the genes
individually and together, through strategies such as anti-sense or insertional
mutagenesis, would allow an evaluation of the importance of each gene and an
assessment of the degree of functional redundancy.

The expression of GmPPCK is greates( in stems and roots. This pattern is
somewhat different from the data reported by Xu et a/. (2003) in which the highest
expression of GmPPCKT was observed in seeds, flowers and leaves. Their presented
expression data was obtained by Northern blot experiments, howevcr they reported
that similar results were also obtained with RT-PCR. Therefore the RT-PCR

experiment was repcated using the primers reported by Xu ef al. (2003) and the results
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are shown in Fig. 3.10. These results are very similar to those in Fig. 3.5, Therefore
the differences between our data and those of Xu ef ¢f. (2003) are not due to
differences in experimental technique but from the samples examined. There is no
obvious explanation for the disparity between the sets of results but the differences
may be due to growth conditions and/or a cultivar difference.

The analysis of PEP¢ genes in soybean revealed the existence of a “bacterial-
type” PEP¢ gene. Sanchez and Cejudo (2003) identified these novel PEPc isoforms,
termed Aippc4 and Osppc-b, in the genomes of Arabidopsis and rice. Phylogenetic
analysis showed that both 4fppc4 and Osppe-b were more similar to PEPc sequences

from y-proteobacteria, such as E. coli, than to PEPc sequences from plants, including

other PEPc isoforms from Arabidopsis and rice. These bacterial-type PEPc isoforms
lack the conserved Ser close to the N-terminus that is the target ol PEPc¢ kinase
(Sanchez and Cejudo, 2003) and thercfore arc probably not regulated by
phosphorylation. Afppe4 is expressed exclusively in siliques, flowers and roots
(Sanchez and Cejudo, 2003), whereas GmPEPC17 shows a much more uniform
pattern of expression (Fig. 3.9). This expression pattern offers no obvious clues to the
function of the bacterial-type PEPc. However, EST database searches have revealed
the presence of several other potential homologues of Arppc4, Osppc-b and
GmPEPCI7 in both monocotyledonous and dicotyledonous species (not shown)
leading to the conclusion that bacterial-type PEPc gences are a feature of many plant

species.




Table 2 Accession numbers of soybean PPCK ESTs.
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' Genbank Accession Nwmber | ¢cDNA Library

GmPPCK1

Al736847 Apical shoots of 9-10 day old etiolated seedlings

AW100476 Immature flowers of field grown plants

AW620843 Root tips of 7 day old seedlings.

BEG659798 Reracked set of clones from immature cotyledons,
immature sccd coats, flowers and young seed pods.
Contains intron.

BI784996 Roots of 8 day ofd Bragg seedlings, mock-infected

..... 72 hours prior to harvesting, Contains introm.

BG507686 Stem tissue of 1 month old greenhouse grown
plants.

CARB52232 Root tissue from 6 and 8 day old seedlings.

BG790358 Epicotyls of 2 week old seedlings treated with 100
ppm solution of auxin 24 hours prior to harvesting.
Contains infron,

GmPPCK2

AW0990717 Apical shoots of 9-10 day old etiolated seedlings,

BU9%27033 Somatic embryos (2-9 months old) grown on
MSD20.

GmPPCK3

AW278795 Immature seed coats of greenhouse grown plants.

N 52bp deletion in coding region,

AW755870 Somatic embryos (2-9 months old) grown on
MSD20.

AW756033 Somatic embryos (2-9 months old) grown on
MSD20.

AWT560453 Somatic embryos (2-9 months old} grown on
MSD20.

BE822598 Reracked set of clones from immature cotyledons,
immature sced coats, flowers und young seed pods.
AW278795 also on clone.

BQ134073 Whole seedling of 1 week old greenhousc grown

- plants.

BUS47915 Reracked set of clones from germinating
cotyledons, immature seed coats, tissue culture
derived somalic embryos, germinating secdlings,
shoot tips, or leaves exposed to various siresses and
young leaves exposed to bacterial and fungal

e pathogens. AW756453 also on clone.

CA819910 Whole seedling of 1 week old greenhouse grown
plants.

GmPPCK4

CA783260 Somatic embryos (2-9 months old) grows on

MSD20.




Figure 3.1 Sequence analysis of the soybean PPCK genes
Alignment of deduced amino acid sequences of the soybean PPCK genes. Dots and

vertical lines denote identical and similar residues respectively.
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Figure 3.2 Translation map of the genomic sequence of GmPPCK2
DNA sequence in black denotes exon sequence, DNA sequence in red denotes intron

sequence.
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Figure 3.3 Functional analysis of full-length GinPPCK clones

(A) Phosphor images of [°S] Met-labclled products from in vitro translation of RNA
samples separated on a 12.5% SDS-PAGE gel.

(B) Phosphor images of immunoprecipitated, **P-labelled PEPc from assays of the
PEPc kinase activity of translation products scparated on an 8% SDS-PAGE gel.
Lanes are: 1, GmPPCK] ¢cDNA; 2, GmPPCK2 cDNA; 3, GmPPCK3 genomic clone;
4, GmPPCK3 cDNA; 5, no RNA control and 6, GmPPCK4 cDNA., The arrows
indicate the two subunit types of K. fedtshenkoi PEPc (Nimmo et al., 1986).
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Figure 3.4 Picture of a S week old nodulated soybean plant
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Figure 3.5 Expression patterns of GmPPCK genes

This shows the products obtained from RT-PCR analysis of GmPPCK genes from
nodulated soybean plants. Ubiquitin was used as a control for equal loading, 27 cycles
of amplification were used for all GmPPCK genes and 20 cycles for Ubiquitin, CAB
and Nodulin 26. All tissues were collected from a single plant. The presented results
are representative of at least three biological replicates (indiviual plants) and three

RT-PCR experiments on the same RNA samplcs.
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Figure 3.6 Expression of GmPPCK genes during development

This shows the products obtained from RT-PCR analysis of GmPPCK genes from
nodulated soybean plants. Ubiquitin was used as a control for equal loading. 28 cycles
of amplification were used for GmPPCK1, 27 cycles for GmPPCK?2, 3 and 4, and 20
cycles for Ubiquitin and Nodulin 26. For cach sample tissue was collected from three

plants, which were mixed prior to RNA extraction.
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Figure 3.7 Sequence analysis of soybean PEPC genes
Alignment of deduced amino acid sequences of the soybean PEPC genes. Dots and

vertical lines denole identical and similar residues respectively.
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Figure 3.8 Sequence analysis of ‘bacterial-type’ PEPC genes

Aligniment of deduced amino acid sequences of soybean and Arabidopsis PEPcs.
Atppcl (AT532901) and Aipped (AJ532903) are from Sanchez and Cejudo (2003).
GmPEPC17 and Atppc4 both encode bacterial-type PEPcs. The serine residue in red

is the target [or phosphorylation by PEPc kinasc. Dots and vertical lines denote

identical and similar residues respectively.
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Figure 3.9 Expression patterns of GmPEPC genes

This shows the products obtained from RT-PCR analysis of GmPEPC genes from
nodulated soybean plants. Ubiquitin was used as a control for equal loading. 27 cycles
of amplification were used for GmPEPe genes and 20 cycles for Ubiquitin. All tissues
were collected from a single plant. The presented resuits are representative of at least
three biological replicates (individual plants) and three RT-PCR experiments on the

same RNA samples.
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Figure 3.10 Expression pattern of GmPPCK]I using different primer pairs

This shows the products obtained from RT-PCR analysis of GmPPCK! from
nodulated soybean plants using either the primers give in Table 1 or those published
by Xu e7 af. (2003). Ubiquitin was used as a control for equal loading. The same RNA
samples were used as in Fig. 3.5. 27 cycles of amplification were used for both sets of

GmPPCK] primers and 20 cycles for Ubiquitin.
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Chapter 4
Expression of GmPPCK genes under constant conditions
4,1 Introduction

The work of Hartwell er al. (1999a) on K. fedtschenkoi showed that the
abundance of PPCK transcripts in leaves incrcased with leaf age, following the
development of CAM photosynthesis. In mature leaves a good correlation between
the fevel of PPCK transcripts and the level of translatable PEP¢ kinase mRINA was
observed, with expression peaking in the middle of the night. PEPc kinase activity and
PEPc phosphorylation state, as judged by malate scnsitivity, tracked the circadian
rthythm in PPCK transcript abundance, with a small time lag. Thesc results strongly
suggesled thal the control of transcript abundance is an important factor governing
PEPc¢ kinase activity. Subsequent work by Taybi ef /. (2000) and Tsuchida et f.
(2001) was consistent with this hypothesis. The deduced amino acid sequence of
PEPc kinase itself suggested that it was essentially unregulated when expressed
(Hartwell et al., 1999%a}.

Recently an inhibitor of PEPc¢ kinase has been identified in the leaves of K.
Jedtschenkoi, barley and maize, demonstrating the presence of other factors involved
in PEPc kinase regulation (Nimmo ef &/., 2001). The work of Osuna ef al. (1999)
demonstrates that PEPc kinase may not be regulated at the level of transcript
abundance in all systems. Working with barley seeds, they showed that PEPc
becomes phosphorylated following imbibition. However, PEPc kinase activity was
detected in dry seeds and no increase was observed following imbibition.

With the results of the previous chapter demonstrating the presence of two
PPCK genes showing nodule-enhanced expression and transcripts of a third PPCK
gene clearly detectable in soybean nodules, il was important to assess the effects on
PPCK transcript abundance of treatments that had previously been shown to reduce
nodule PEPc kinase activity. Treatments such as shoot removal (detopping), stem
girdling and extended darkness, which all prevent or reduce the flow of photosyanthate
from the lecaves, have been shown to reduce PEPc activity, PEPc phosphorylation
status and PEPc kinase activity (Zhang ef al., 1995; Wadham ez al., 1996; Zhang and
Chollet, 1997). The PPCK gene or genes regulated by these treatments would

therefore possess the predicted properties of the nodule-enhanced PEPc kinase.
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4.2 Results
4.2.1 Effect of darkness and detopping on PPCK expression

In order to examine the effects of light, soybean plants were subjected to 2, 12
or 24 h of darkness or 24 h darkness foliowed by 3 h of illumination. In other
experiments, plants were detopped and tissue collected after 2, 12 and 24 h, Tig, 4.1
shows the results of the RT-PCR experiments from these plants. The transcript
abundance of both GmPPCK2 and GmPPCK3 shows a reduction in nodules as a
result of reduced photosynthate supply from the shoots. The effect of detopping 1s
much morc dramatic than that ol darkuess, with transcripts barely detectable after 12
h. The effects of 24 h darkness are reversible by 3 h of illumination. In contrast, the
transcript abundance of GmPPCK4 shows little change in response to the treatments.
The expression of the nodule-enhanced PEPc gene, GmPEPC?7, is greatly reduced
after 24 h of darkness and detopping. This is in agrecment with previously reported
findings Nakagawa et a/. (2003a, 2003b), both for soybean and L. japonicus nodule-
enhanced PEPc,

Leaf tissue was also collected from the control and dark treated plants to
examine the effects of darkness on PEP¢ kinase cxpression in a photosynthetic organ.
Figs. 4.2 andl 4.3 show the results obtained using mature and young leaf tissue
respectively. The most notable feature is the change in expression levels of
GmPPCK4 in control and dark-treated plants. In mature leaves GmPPCK4 transcripts
arc readily detectable at 2 and 24h but no transcripts are detected at 12h, both for
control plants in a light/dark cycle and treated plants maintained in constant darkness.
A similar pattern of expression is observed in young leaves, though less pronounced.
This result is in stark contrast to the expression of GmPPCK4 in nodules from these
plants (Fig. 4.1). None of the other GmPPCKs show a similar pattern. GmPPCK2 and
3 both have lower transcript levels in the dark-treated plants compared to the control
plants. GmPPCK! showed no pattern of expression in mature leaves and was not

detectable in the young lcaf samples.

4.2.2 Expression of soybean PPCK gencs under constant conditions
The expression pattern of GmPPCK4 in leaves of dark-treated plants (Figs. 4.2
and 4.3) raised the possibility that its transcript abundance could be under circadian

control. However the observed expression pattern could aiso be due to day/night
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temperature changes experienced by the plants, to which even those treated with 24 h
ol constant darkness were subjected. In order to test the hypothesis of circadian
regulation, 2-3 week old non-nodufated plants were transferred to continuous light
(T.L) and 22°C at the end of a normal dark period and leal samples were collected
every 3h. Fig. 4.4 shows the results of RT-PCR analysis of the four GmPPCK genes.
The cyclical pattern of Gml’?CK4 expression is evident, with transcript levels
peaking in the later half of the day. Both GmPPCK2 and 3 transcript levels are higher
during the first light period than they are during the preceding dark period, consistent
with the previous results (Figs. 4.2 and 4.3), suggesting light-enhanced expression in
leaves. The expression of GmPPCK1 also varied during the time-course, with
transcript abundance appearing maximal around dawn on the first day and midday of
the second day. This experiment showed that the changes in GmPPCK4 transcript
abundance were not related to environmental factors (i.e. temperature) and were
present in the leaves of non-nodulated seedlings as well as 5 week old nodulated
plants.

More extensive time-course experiments were performed to further investigale
the circadian control of GmPPCK gencs. Two to three week old non-nodulated plants
were transferred to continuous light (LL) and 22°C at the end of a normal datk period
ot to continuous dark (DD) and 22°C at the end of a normal light period. Leal and
root samples were taken over the following 60 h and the expression of all four PPCK
genes was assessed by RT-PCR. In leaves, although there may be some cycling of
GmPPCK ] transcript levels in LL (Fig, 4.5), (his is nat scen in DD (Fig. 4.6). Again
GmPPCK2 and 3 transcript abundance was higher in light that the preceding or
subscquent dark period, but levels did not cycle in constant conditions. In contrast
GmPPCK4 was clearly under robust circadian control in leaves. In LL, transcript
abundance was highest in the sccond half of subjective day but was low in subjective
night (Fig. 4.5). GmPPCK4 transcript abundance also cycled in DD (Fig. 4.6), though
the amplitude of the second peak in DD was lower than that of the first peak. In roots,
however, GmPPCK4 transcript abundance was not under clear circadian control in
either LL (Fig. 4.7} or DD (Fig. 4.8). In order to confirm the presence of the circadian
oscillator in these tissues primers were designed to amplify a partial length soybean
homologue of the Arabidopsis clock gene LHY, which is part of the central machinery
of the clock (Alabadi et a/., 2001), using tentative consensus sequence TC 189020 (see
http://www.tigr.org/). The soybean sequence (herealter termed GmpLHY for Glycine
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max putative LHY) has been deposited in GenBank (AY568715). The putative
soybean LHY is 80% identical to a LHY orthologue isolated [rom Phaseolus vulgaris
(Kaldis et al., 2003) and 49% identical to the Arabidopsis LHY at the amino acid
level. Fig. 4.9 shows an amino acid alignment of these sequences and the positions of
the primers uscd to amplify GmpLHY. As cxpected from the behaviour of Arabidopsis
LHY (Schafter et al., 1998), GmpLl/Y was expressed in a circadian fashion in both LL
and DD in leaves and roots, with transcript abundance maximal carly in subjective
day (Figs. 4.5 — 4.8). As with GmPPCKA4, the amplitude of the second peak in
GmpLHY transcript abundance in DD was fower than that of the first peak.

4.3 Discussion

The results from the experiments investigating the effects of darkness and of
detopping show that the transcript abundance of both GmPPCK2 and GmPPCK3 are
modulated by these treatiments, while GmPPCK4 is largely unaflecled (Fig. 4.1). The
effect of extended darkness on the expression levels of GmPPCK2 and 3 is reversible
by a short period of illumination. These results are very similar to previous reports
measuring the effects of extended darkness and stem girdling on PEPc kinase activity
and sy (malate) values (Zhang ¢f al., 1995; Zhang and Chollet, 1997). This would
suggest that GmPPCK2 and GmPPCK3 represent the majority of the measured kinase
activity in soybean nodules and are responsible for controlling the phosphorylation
status of PEPc. However, it is clearly important to assess how much of the nodule
PPCK activity is contributed by these three genes (GmPPCK2-4) under diffcrent
conditions.

The transcript levels of the nodule-enhanced I'El’c, GmPEPC7, were very
similar to those of the nodule-enhanced kinases in response to the darkness and
detopping treatments (Jfig. 4.1). However, in contrast to the results from PEPc kinase,
previous work has demonstrated that PEPc protein and activity levels are not affceted
by such treatments (Zhang et al., 1995). Therefore the nodule GmPEPC7 protein is
not rapidly turned over and control of nodule PEPc is largely at the pos(-translational
level.

The decline in PEPc¢ kinase activity and transcript abundance following
treatments that perturb the flow of photosynthate from the leaves has been interpreted
as control of PEPc kinase activity by a constituent of photosynihate, such as sucrose

or a metabolite of sucrose (Zhang and Chollet, 1997; Xu ef af., 2003; Nakagawa ef al.,
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2003a), Wadham et a/. (1996} measured metabolite levels in soybean nodules 6 h
after detopping. They observed a 50% decline in sucrose and malate levels and a
100% increase in PEP levels, in comparison to control plants. No difference was
observed in total amount of hexoses, suggesting they play no role in PPCK regulation,
but only total nodule metabolite pools were measured and at only a singie time-point.
Petopping and stem girdling treatments have been shown to lead to a decline in
nodule O, permeability and cause inhibition of nitrogenase activity {(Hartwig ef al.,
1987; Vessey ef al., 1988; Denison ef al., 1992, de Lima et al., 1994). Therefore the
interpretation of these experiments is complicated by the gross effect they have on
nodule metaboiism.

The investigation into the effects of darkness on the transcript levels in
soybean plants lead to a surprising discovery concerning the regulation of GmPPCKA4.
It is the first PPCK gene shown to be under circadian control other than those in CAM
species. Previously, a report from Ueno ez al. (2000) suggested that there might be a
circadian component to the control of the phosphoryiation state of PEP¢ in mature
maize leaves. Using phosphorylation state-specific antibodics to the C4 maize PEPc,
they observed that the phosphorylation and dephosphorylation of PEPc commenced
before dawn and before sunset, respectively. However no further charactcrisation of
this phenomenon has yet been published. Fontaine ef al. (2002) demonstrated that in
Arabidopsis AtPPCKI and AtPPCK2 are light regulated, but no circadian rhythm in
transcript abundance was detected in constant light for either gene.

Another notable feature of GmPPCK4 expression is that, under constant
caonditions, the transcript abundance cycles in leaves but not roots. To our knowledge,
this is the first example of a plant gene where circadian control of expression is organ-
specific. Many studies of circadian rhythms in plants have involved the use of whole
seedlings, and organ specificity has rarely been addressed. However circadian-
controlled expression of Arabidopsis PHYTOCHROME A has been observed in both
leaves and roots, and similar observations have been made with CHALCONE
SYNTHASE in aerial tissue and roots (Hall ef al., 2001; Thain et a/., 2002). Many
plant genes show robust rhythms of transcript abundance in LL that dampen rapidly in
DD, as is the casc for GmPPCK4 in leaves (Fig. 4.6). However this is not due to the
damping of the oscillator itself. As judged by the behaviour of GmpLHY, the circadian
clock operates i both roots and leaves of soybean, in DD and LL. In tobacco, such

behaviour is thought to involve the ZGT gene, which has been shown to link the
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circadian oscillator to LHCB expression (Xu and Johnson, 2001). LHCB is a memberx
of the light-harvesting protein-pigment complex (LHC) gene family; its transcript
abundance is under circadian regulation in T.D and F.I., but this thythm rapidly
dampens in DD. In transgenic tobacco plants constitutively expressing ZGT, the
circadian pattern of LHCB expression is maintained in DD (Xu and Johnson, 2001).
One explanation of our data concerning GmPPCK4 is that machinery such as ZGT
exists to connect the expression of GmPPCK4 to the clock in soybean leaves but not
in roots. It is interesting to note that in tobacco ZGT transcripts have two alternate
forms that are differentially expressed in different tissues (Xu and Johnson, 2001).

Harmer et al. (2000) analysed the circadian control of transcript levels of over
8000 genes in Arabidopsis using microarrays. Approximately 6% (453) of the gencs
on the chip were classified as being circadian, Through promoter analysis they
identified a nine-nucleotide ‘evening clement’, AAAATATCT, that plays an
important role in conferring rhythmic gene expression towards the cnd of the day in
Arabidopsis. Since GmPPCK4 shows this pattern of expression we analysed the
limited sequence information available for all four GmPPCK promoters that was
obtained from the genome walker experiments (sce Chapter 2). The GmPPCK4
promoter contains the sequence ATAATATCT, which differs from the ‘evening
element’ by just one base and includes the ‘core’ seven-nucleotide sequence
AATATCT noted by Xu and Johnson, (2001). It also contains the sequence
CACGTG, one version of the ‘G box core’ light-regulation motif (Chattopadhyay ef
al., 1998). None of the other GmPPCK promoters contain such a close match to the
nine-nucleotide ‘evening clement’, and a ‘G-box core’, and it is possible that these
features contribute to the control of GmPPCK4 expression.

Harmer ef ¢if. (2000) took samples every 4 h, allowing the circadian genes to
be placed into one of six groups depending upon peak expression time. The largest
group consisted of more than 25% of the total number of genes and their expression
peaked 8 h into the 12 h photoperiod. GmPPCK4 would alse fall into this group of
late afternoon expressed genes. Harmer ef af. (2000) noted that when the genes were
also grouped according to function, the transcript abundance of several genes whose
products are involved in the consumption, translocation or storage of sugars peaked in
this fute afternoon period. They suggested that the circadiun clock might play an

important role in allocating sugar carbon to different pathways. This is consistent with
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the circadian control of GmPPCK4 in leaves and the potential role of the genc product

in directing carbon flow towards biosynthesis,
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Figure 4.1 Expression of GmPPCK genes and GmPEPC7 in root nodules in
response to darkness or shoot detopping

This shows the products obtained from RT-PCR analysis of nodulated soybean plants.
Control plants were grown under normal light/dark conditions. All experiments were
started 6 h into the light period. For dark freatments plants were transferred to an
identical environmental chamber under the same growth conditions bul without
lighting, For detopping all above-ground organs were removed from below the point
at which the cotyledons were attached. Ubiquitin was used as a control for equal
loading. 27 cycles ol amplification were used for all GmPPCK genes and 20 cycles
for GmPEPc7 and Ubiquitin. For each time point tissue was collected from a single

plant.
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Figure 4.2 Expression of GmPPCK genes in mature Ieaves in response to
darkness

This shows the products obtained from RT-PCR analysis of nodulated soybean plants.
Experimental conditions are given in Fig 4.1. Ubiquitin was used as a control for
equal loading. 27 cycles of amplification were used for ali GmPPCK genes and 25

cycles for Ubiquitin. For each time point tissue was collected from a single plant.
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Figure 4.3 Expression of Gm’PCK genes in young leaves in response to darkness
This shows the products obtained from RT-PCR analysis of nodulated soybean plants,
Experimental conditions are given in Fig 4.1. Ubiquitin was used as a control for
cqual loading. 27 cycles of amplification were uscd for all GmPPCK genes and 20

cycles for Ubiguitin, For each time point tissue was collected from a singlc plant.
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Figure 4.4 Pilot experiment to study the expression of GmPPCK genes in constant
light

This shows the products obtained from RT-PCR analysis of leaves from non-
nodulated soybean plants. The time points indicate hours in constant light. The black
box indicates the preceding dark period, white boxes indicate subjective day and the
shaded boxes indicate subjective night. 27 cycles of amplification were used for ali

GmPPCK genes. For each time point tissue was collected from a single plant.
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Figure 4.5 Expression of GmPPCK genes in leaves in constant light

This shows the products obtained from RT-PCR analysis of leaves from non-
nodulated soybean plants. The time points indicate hours in constant light, The black
box indicates the preceding dark period, white boxes indicate subjective day and the
shaded boxes indicate subjcctive night. GmpLHY was used as a circadian control and
ubiquitin as a control for equal loading. 27 cycles of amplification were used for all
GmPPCK genes, 25 cycles for GmpLHY and 20 cycles for Ubiquitin. For each time

point tissue was collected from three plants and mixed prior to RNA extraction.
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Figure 4.6 Expression of GmPPCK genes in leaves in constant darkness

This shows the products obtained from RT-PCR analysis of leaves trom non-
nodulated soybean plants. The time points indicate hours in constant darkness. The
white box indicates the preceding light period, black boxes indicate subjective night
and the shaded boxes indicate subjective day. GmpLHY was used as a circadian
control and ubiquitin as a control for equal loading. 27 cycles of amplification were
used for ail GmPPCK genes, 25 cycles for GmpLHY and 20 cycles for Ubiquitin. For
each time point tissue was collected fromn thrce plants and mixed prior to RNA

exiraction.
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Figure 4.7 Expression of GmPPCK genes in roots in constant light

This shows the products obtained from RT-PCR analysis of roots from non-nodulated
soybean plants. The time points indicate hours in constant light. The black box
indicates the preceding dark period, white boxes indicate subjective day and the
shaded boxcs indicate subjective night. Gmpl /7Y was used as a circadian control and
ubiquitin as a control for equal loading, 27 cycles of amplification were used for
GmPPCK1 and GmPPCKA4, 28 cycles for GmPPCK?2 and GmPPCK3, 25 cycles for
GmpLHY and 20 cycles for Ubiquitin. For each time point tissue was collected from

three plants and mixed prior to RNA extraction.
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Figure 4.8 Expression of GmPPCK4 in roots in constant darkness

This shows the products obtained from RT-PCR analysis of roots from non-nodulated
soybean plants. The time points indicate hours in constant darkness. The whitc box
indicates the preceding light period, black boxes indicate subjective night and the
shaded boxes indicate subjective day. GmpLHY was used as a circadian control and
ubiquitin as a control for equal loading. 27 cycles of amplification were used for
GmPPCK1 and GmPPCK4, 28 cycles for GmPPCK2 and GmPPCK3, 25 cycles for
GmpLHY and 20 cycles for Ubiquitin, For each time point tissue was collected from

three plants and mixed prior to RNA extraction.
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Figure 4.9 Sequence analysis of LY genes

Alignment of deduced amino acid sequences of Arabidopsis, common bean and
soybean LY genes. AtLHY (CAA07004) is from Schaffer ef al. (1998) and PvLHY
(AJ420902) from Kaldis e al, (2003). Underlined residues show the positions of the
primer hinding sites used to amplify GmpLITY. Dots and verlical lines denote

identical and similar residues respectively.
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Chapter 5
Analysis of PPCK genes in other C; plants
5.1 Introduction

Although the main focus of the work presented in this thesis is the analysis of
PEPc¢ kinase in soybean, unusual features of PPCK genes identified in other Cs plants
led to investigations of PPCK genes in tomato (Lycopersicon esculentum) and rice
(Oryza sativa).

One of the many roles of PEPc¢ in C; plants is the production of organic acids
in developing fruits. In the model [ruil tomalo, malic and citric acid levels increase at
the end of cell division phase of fruit development, pcak at the end of the cell
expansion phase, and decline during ripening (Guillet ez al., 2002). As in guard cells,
organic acids provide osmotic pressure to drive celiutar expansion (Cotelle ef al.,
1999). PEPc has also been proposed to play a role during the later stages of fruit
development (Chollet ef al., 1996) through the re-fixution of respiratory CO2, which is
produced in high amounts in ripening fruits. Two PEPc isoforms have been identified
in tomato (Guillet e gi., 2002). One of the isoforms (LePpcl) is expressed in a range
of tissues, while LePpc2 is expressed mainly in expanding fiuit tissue (Guillet ef al.,
2002). The expression of LePpc2 during tomato fruit development is tightly correlated
with PEPc protein levels, PEPc activity and the accumulation of organic acids. This
raised the question of the involvement of PEPc kinase in fruit development.

Work in our lab led to the identification of two PEP¢ kinase isoforins from
tomato (Marsh, 2002). The genomic sequence of LePPCK ] showed it was structurally
similar (o previously reported PPCK genes (Hartwell ez al., 1999a; Taybi et al., 2000;
Tsuchida e# af., 2001; Fontaine et al., 2002). The coding sequence comprised two
exons, with one 89 bp iniron at the 3° end of the coding sequence. The sequence of the
other isoform, LePPCK2, showed a surprising feature, it contains (wo introns. One
intron, as in other PPCK genes, is located at the 3° of the coding sequence. The
second intron is located close to the middle of the coding region and possesses two
alternative 5” splice sites, therefore allowing alternative splicing, The region between
these two splice sites contains an in-frame stop codon. Fig. 5.1 shows the organisation
of LePPCK2. Splicing can therefore give rise to three different transcripts: transcript 1

encodes a functional PEPc kinase; transcript 2 is incorrectly spliced and contains a
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premature stop codon; transcript 3 is an unspliced transcript with a premature stop
codon. Transeripts 2 and 3 both encode a truncated, non-functional PEPc kinase.

Work by Marsh (2002) showed that LePPCK 1 transcripts were present in all
tissues examined, with lowest expression levels early on in fiuit development
(expansion phase 1) and highest in mature leaves (Fig. 5.2). LePPCK2 expression
levels increased during fruit ripening, being highest in ripe red [ruit (Fig. 5.2).
Interestingly the relative abundance of the three transcripts varied in different tissues.
This was also evident when LePPCK2 transcript abundance in different fiuit
compartments was examined (Tig, 5.3). These results [ed us to examine the relative
abundance of LePPCK2 transcripts in a tomato mutant and to identify homologous
genes in other solanaceous species.

The production of a draft ricc genome sequence presented us with the
opportunity to identify the number of PEPc¢ kinase genes in a C3 monocot species.

There has been much research into the transferral of the beneficial traits of Ca

photosynthesis into Cs crop plants (reviewed in Hausler ¢f al., 2002; Leegood, 2002; .~

Miyao, 2003). To this end, transgenic rice plants cxpressing the maize photosynthetic

PEPc isoform have been produced (Ku ef al., 1999). Ievels of PEPc expression two to
three times greater than those found in maize leaves werc achieved, but ratcs of
photosynthesis were not significantly different to untransformed rice plants under
atmospheric conditions. Fukayama ef al. (2002} demonstrated that the maize PEPc
expressed in the leaves of transgenic rice plants underwent phosphorylation.

However, in contrast to the light induced increase in PEPc phosphorylation observed
in maize leaves, the maize PEPc in rice became phosphorylated during the night and
remained dephosphorylated in the day. Therefore, knowledge of the control of PPCK

activity in rice is required if the desired pattern of PEPc activity is to be achieved.

5.2 Results
5.2.1 Analysis of PPCK genes in the Solanaceae

With previous results demonstrating variation of PPCK transcript abundance

in different tissues of wild-type tomato (Figs. 5.2 and 5.3) further experiments were
conducted to assess the cxpression of LePPCKI and LePPCK?2 in the tissues of the
green flesh (gf) tomato mutant. In this mutant the froit retain substantial amounts of
chlorophyll during ripening, while other ripening changes, such as cthylene synthesis

and lycopene accumulation are normal (Akhtar ef a/., 1999). The results of these
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experiments are shown in Fig. 5.4. LePPCK !/ is highly expressed in leaves, roots and
flowers. It is present in the skin and pericarp tissue of ripe fiuit but hard to detect in
locule tissue. LePPCK2 shows differences in the relative levels of transcript types
depending upon the tissue. This is evident in leaves where predominately transcript 3
is produced, compared to roots where {ittle difference between the levels of transcript
types is observed. This is in contrast to the expression pattern in the wild-type
Alicante tomato cultivar, where leaves expressed mainly transcripts 2 and 3 and roots
express mainly transcript 1. Expression studies of LePPCK?2 in the different
compartments of ripe gf fruit show that all three transcripts are present in skin and
pericarp tissue, like in Alicante, but transcript 1 and 2 are present in the locule and
seeds whereas in Alicante only transcript 1 was detected in these tissucs.

The presence of sequences homologous to LePPCK2 in other members of the
Solanaccae was also investigated. Analysis of EST databases revealed sequences very
similar to LePPCK2 were present in polato (Solanum tuberosum). Printers were
designed based on the EST sequences so they would flank the putative additional
intron site. Three products of the expected mobilities were obtained from potato leaf
¢DNA and a single product from genomic DNA. The genomie product was cloned
and sequenced (555 bp, Genbank accession no, AY293738) and found to match the
EST sequences almost exactly. Using the primers designed for RT-PCR of LePPCK2,
which span the unusual intron in LZePPCK2, products were also amplified from the
genomic DNA of aubergine (Sofanum melongena) and (obacco (Nicotiana tabacum).
These partial sequences (553 bp from aubergine, Genbank accession no, AY236482,
and 538 bp from tobacco, Genbank accession no, AY347261) are very similar to the
LelPPCK2 and potato sequences. Fig. 5.5 shows an alignment of the intron sequences,
which comprise 233, 234, 232 and 217 bp in tomato, potato, aubergine and tobacco,
respectively. The nucleotide sequence of the intron is highly conserved between these
four members of the Solanaceae. In fact the intron and exon sequences are equally
similar. The tomato and aubergine sequences are 94% identical over 321 bases of
exon sequence (not shown) and 92% identical over 233 intron bases (see Fig. 5.5).
The two donor splice sites and the acceptor site are conserved. All four sequences
contain at least one in frame stop codon 70 — 80 bp into the intron (bold in Fig. 5.5);
aubergine has two closely adjacent stop codons. The tobacco intron has a deletion of
I8 bp relative to the other introns just 3” to the second (*incorrect™) donor splice site.

Using the same primers as for LePPCK2, products were obtained from mature leaf,
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root and flower cDNA from tobacco (Fig. 5.6). The three transcript types are present
in these tissues, but as with tomato, the refative abundance of the transeript lypes

differs between organs.

5.2.2 PPCK genes in rice: identification and demonstration of function

Analysis of the rice genome revealed the presence of three gene sequences
very similar to other plant PEPc¢ kinases. These putative rice PPCK genes were
termed OsPPCK 1, OsPPCK2 and OsPPCK3 respectively. Analysis of the genomic
sequences shows that OsPPCKI and OsPPCK3 have similar gene structures to other
plant PPCK genes. They consist of two exons with an intron at the 3° end. The
deduced amino acid sequences consist of 289 and 285 residues for OsPPCK ! and
OsPPCK3 respectively. The OsPPCK2 sequence shows (wo interesting features (Fig.
5.7). While it ulso consisis of two exons with an intron at the 3” end, the intron does
not contain an in frame stop codon, as is usual for plant PPCK genes. The only other
identified plant PPCK sequence that shares this trait is GmPPCK3. Therelore
unspliced OsPPCKZ transcripts, like GmPPCK3, could encode a larger PPCK protein.
The other unusual feature of the OsPPCKZ sequence is the presence of three in frame
methionine codons at the 5° end of the gene. Amino acid alignments of the three rice
PPCK sequences with other plant PPCK sequences (Fig. 5.8) show that the third
methionine residue of Os£?#CK2 aligns with the start methionine from the other plant
PPCK genes. Translation initiation from the first methionine would encoede a larger
protein of 344 amino acids with a putative molecular mass of 36.6 kDa. This is a
similar mass to the 37 kDa PEPc¢ kinase that has been observed in several plant
species, but no PPCK gene that would encode a protein of (his size has yet been
identificd. Atterupts to obtain a full length PCR product of OsPPCK2 from rice leaf
c¢DNA were unsuccessful. However, we were provided with full-length ¢cDNA clones
of OsPPCK1, 2 and 3, a genomic clone of OsPPCK2 and a cDNA clone of OsPPCK?2
from the first methionine by Dr Hiroshi Fukayama (Wational Institutc of
Agrobiological Resources, Japan), in order to test their ability to encode a functional
PEPc kinase. Fig. 5.9 shows the in vitre transcription products of the five clones
separated on a formaldehyde/MOPS gel. All the clones produce transcripts of the
expected sizes. The transcription products were then translated and the translation
producls assayed for their ability to phosphorylate purified Kalanchoé fedtschenkoi
PEPc. Fig. 5.10A shows the transglation products and Fig. 5.10B shows the results of

127




(he kinase assays. The translation products from OQsPPCKI and OsPPCK3 cDNA
clones were both able to phosphorylate PEPc. For OsPPCK2, both cDNA cloncs
made active PEPc kinase, while the OSPPCK2 genomic clone did not show any
kinase activity. This is the same result as was seen with GmPPCK3 genomic clone
and suggests that the presence of the franslated intton sequence abolishes kinase
activity. The ‘long’ form of OsPPCK2, containing all three methionine codons,
produces three protein products. This is presumably due to the initiation of translation
from each of the three methionines. The use of KCl instead of KAc in the in vitro
translation reaction buffer, as recommended in the manufacturer’s protocol to favour
translation from the tirst methionine codon, did not prevent this from occurring (Fig.
5.104, lane 7). Therefore it is not possible to determine whether the kinase activity
from this clone is solely due to the protein translated from the ‘normal’ third
methionine, and whether translation {rom either of the other upstream methionine

codons will encode an active PEP¢ kinase.

5.3 Discussion

The demonsiration that LePPCK2 was subject to alternative splicing was a
surprising discovery. Howcver the functional significance of this observation was
unclear. The different ratios of three transcripts produced from LePPCK?2 seen in
different tissues of wild-type Alicante tomato cultivar could reflect control of
LePPCK2 splicing and therefore suggest functional significance. Analysis of
LePPCK2 expression in the gf mutant revealed some differences in the ratios of the
three transcripts in certain tissues comparced to the wild-type plants. This would
suggest that the altered metabolisin of the gf plants impacts on the control of
LePPCK2 splicing. Bortolotti et a/. (2003) have demonstrated that enzymes involved
in the primary metabolism of glutamate are regulated differently in gf fruit during
ripening. The requirement of a splicing factor essential for the production of transcript
I could act as a control point for correct expression of LePPCK2. Control of the
production of such a splicing [sctor, modulated by developmental and/or metabolic
signals, is one potential hypothesis.

The presence of alternative splicing in other members of the Solanaceae and
the conservation of the intron sequence are further lines of evidence to suggest a
potential {functionul role. The oceurrence of an in-trame stop codon leading to

premature truncation of incorrectly spliced transcripts is seen in all four sequences
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(Fig. 5.5). Whether the truncated protein product of transcripts 2 and 3 accumulales iz
vivo, or the mRNA is unstable and rapidly degraded, is unknown. The truncated
protein would extend just beyond the N-terminal ATP-binding domain of PEPc
kinase; it may be able to foid stably, to bind ATP, and/or interact with other proteins
such as PEPc. The production of antibodies specific to the truncated LePPPCK2
polypeptide would be required (v demonstrate i vive accumulation, although the low
abundance of PEP¢ kinase would hinder such an experiment.

The identification of the PPCK genes present in rice also revealed an unusual
feature in the sequence of one of the genes; OsPPCK2 contained three in-frame
methionine codons. A long-standing question has been the identity of the 37 kDa
PEPc kinase isoform revealed to exist in several different ptant species, including
soybean, by studies using “in-gel” kinase assays (Chollet ez al., 1996; Vidal and
Chollet, 1997 and references therein). The OsPPCK2 sequence is the first PPCK
sequence identified to date that could potentially encode a larger PEPc kinase isoform.
Although function was demonstrated for the products of OsPPCK 1, 2 and 3 ¢cDNAs,
cxperiments using in vifro translation and kinase assays were unable to provide
unequivocal evidence to show whether the ‘long’ form of OsPPCK2 could
phosphorylate PEPc. This was because translation could start from the other
methionine codons. Our attempts to detect full-length OsPPCK2 transcripls from rice
¢DNA were unsuccessful, but work in the laboralory ol Dr Hiroshi Fukayama has
revealed the presence of both the ‘long’ and ‘normal’ OsPPCK2 (ranscripts.
Furthermore, there is preliminary evidence that the production of these two transcript
types is differentially regulated (H. Tukayama, unpublished). Hlowever, similar to the
situation in tomato, it is important to demonstrate that the 37 kDa isoform of
OsPPCK?2 accumulates in vivo.

The identification of OsPPCK2 prompted us to examine whether any of the
PPCK genes identified in soybean contained in-frame upstream methionine codons, as
a 37 kDa PEP¢ kinase isoform was previously identified in protein extracts from
soybean root nodules (Zhang and Chollet, 1997). Analysis of the genomic sequences
revealed no further methionine codons before the presence of in-frame stop codons.
This would suggest that the 37 kida PEPc kinase isoforms are not the products of
translation from alternative methionine residues. However, the possibility that an
unidentified PPCK gene encoding a larger PEPc kinase isoform exists in the soybean

genome cannot be excluded.
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Figure 5.1 Organisation of LePPCK2
The white boxes indicate exons, the shaded boxes introns. Numbers show the lengths
of exons and introns in base pairs. The sequences around the splice sites arc shown in

full; the intron start GT and end AG sequences are underlined.

130




ATG TGA TAG

346 429

Exon 1| Intron 1 | Exon2 | Intron 2 |Exon 3

..CATGGTACTCTT...GAAAGTAAATTG...TTTTATAGGTAC... CTCAGTATGAT.. ATAAACAGGGCA...

< 138 >< 95 >



Figure 5.2 Expression patterns of LePPCK genes

This shows the products obtained from RT-PCR analysis. Ubiquitin was used as a
control for equal loading,.

Lanes are: 1, expansion phase 1 fruit; 2, expansion phase 2 fruit; 3, green fruit; 4,
breaker fruit; 5, pink fruit; 6, red-ripe fiuit; 7, young leaves; 8, mature leaves; 9,

flowers; 10, seedlings in light; 11, seedlings in dark and 12, Taken from Marsh (2002)
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Figure 5.3 Expression pattern of LePPCK2 in fruit compartments
This shows the products obtained from RT-PCR analysis from ripe red fruit.
Ubiquitin was used as a control for equal loading. Taken from Marsh (2002)

134




spaas

199

dieouad Jauu|
dseouad 181nQ

umMs

Al C
hKu =

S
o o
o 0
[0) =)
-




Figure 5.4 Expression patterns of LePPCK genes in the tomato gf mutant
This shows the products oblained from RT-PCR analysis. Ubiquitin was used as a
control for equal loading. 30 cycles of amplification were used for all genes except for

detection of transcripts in locule tissue where 35 cycles were used.
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Figure 5.5 Sequence analysis of the unusual PPCK2 intron in members of the
Soalanaceae

Alignment of the nucleotide sequenees from tomato (1.€), potato (St), aubergine (Sm)
and tobacco (Nt), The in-frame stop codons are in bold. The sequences surtounding

the internal splice site arc underlined, with the intron start GT in italics.

138




Le
Sm
Nt

St
Sm
NE

Le
St
Sm
't

Le

-
[

Sm
Nt

GTACTCTTCC
GTACTCTTCC
GTACTCTTCC
GTACTCTTCC

TTTGCTTCGT
TTTGCTTCGT
TTTCCTTCGT
TTTGCTICET

TCGAAAATTG
TCGAAAATTG
TGGAAAATTG
TCGAAAATTG

TT?-~-ATTTT
TIT--ATTTT
TTTAT-TTTA
TTTTTATTTT

AGATCACCAA AATCTCACTC CGTTGCTGATC AAAATGGGCA AATTTT-ACT
AGATCACCAA AATCTCACTC GTTGCTGAYC AAAATGGGGA AATTTTTACT
AGATTACCAA AATCTCACTC GCTGCTCATC ATAAAAGGGG AATTTT-ACT
AGATCACCAC AATCTCACTC CTITGCTCGATC AAARAAGGGGA AATTIT-ACT

MAAATGGECTT GAATCAGGAA CGATCTRCCA TGCAGCACGT TGTTGAATTT
AAAATCGCTT GAATCAGGAG CGATCTACCA AGCAGCACGT TGIT'I'GAATTT
TARATGGCTT GAATCAGGAA CGATCTACGA AGGAGCATCT TGTTGAATTT
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Figure 5.6 Analysis of NtPPCK2 transcripts in tobacco
This shows the products obtained from R'T-PCR analysis and PCR of genomic DNA.
Ubiquitin was used as a control for equal loading. 35 cycles of amplification were

used for NtPPCK2 and 30 cycles for Ubiquitin.
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Figure 5.7 Translation map of the genomic sequence of OsPPCK?2
DNA Sequence in black denotes exon sequence; sequence in red denotes intron
sequence. Sequence in orange denotcs the sequence upstream of the ‘typical’

methionine residue.
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Figure 5.8 Sequence analysis of the rice PPCK genes

Alignment of deduced PPCK amino acid sequences from rice (OsPPCK1, OsPPCK?2
and OsPPCK3), maize (ZmPPCK2), soybean (GmPPCK2) and Kalanchoéd
Jedtschenkoi (REPPCK).
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Figure 5.9 fn vifro transcription of rice PPCK clones

Formaldehyde-MOPS gel showing the products from in vitro transeript reactions.
Lanes are: 1, OsPPCK1 cDNA; 2, OsPPCK2 ¢cDNA; 3, OsPPCK2 genomic clone; 4,
OsPPCK3 cDNA and 5, OsPPCK2 long cDNA.

147







Figure 5.10 Functional analysis of full-length OsPPCK clones

(A) Phosphor images of |*°S] Met-labelled products from ix vitre translation of RNA
samples separated on 12.5% SDS-PAGE gel.

(B) Phosphor images of immunoprecipitated, **P-labelled PEP¢ from assays of the
PEPc kinase activity of translation products separated on an 8% SDS-PAGE gel.
Lanes are: 1, OsP’PCK1 c¢DNA; 2, OsPPCK2 ¢cDNA; 3, OsPPCK2 genomic clone; 4,
OsPPCK2 long cDNA; 5, OsPPCK3 ¢DNA; 6, no RNA control and 7, OsPPCK2 long
cDNA (+KC)).
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Chapter 6
General Discussion

This work has broadly answered the questions posed at the outset. The relation
between PEPcs and PEPc kinases in soybean is considerably more complex than first
imagined. There are at lecast 4 PPCK genes, 2 of which are nodule-enhanced and
likely regulated by photosynthate, but these are also expressed in other tissues.
Another PPCK gene shows the very unusual property of tissue specific circadian
expression. The implications of these findings have been discussed in the relevant
chapters. In this gencral discussion 1 use phylogenetic analysis of PPCK and PEPC
genes to throw light on the functions of different gene products and identify possible
areas of future research.

Since the first cloning of a PPCK ¢cDNA (Hartwell ¢f al., 1999a) many more
sequences have now been identificd from a wide range of plant species. In a recent
review, Nimmo (2003) lists 14 full-length PLPc kinase sequences identified from 10
different plant species. The work presented in this thesis includes the identification of
four PPCK genes from soybean and three PPCK genes from the genome sequence of
ricc. Together with sequences identified from genomic and EST sequence databases
(TIGR and NCBI) by similarity to known PPCK genes, sequences published in the
literature and unpublished work from our laboratory, a dataset consisting ol aver 30
sequences from 21 species has been conslructed. In order to gain insight into the
evolution of PEPc¢ kinase and to examine how the various isoforms in soybean relate
to each ather, a phylogenetic analysis was performed and the resulting tree is shown
in Kig. 6.1. The deduced amino acid sequences used in the analysis are either
(putative) full-length or close to being putative [ull-length cDNA sequences (denoted
by an asterisk).

In the tree shown in Fig 6.1 several plant CDPK sequences were designated as
the outgroup. The only PPCK sequence from a gymnosperm, Pinus taeda, falls on a
separate branch to all the angiosperm PPCK sequences. The angiosperms sequenccs
fall into two main groups: the eudicots and the non-eudicots (following the naming of
Savolainen ef al., 2000). The non-cudicot group consists mainly of members of the
grass family (Poaceae), together with A/lium cepa and Amborella trichepoda. The
placement of 4. #richopoda at the base of the non-eudicot clade is in agreement with

the results of Savolainen er al. (2000). Qiu ef al. (1999) recently identified Amborella
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as the root of the angiosperms in a combined analysis of gencs from the
mitochondrial, plastid and nuclear genomes.

The groupings secn in the Poaccae do not reflect taxonomic relationships but
rather the groupings of different PPCK isoforms. Work in our lab has identified four
maize (Zea mays) PPCK genes (Shenton ef al., unpublished). The Z. mays PPCK1
sequence is more similar to a PPCK sequence from rice (0. sativa PPCK1) and a
sequence [rom wheat (7. agestivum PPCK1) than to the three other maize PPCK
sequences, It is tempting to speculate that these groupings may reflect the functions of
particular isoforms. Knowledge of the relationships of the different PPCK isoforms
could help direct future research. Ior example, unpublished results from our lab show
that the Z. mays PPCK! gene is the light-responsive Cs PPCK isoform (Shenton ef al.,
unpublished). Therefore, it would be interesting to investigate whether the PPCKJ
isoforms of O. sativa and T. aestivum, both Cs plants, are also light responsive.
However a detailed analysis of the PPCK genes in these species has yet to be
published.

Within the cudicot clade relationships consisting of groups of taxonomically
related species as well as groups of more distantly related species are seen. The
phylogenctic tree shows GmPPCK -3 group with the PPCK sequences [rom the two
other legume species, L. japonicus and M. truncatula. The Lotus PPCK gene has been
shown to have nodule-enhanced expression (Nakagawa ef af., 2003a). The expression
pattern of the Mcdicago PPCK gene has yet to be investigaled, but two corresponding
ESTs were isolated from nodule libraries demonstrating that it is expressed in
nodules. It may be that this group represents the nodule-enhanced PPCK isoforms for
these plants. The isolation and characterisaiion of other PPCK isoforms from Lotus
and Medicago would be required to confirm this and would greatly aid the
understanding of PPCK evolution in the legumes.

The placement of GmPPCK4 away from the other legume sequences is
surprising. GmPPCK4 is more closely related to the PPCK2 isoforms from members
of the Solanaceae (N. benthamiana, S. tuberosum and L. esculentum) than it is to other
soybean PPCKs. The two kinase isoforms identified in the solanaceous plants are also
separate from each other in the tree topology. These relationships suggest that a gene
duplication event occurred early during the evolution of the flowering plants.
[Towever, Arabidopsis contains only two closely related PPCK genes, implying either

that the above relationships arc spurious or that gene loss has occurred. The addition
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of further sequences, in particular sequences of different PPCK isoforms from the
same plant, will help to address these questions.

In contrast to PEPc kinase, PEPc sequences have been used in phylogenetic
analyses due to their presence in both prokaryotic microorganisms and plants (Gehrig
et al., 1998; Gehrig er al., 2001). Gehrig ef al. (2001) produced the most extensive
analysis to date using 143 partial amino acid sequences of PIiPc from bacleria,
vascular and non-vascular plants. The PEPc sequence from E. coli was used as the
outgroup for the analysis and the authors suggest that an ancestor of the plant PEPcs

arose from the y proteobacterial lineage. The existence of the plant ‘bacterial-type’

PEPc genes were unknown at this time, Sanchez and Cejudo (2003) first identified
these novel PEPe isoforms from the genome sequences of Arabidopsis and rice. They
produced an unrooted phylogenetic tree based on the analysis of 22 bacterial and 21
plant full-fength amino acid sequences (Sanchez and Cejudo, 2003). The tree
displayed two major clades, one consisting of only bacterial PEPcs, the ather

containing all the plant PEPcs and the PEPcs from the y proteobacteria. Although all

the plant PIEPc sequences formed a single group the two bacterial-type PEPc
sequences from Arabidopsis (Atppe4) and rice (Osppe-b) diverged from the rest of the
plant PEPcs very early during the evolution from a common ancestral gene similar to

the PEPc genes of the y proteobacteria.

To examine the placements of the soybean PEPc genes identified in this work
and the recently published sequences from the green algae Chlamydomonas
reinhardtii, a phylogenetic analysis ol PEPc amino acid sequences was performed.
Fig. 6.2 shows an unrooted radial phylogenetic tree resulting from the analysis of 40
bacterial, 64 plant and 2 algal PEPc sequences. The same two major clades identified
in Sanchez and Cejudo (2003) are visible, with the addition of the C. reinkardtii

sequences in the piant and y protcobacteria group. The plant PEPc sequences,

excluding the bacterial-type isoforms, form a tight cluster demonstrating their relative
homogeneity in comparison to the more divergent bacterial sequences. The C.
reinhardtii PEPcl sequence is the most simiiar to the plant PEPe clade, indicating a
common ancestor. As expected from the results presented in chapter 3, the soybean
GmPEPc17 sequence groups with the bacterial-type Atppc4 and Osppe-b sequences.

‘The C. reinhardtii PEPc2 sequence is the most similar sequence 1o these novel PLPe
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isoforms. This indicates that the divergence of these two classes of PEPcs in plants
oceurred in a common ancestor of green algae and land plants. With the phylogenetic
analysis indicating that the occurrence of two distinet groups of PEPc isoforms in
plants is cvolutionarily related to the two classes of PEPcs identified in algae (Rivoal
et al., 1996; Rivoal er al., 1998; Rivoal ef al., 2001), it is tempting to speculate that
the bacterial-type PEPcs in plants may also form large heteromeric complexes. The
results of Bionde and Plaxton (2003) on castor plants (Ricinus communis) supporl this
hypaothesis. The results from the phylogenctic analysis suggest that antibodies raised
against algal Class 2 PEPcs (Rivoal ef af., 1996) may also recognise the plant
bucterial-type PEPcs, facilitating identification of these polypeptides in plants. The
identification of further members of this group and their characterisation should be
prove to be an exciling area of futuse rescarch.

To examine the relationships within the plant PEPc clade a phylogenetic
anaiysis including only one bacterial PEPe sequence, £. coli, was performed (Fig 6.3).
As seen in the radial tree (Fig. 6.2) the plant bacteriai-type PEPc sequences form u
group with C. reinhardtii PEPc2, and the rest of the plant PEPcs form a single group
with C. reinhardtii PEPc] as the sister group. As seen in the PPCK tree (Fig. 6.1), the
plant sequences fall into cudicot and non-eudicot groupings, with the exception of
certain sequences. The two gymnosperm sequenees, Welwitschia mivablis and Pinus
abies, are placed within the angiosperm non-eudicot ¢lade. Furthermore, two eudicot
sequences, M. erystallinum PEPc! and Amaranthus hypochondriacus, are also
embedded within the non-eudicol group. M. crystallinum PEPc] is the CAM
photosynthetic PEPc isoform and the 4. Aypochondiacus sequence is the Cq
photosynthetic isoform. 'Ihe placement of these sequences may be a retlection of their
function; they are placed between a group of sequences encoding the Cy
photosynthetic PEPc isoforms from several species of grasses (Sorghum PEPC3,
Saccharum spontaneum, 7. mays PEPcl, Chloris guyana and Seteria italica), and the
rest of the plant PEPc sequences. There are scveral possible explanations for the
unusual positions of M. crysiallinum PEPc] and A. hypochondiacus. Firstly, it could
be an artefact of the tree due to reasons such as uneven sampling. However, the
bootstrap support for the position of A. hypochondiacus is high at 99%, and
reasonable for M. crystallinmun PEPcl at 59%. If this lopology is accepted then one
explanation is that the ancestor of monocols and dicots contained two PEPc genes,

one of which has been lost in the dicotyledonous plants that do not fix CO»
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photosynthetically with PEPc. An alterative hypothesis would be that it is the resuit of
convergent evolution to provide PEPc¢ with the properties needed for CO; fixation in
photosynthesis. However, jt js clear that this has not occurred in Flaveria, where the
C4 photosynthetic PEPc isoforms are closely related to the non-photosynthetic
isoforms.

In the eudicot clade taxonomic grouping are observed, such as the group of
sequences from members of the Fabaccae (legume family) and the group containing
sequences from members of the Solanaceae. However, subgroups comprising
different PEPc isoforms are also seen; the L. japonicus PEPcl and PEP¢2 sequences
fall on different branches within the group of sequences from leguminous plants and a
similar pattern is seen in the group of solanaceous plant sequences. The G. max
PEPc4 sequence does not group with the other legume PEPc sequences but instead
forms a group with a PEPc sequence from cotton (G. Airsutum PEPc) and one of the
Arabidopsis PEPc sequences (4. thaliana PEPc2). The placement of GmPEPC4 is
reminiscent of the placement of GmPPCK4 in the PPCK tree (Fig. 6.1). The
significance of this observation is unknown, however, us seen in chapters 3 and 4
there are no obvious relationships between specific isoforms of PEPc and PEPc
kinase.

The phylogenctic trees produced from the analysis of PEPc and PEPc kinase
sequences both show recognisable taxonomic groupings, suggesting that, even though
the sampling distribution of different plant families is very uneven, a signal reflecting
evolutionary relationships is detected. However, the aim of these analyses was not to
determinc the usefulness of these genes for evolutionary reconstruction but to
examine the relationships between the various isoforms and identify any functional
groups of sequences, in particular the novel P1Pc kinase sequences identified in this
work. For PPCK genes is has not been possible to assign function to a particular gene
based upon its position within a phylogenetic free or its similarity to other PPCK
genes. Some isoform-specific groups are seen in the trees, the best example being the
relationships seen in the grass family, but presently not enough information on the
expression patterns or functions of these genes is known to determine whether these
isoforms are performing similar roles in the different plant species. The production of
phylogenetic trecs has proved a useful tool in the identification of new sequences,
particularly in the case of PEPc kinase where short EST sequences can have

stgnificant similarity to both PEPc kinase and CDPKs. They are also useful in
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developing new hypotheses and highlighting potentially intcresting areas of future
research.

Similarly, examination of the expression patterns of PPCK genes in Cj plants,
at lcast at the organ/tissue level, has not allowed easy allocation of specific isoforms
to specific tasks. In soybean GmPPCK2 and GmPPCK3 are preferentially expressed
in nodules, while in tomato LePPCK?2 is most heavily expressed in ripe fruit.
However, transcripts of these genes arc also clearly detectable, al various levels, in
other tissues elsewhere in the plant. GmPPCK4 is also expresscd in nodules, but its
expression is not controlled by photosynthate supply from the shoots and therefore it
is not thought to be responsible for the control of the phosphorylation status of the
nodule-enhanced PEPc. The circadian control of Gm?PCK4 in feaves but not roots
suggests it may be fulfilling different functions in these tissues. Clearly 1 more
detailed examination of expression patterns, via in situ hybridisation or the use of
transgenic plants expressing promoter-reporter constructs, may reveal patterns in the
types of cells or tissues which different isoforms are expressed in and therefore
provide a better understanding of their roles.

While further characterisation of PPCK genes at the transcriptional level is
desirable, espccially in the dissection of the signalling pathways controlling PPCK
transcript abundance, the fack of information at the protein level, particularly in Cs
plants, is a major barrier to understanding PPCK in vivo. Work by Hartwell er al.
(1996,1999a) demonstrated the close relationship between PPCK transcript levels,
PEPc¢ kinase activity and PEPc phosphorylation status in the leaves of XK. fecdltschenkor.
‘The low abundance of PEPc kinase, and to a lesser extent PEP¢, protein in Cs plants
make similar experiments technically difficult. However, the ability to relate
differences in the spatial and/or temporal abundance of transcripts to changes at the
protein and kinase activity levels is required, For example, in the case of GmPPCK4 it
is vital to know whether the circadian fluctuations in {ranscript abundance result in
changes at the protein and activity levels.

While the results presented in this work do not suppott the concept of PEPC-
PPCK expression partners as suggest in Xu ef al. (2003) and Echevarria and Vidal
(2003), the question of whether a specific PEPc kinase is equally effective at
phosphorylating all PEPes from the same plant has yet to be addressed. The
recombinant production of all PPCKs and PEPcs from a single plant species would be

required to allow pairwise comparisons. Recent work from our laboratory has
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demeonstrated the possibilty of producing soluble and active recombinant PEP¢ kinase
using a Pichia methanolica expression system, suggesting that such a set of
experiments may soon be possible.

Further work arising from the unusual regulation of GmPPCK4 would be to
identify components of ihe signalling pathway which link the circadian clock to
GmPPCK4 expression in a tissue dependent manner. One method would be to creatc a
GmPPCK4 promoter: luciferase expressing transgenic Arabidopsis line allowing the
characterisation of GmPPCK4 expression via automatic imaging. A mutagenised
population of transgenic plants could then be screened for loss of and/or changes in
the circadian expression of luciferase. Such a strategy would require the GmPPCK4
promoter to drive luciferase expression in Arabidopsis in a tissue-dependent circadian
manner as it does in soybean, and that luciferase is expressed at detectable levels in
the lecaves. Other experiments could investigate regulatory regions of the GmPPCK4
promotcr using gel shift assays, Using nuclear extracts from leaf and root cells the
possibility that specific DNA binding factors are found in leaves but not roots could
be investigated. The abundance of these putative factors in leaves would be expected
to vary over a 24 h period.

One polential applied aspect of this work stems from the identification of a
bacterial-typc PEPc gene expressed in soybean. PEPc has been proposed to play
important roles in seed development. In seeds of the leguminous plant Vicia faba,
PEPc¢ is thought to be involved in the synthesis of storage proteins by redirecting
carbon flux towards amino acid synthesis (Golombek er a/., 1999). In the oilseed plant
R. communis, different PEPc isoforms are proposed to play roles in both storage
protein and lipid accumulation (Blonde and Plaxton, 2003). Recently, Rolletschek ef
al. (2004) generated transgenic bean plants (Viciu narbonensis) expressing a PEPc
gene trom the bacterium Corynebacterium glutamicum, The C. glutamicum PEPc was
under the control of the legumin B4 promoter to confer seed-specific expression.
Analysis of seeds from the transgenic plants showed that, compared to wild type
seeds, they contained 15 — 25% more protein on a per gram basis and individual dry
weight increased by 20 — 30%. However, there was a decrease in seed number per pod
by 20 — 30% leading to no significant change in total seed weight per plant.

Soybean is a major source of protein and vegetable oil for both animal and
human nutrition. Soybean seeds accumulate high levels of both protein and oil, with a

typical seed containing 40% protein and 20% oil by weight (Stacey et al., 2004).
yp
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Presently there is no evidence for a role of the soybean bacterial-type PEPc gene,
GmPEPC17, in sced development. An investigation into the expression of
GmPEPC17 during seed development and maturation would answer whether this
gene is expressed in seeds and whether expression coincides with any particular
developmental stages. However, even if the plant bacterial-type PEPcs are not
involved in seed development they could prove a useful resource for plant
biotechnology. Biochemical characterisation of these novel plant PEPcs has yet to be
published, but it would appear likely that they will be regulated differently to the
previously identified plant PEPes considering the Jack of the conserved
phosphorylatable N-terminal sequence. The work from bacterial and algal PEPcs
would suggest that the plant bacterial-type PTPe proteins will also have very different
allosteric regulation. Directed expression of these proteins in seeds may allow similar
results to those described by Rolletschek er a/. (2004} to be achieved using the plant’s
own genetic material.

In another recent paper, Chen et af, (2004) introduced the PIiPc gene from the
cyanobacterium Synechococeus vulcans into Arabidopsis driven by the constitutive
cauliflower mosaic virus 35S promater. Visible phenotypes observed in the transgenic
plants included a block in truc Icaf development and partially bleached leaves, These
phenotypes could be rescued by growth on media supplemented with aromatic amino
acids. Analysis of the transgenic plants revealed significantly decreased levels of
aromatic amino acids, compared to wild-type plants, and an increase in the levels of
amino acids of the aspartic and glutamic families, such as asparagine, arganine and
glutamine. These results suggest that as a result of increased flux through PEPc there
was a reduced amount of PEP available for synthesis ol aromatic amino acids via the
shikimate pathway.

The work of Rolletschek et af. (2004) and Chen ez af. (2004) demonstrate the
usefulness of a PEPc protein with reduced sensitivity to metabolic feedback inhibition
in engineering plant metabolism. They achieved their results using by introducing
genes of bacterial origin into plants. Public concern over the introduction of forcign
DNA into food crops forms the basis of some of the objections to transgenic crops,
hindering the development of transgenic products for human consumption (Rommens,
2004). Tt is therefore becoming advantageous to produce transgenic products
containing only native DNA. Nielsen (2003) proposed that transgenic organisms

should be classified on the basis of the genetic distance between the target organism
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and the source of the new trait. Plants containing genetic material from within the

R g TR SN
sinins

same sexual compatibility group would be termed intragenic. Rommens et al. (2004)
recently reported the first example of genetically engineered plants containing only
native DNA. The identificalion of bacterial-type plant PEPc genes may be a useful

tool in the engineering of plant metabolism without the incorporation of foreign DNA.
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I'igure 6.1 Phylogenetic analysis of plant PPCK genes based on deduced amino
acid sequences.
Branch numbers indicate bootstrap support (1000 replicates). Non full-length

sequences are indicated by an asterisk.
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Figure 6.2 Phylogenetic analysis of PEPC genes bascd on deduced amino acid
sequences.

Names of the plant PEPc sequences were omitted for clarity.
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Figure 6.3 Phylogenetic analysis of plant PEPC genes based on deduced amino
acid sequences.
Branch numbers indicate bootstrap support (1000 replicates). Non full-length

sequences are indicated by an asterisk. E. coli was defined as the outgroup.
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