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ABSTRACT 

Phosphoenolpyruvate carboxylase (PEPC; EC 4.1.1.31) is a key enzyme in C4  photosynthesis 

and is involved in anaplerotic reactions in C3  plants. The C4  isoform has evolved from the 

C3  form. However, the process by which this is thought to occur remains to be elucidated. 

A genus which contains C3, C4  and C3-C4  intermediates such as the monocot genus 

Neurachne would provide model system for the study of the transition of C3  to C4  

metabolism. 

This study examines the biochemistry of PEPC in clones isolated from cDNA libraries of N. 

munroi (C4) and N. tenuifolia (CO  and in leaf tissue. Biochemical characterisation of these 

PEPC enzymes included response to PH,  kinetic analysis and the effects of the modulators 

glucose-6-phosphate and malate on catalytic activity. 

The activity of PEPC from C4  leaf PEPC is 10-fold higher than that of the C3  leaf form. This 

higher activity corresponds to the primary role PEPC plays in carbon fixing during C4  

photosynthesis. Further, the Km(PEP) for PEPC from C4  leaf is 2-fold greater than the value 

determined for the C3  enzyme indicating that the C4  enzyme has a lower affinity for PEP than 

the C3  form. The lower KJn(PEP) observed for C3  enzyme would correspond to the low cellular 

level of PEP found in C3  leaves compared to C4  leaf tissue. The differences observed 

between C3  and C4  leaf extracts seem to reflect the differences in the metabolic roles of these 

isoforms in the tissues. 

Fully functional PEPC cDNA clones has been isolated from N. munroi (C3.2 and CsR) and 

N. tenuifolia (Al, A3, A7 and Al 0). These clones showed distinct differences in their kinetic 

properties indicating that there are intrinsic differences between clones as well as differences 

in their expression. The PEPC cDNA clones from N. tenuifolia were found to have Km(PEP) 

values of around 0.7 mM while the Km(PEP)  values for the C4  cDNA clones range from 0.8 

to 2.8 mM. Based on their Km(PEP)  values the C4  clones can be divided into two groups : a 

low and a high Km group. The low Km group (Al and A3) also had higher Vmax values 

compared to the high Km group (A7 and A10). 

Glucose-6-phosphate (G6P) is an activator of PEPC. It lowered the apparent Km(PEP)  for 



PEPC from all the clones as well as the enzymes from the leaves. The observed stimulation 

by G6P were different for different clones. The largest increase of 156% was observed in 

the C3  PEPC clone, CsR, and the smallest of 66% in the C4  PEPC clone, A3. The amount 

of G61? required for 50% stimulation is higher in C4  clones (3.7-5.5 mM) than for C3  clones 

(1.0-2.5 mM). Within the C4  clones, G61? had the greatest effect on the high Km group and 

the amount of G6P required for 50% stimulation was lower (3.7-4.2 mM) for the the higher 

Km group compared to the low Km group (5-5.5 mM). 

Malate is a non-competitive inhibitor of PEPC. The percent inhibition by 32 mM malate is 

similar for all the enzymes from clones. However, the concentration of malate required to 

give 50% inhibition varied from 5 to 33 mM. Generally, the enzymes from clones (Ki~ 13 

mM), were more sensitive to malate inhibition than those from leaves (Ki> 35 mM). 

The gene products of cloned plant PEPCs had apparently under gone modifications which 

have affected their kinetic properties. For example, the effect of malate and G6P is less 

marked on the enzyme from the leaf than from the clones. The pH optimum of PEPC in leaf 

extract is different to the PEPC from clones. Leaf PEPC has an optimum of 7.2-7.3 

compared to a value of 7.5-7.7. These differences might be attributed to differences in the 

expression systems and post-translational modification in E. co/i and plants. 

In conclusion, the PEPC in cDNA clones showed differences in a variety of kinetic 

parameters which suggest that there are intrinsic differences between them and that distinct 

isoforms of PEPC are present in both C3  and C4  leaves. This is the first time PEPC isoforms 

of C4  monocots have been isolated and characterised. The phenotypic roles of these isoforms 

remain to be determined. These clones are ideal for structure and function studies of the 

PEPC protein and could potentially be used for expression studies and to assess the tissue 

specificity of isoform expression. 
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CHAPTER ONE 

LITERATURE REVIEW 

1.1 PHOSPHOENOLPYR UVA TE CARI3OXYLASE 

Phosphoeno/pyruvate carboxylase (PEPC; EC 4. 1. 1.31) catalyses the -carboxylation of 

phosphoeno/pyruvate (PEP) with bicarbonate to form oxaloacetate (OAA) and inorganic 

phosphate (P1) as shown below: 

Mg2  + 

PEP + HCO3 - ----------- OAA + HP042- 

A divalent cation is essential for enzymatic activity and the form of substrate prefered by 

both the C4  and Crassulacean Acid Metabolism (CAM) isoforms is a metal ion-PEP complex 

(Meyer et al., 1990; Wedding ci al., 1988). Mg2  is preferred physiologically although Mn2  

is equally effective with the isolated enzyme (O'Leary et al., 1981). Other metal ions can 

also substitute for Mg2t These include Fe2 , Cd2 , Ca2 , St2 , Ba2  and Ni2t However, 

these ions are found to alter both the affinity (Km) and Vmax values obtained (Nguyen et al., 

1988). The proposed mechanism for the reaction is a two-step process with a reversible 

primary enolation step, followed by an irreversible carboxylation step (O'leary ci al., 1981). 

The holoenzyme is a cytosolic protein that exists as a homotetramer with subunits of 

approximately 100 kD. It is present in all living cells e.g. bacteria, algae (Schuller ci al., 

1990), leaf mesophyll cells of CAM, C3  or C4  plants (Hatch, 1987; O'Leary, 1982; Edwards 

and Walker, 1983), stomatal guard cells (Cockburn, 1982) and the root nodules of nitrogen 

fixing plants (Vance and Gantt, 1992). Thus, PEPC catalyses the same enzymatic step in 

different metabolic pathways. In higher plants, the major isoforms of PEPC identified are 

C4, CAM, C3  and the non-autotrophic or "root" form (Ting and Osmond, 1973b). The C4  

and CAM isoforms are the primary CO2  fixation enzyme in leaves of C4  and CAM species 

respectively, whereas the C3  and "root isoforms play an important role in anaplerotic 

reactions in leaves of C3  plants and non-autotrophic tissues respectively (Fujikura and Sun, 

1991). In contrast, the isoform present in guard cells plays an important role in stornatal 

aperture regulation (Cockburn, 1982). It is also thought to be involved in NADPH 

regeneration and the recapture of respired CO2  in all tissues (Andreo ci al., 1987). 
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Different isoforms of PEPC have different kinetic properties, modes of regulation and 

expression patterns (Meyer et al., 1989; Ting and Osmond, 1973b). For example, the C4  

isoform (in leaves) has different catalytic activity and sensitivity to malate inhibition to that 

of the C3  and root isoforms. The C3  and CAM isoforms have a higher affinity for PEP than 

the C4  isoform (Doncaster and Leegood, 1987). Subsequent discussion will be concentrate 

on the enzyme from higher plants although some aspects of E. coil PEPC will also be 

discussed. 

1.2 ROLE OF PEP CARBOXYLASE 

1.2.1 Role in Photosynthesis 

CO2  fixation in C3  plants is competitively inhibited by 02  via the Calvin cycle enzyme, 

ribulose-1,5-bisphosphate carboxylase/oxygenase (rubisco) (Laing et ai., 1972). The 

subsequent metabolism of glycollate, a product of the above oxygenation reaction by rubisco 

leads to the release of CO2  during mitochondrial glycine oxidation (Bird et ai., 1976; Woo 

and Osmond, 1976). This photorespiration can represent a loss of up to 30% of the carbon 

fixed during photosynthesis under normal atmospheric levels of CO2  and 02  by C3  plants 

(Rawsthorne, 1992). 

C4  plants possess both mesophyll and bundle sheath cells containing chloroplasts. Initial 

carbon fixation occurs via PEPC activity in the mesophyll cells (Hatch and Slack, 1966). The 

OAA formed is either reduced to malate or transaminated to aspartate. These stable C4  

products are then transferred from the mesophyll to the bundle sheath cells where they are 

decarboxylated. The released CO2  is reassirnilated by rubisco. Decarboxylation leads to an 

elevation of CO2  concentration in the bundle sheath and the consequent inhibition of the 

oxygenation reaction in rubisco. Therefore, photorespiration is suppressed in C4  leaves. Thus 

C4  photosynthesis is insensitive to 02  inhibition and C4  plants generally exhibit higher 

photosynthetic activity than C3  plants under conditions of high irradiance and temperature, 

conditions which are favourable to photorespiration (Edwards and Walker 1983). 

PEPC activity in C4  leaves is 15-20 fold higher on a chlorophyll basis than in C3  leaves (Ting 

and Osmond, 1973a). Values of Km and Vmax determined for C4-PEPC at 30°C are 

0.2-0.4mM and 800-1200 jmol.mg 1  Chl.h' respectively (Edwards and Walker, 1983). The 
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higher activity present in C4  leaves can primarily be attributed to the high level (up to 15 % 

of the total soluble protein) of PEPC protein present in the tissue (Hague and Sims, 1980). 

C4  photosynthesis also has a higher temperature optimum (35-47°C) compared to an optimum 

of about 25°C observed for C3  plants (Mukerj i, 1977). 

In CAM plants, photosynthesis occurs via the temporal separation of CO2  fixation by PEPC 

and rubisco. PEPC fixes CO2  in the night and the OAA formed is subsequently converted 

to malate and stored in the vacuole. During the day malate is released into the cytosol and 

decarboxylated. The released CO2  is refixed by rubisco via the Calvin cycle. This temporal 

separation leads to efficient water usage since the stomata open at night and close during the 

day thereby reducing water loss. PEPC activity in these tissues varies diurnally. Activity is 

high at night (due to a low Km for PEP and a low sensitivity to malate inhibition) and low 

in the light as the enzyme becomes dephosphorylated. Dephosphorylation raises the Km for 

PEP and increases the enzyme's sensitivity to malate inhibition (Andreo et al., 1987). 

Evidently, phosphorylation and dephosphorylation alter the feed-back inhibition by malate 

in a way which optirnises CO2  fixation by PEPC in the dark but not in the light. This 

prevents futile cycling via PEPC but enhances CO2  fixation via rubisco in the light. 

1.2.2 Role in Non-photosynthetic Tissue 

There are a wide range of functions of PEPC in the plant apart from those associated with 

photosynthesis. These functions include the recovery of respired CO2  in non-autotrophic 

tissues, anaplerotic reactions, NADPH regeneration and pH balance (O'Leary, 1982; Andreo 

et al. 1987). In all living tissues, including C4  leaves, biosynthetic reactions such as the 

synthesis of glutamine and glutamate during ammonia assimilation via the GS/GOGAT 

pathway utilises the TCA cycle substrate, 2-oxoglutarate. Unless replenished, the export of 

TCA intermediates for these biosynthetic reactions would deplete the substrate pool in the 

organel le and, consequently, decrease in itochondrial respiration. Thus the major anaplerotic 

function of PEPC in E. Co",  C3  leaves, alga and non-autotrophic tissues is to supply C4-acids 

to the TCA cycle, thereby maintaining substrate fluxes during respiration (Fujita et al., 

1984). OAA, the product of PEPC activity, can directly be supplied to the TCA cycle or 

transaminated to form aspartate (O'Leary, 1982). Two isoforms of PEPC have been 

identified in the alga Selenastrum minutum, which are thought to replenish TCA cycle 



intermediates consumed during amino acid biosynthesis (Schuller et at., 1990). 

Legume root nodules have a high rate of carbon and nitrogen metabolism. In nitrogen 

fixation the plant provides carbon skeletons required for the assimilation of fixed nitrogen 

into amino acids. As a result enzymes involved in carbon and nitrogen assimilation are 

elevated in root nodules when than in other tissues (Vance and Gantt, 1992). Levels of PEPC 

are usually much higher in root nodules compared to the roots (Deroche and Carrayol, 1988) 

as up to 25 % of the carbon skeletons required for malate (essential for the maintenance of 

the nitrogen fixing bacteroids) and aspartate synthesis in root nodules are supplied by this 

enzyme (Vance and Gantt, 1992). The high activity of PEPC is directly linked to tissue 

protein content, with 1-2% of the soluble protein in the root nodule being PEPC. In contrast, 

soybean nodules PEPC appear to play only a minor role in the synthesis of organic acids for 

carbon skeletons even though PEPC is required for the initial assimilation of fixed nitrogen 

into glutamine via the GS/GOGAT pathway (Schuller and Werner, 1993). 

PEPC is involved in the regulation of stornatal aperture regulation but the mechanism remains 

to be determined. Stomatal opening is associated with K influx into the guard cells and a 

corresponding H efflux in exchange. The H ions come from the dissociation of malate 

which is derived from OAA synthesised via PEPC. The production of malate'-  maintains pH 

balance and decreases the osmotic potential in the guard cells. Water moves in by osmosis 

leading to the stomatal opening (Salisbury and Ross, 1992). It has been suggested that a 

proton pump in stomatal guard cells drives the opening of the stomata which is apparently 

associated with an increase in PEPC activity and synthesis of malic acid (Willmer, 1993), 

but direct evidence for this hypothesis remains to be established (Slocombe et at., 1993). 

1.3. MOLECULAR BIOLOGY OF PEP CARBOXYLASE 

1.3.1 Primary and Secondary Structure 

The enzyme is a homotetramer with subunits of aproximately 100 kD or 950 amino acid 

residues each (O'Leary, 1982; Poetsch et at., 1991). The phosphorylation of this protein has 

been implicated as a mechanism for light regulation in the C4  enzyme. In maize, the site of 

phosphorylation has been identified as ser'5  (Jiao and Chollet, 1990). This is far removed 

from the catalytically important residues of cy5553  and 1ys606  and the PEP binding site in the 



C-terminal (Jiao and Chollet 1990; Hermans and Westhoff 1992). Comparison of the N-

terminal sequences of CAM, C4  and C3  PEPC suggests that the conserved sequence LyslArg-

X-X-Ser is an important recognition site by the specific protein-serine kinases which catalyse 

the phosphorylation of the ser residue in C4  and CAM PEPC (Jiao and Chollet, 1990). The 

highly conserved sequence, 578FHGRGGSIGRGGAP591, in the E. co/i enzyme has been 

identified to be the binding site for PEP (Terada et al., 1991). The his579  residue plays an 

important role in catalysis and regulation but its presence is not obligatory for the function 

of the enzyme (Terada ci al., 1991). 

PEPC contains one tyrosine residue per monomer of PEPC that is essential to enzyme 

activity (Maralihalli and Bhagwat, 1992). This essential tyr was detected by treatment with 

tetranitromethane which completely and irreverersibly inactivated the enzyme. The presence 

of PEP and Mg2  protect against deactivation which suggests that the tyr residue is located 

in or near the active site. Ryiavá ci al. (1988), reported that there are at least two lysyl 

groups per subunit of PEPC essential for enzyme activity. Glucose-6-phosphate which 

activates the enzyme protects one of these lysyl groups from inactivation by pyridoxal-5'-

phosphate. In contrast, malate which is a non-competitive inhibitor, exposes an additional 

lysyl group to modification by pyridoxal-5'-phosphate. 

1.3.2 Tertiary and Quarternary Structure 

The tetrarneric holoenzyme from maize leaf PEPC has a molecular weight of 400 kD and 

a sedimentation coefficient (S2(W ) of 12.3 S (Uedan and Sugiyarna, 1976). A tetrahedral 

arrangement of subunits has been suggested for the maize enzyme (Wagner ci al., 1988). 

However little is actually known about either the tertiary or quaternary structure of the 

enzyme. PEPC from E. co/i has been crystallised (Terada et al., 1991) but no X-ray 

crystallographic data is available yet. When the 3-D structure is determined residues involved 

in regulation, catalytic activity and maintainence of tertiary and quaternary structure could 

be identified. At low pH and in the presence of malate the active tetramer is dissociated into 

its less active dimer and monomer. Willeford and co-workers (1992) have proposed that the 

dimer-tetramer interconversion is linked to enzyme activity and function. In contrast, Chollet 

ci al. (1989) have questioned the physiological role of oligomerisation. McNaughton ci al. 

(1989) have shown in maize that the enzyme readily interconverts between the dimer and 



Is 

tetramer form, but this is not accompanied by any change in kinetic properties. The 

physiological role of oligomerisation remains to be resolved since many of the treatments 

required to produce these oligomeric forms experimentally are severe and far removed from 

the conditions found within the plant. 

1.4 REGULATION OF PEP CARBOXYLASE 

The in vivo regulation of PEPC remains to be elucidated. Both the C4  and CAM form of 

PEPC display a diurnal change in activity. CAM PEPC is inactive during the day but active 

during the night (Doncaster and Leegood, 1987; Jiao and Chollet, 1991; Pilon-Smits et al., 

1990; Wedding et al., 1989). C4  PEPC is apparently more active in the day than at night 

(Doncaster and Leegood, 1987; Wedding et al., 1989; Jiao and Chollet, 1991). In maize, the 

day form of PEPC can be up to 2-fold more active than the night form (Karabourniotis et al., 

1983; Huber and Sugiyarna, 1986; Jiao and Chollet, 1990). However, many workers have 

reported little difference between light and dark form of the enzyme (Jiao and Chollet, 1988; 

Downcaster and Leegood, 1987). In many cases, the reported increase in PEP activity in the 

light is determined in tissues exposed to irradiance greatly exceeding those used for plant 

culture (Jiao and Chollet, 1988, 1992; Doncaster and Leegood, 1987; Karabourniotis et al., 

1983; Huber and Sugiyarna, 1986). 

Determining the mechanisms for in vivo control of PEPC in C4  plants is difficult because 

experimental conditions rarely mimic those found in the cell. Many physiological parameters 

such as cytosolic pH and the cellular concentrations of metabolites remain to be determined. 

This problem can been alleviated by study with protoplasts (Petropoulou et al., 1990; 

Trimala Devi and Raghavendra, 1992). Studies of maize protoplasts reveal that light 

increases the activity and de novo PEPC synthesis (Trimala Devi and Raghavendra, 1992) 

and the enzyme is less sensitive to inhibition by malate (Petropoulou el al., 1990). A careful 

study by Leegood (1985) has shown that levels of C4  acids (malate and aspartate) and other 

metabolites of C4  photosynthesis are high in maize mesophyll cells in the light. However the 

endogenous level of PEP is sub-optimal and the in vivo activity of PEPC is therefore likely 

to be sub-optimal. Under these conditions the action of effectors such as glucose-6-phosphate 

(G6P) and malate are likely to be enhanced (Jiao and Chollet, 1990). 
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Regulation of PEPC is required to co-ordinate photosynthesis with changes in temperature, 

CO2  concentration and light, and to ensure that glycerate-3-phosphate is not drained during 

C4  photosynthesis (Doncaster and Leegood, 1987). A number of possible regulators of PEPC 

activity have been identified in vitro but, apart from malate, links to the modulation of in 

vivo activity have yet to be convincingly established. Regulators which have apparent 

physiological importance include the oligomerisation of catalytic subunits, light and 

temperature, G6P (activation) and malate (inhibition), compounds such as NaCl, nitrate, 

certain amino acids (aspartate, glycine etc.), glycerol and other co-solutes like polyethylene 

glycol and the reversible phosphorylation of the PEPC enzyme. It is thought that regulation 

of PEPC in vivo is due to an interplay of several of the above factors (Coombs et at., 1973). 

1.4. 1 Oligornerisation of Subunits 

The association and dissociation of the catalytic subunits of PEPC have been implicated as 

a regulatory mechanism for the PEPC enzyme. The monomer and dimer form of PEPC have 

been shown to have little activity. In contrast, the tetramer and larger molecules show high 

activity (Willeford and Wedding, 1992; Wagner et at., 1987). Changes in the equilibrium 

of these forms could provide a mechanism for the regulation of the C4  enzyme (Wagner et 

at., 1987). A diurnal change in the size of PEPC corresponding to the association and 

disassociation of the dimer and tetrarner form of PEPC has been observed in c14  plants 

(Willeford and Wedding, 1992). The dimer is the predominant form at night while the 

tetrameric and more active form is predominant during the day (Willeford et at., 1990). 

These aggregates apparently exist in equilibrium, and are influenced by either the 

concentration of substrate or other affecter molecules such as malate or G6P. The addition 

of substrate (Mg-PEP) to a reaction mix drives the equilibrium towards the more active 

tetramer (Willeford et at., 1990). By contrast, the inhibitor malate induces dimer formation 

and reduces enzyme activity (Willeford et at., 1990). High ionic strength also causes the 

dissociation of the subunits (Wagner et at., 1987). On the other hand, several researchers 

(Willeford et at., 1992; Wu and Meyer, 1990), have found that the dimer is as active as the 

tetramer. They suggest that the low activity observed by other workers may be due to the 

severe experimental conditions used to drive the subunit equilibrium toward the dimer form. 

The role of association-dissociation of catalytic subunits as a means of regulating C4  PEPC 

activity in vivo remains to be resolved. 



In CAM plants the more active tetrameric form of PEPC occurs at night while the almost 

totally inactive form is present during the day. The two oligomeric forms of PEPC (tetramer 

and dimer) are apparently related to the diurnal regulation of the CAM PEPC from Crassula 

argentea (Wu and Wedding, 1985). The day form of CAM PEPC is a malate sensitive dimer 

and the night form a malate insensitive tetrameric form (Jiao and Chollet, 1991; Doncaster 

and Leegood, 1987; Vance and Gantt, 1992). It has been suggested that PEPC activity in 

CAM might be controlled by endogenous circadian rhythms rather than light/dark signals 

(Jiao and Chollet, 1991). 

1.4.2 Role of Light, Phosphorylation and Malate 

A popular model for PEPC regulation is the covalent modification of PEPC by 

phosphorylation (Podesta and Andreo, 1989; Willeford and Wedding, 1992; Jaio and Chollet, 

1992). In C4  plants it has been suggested (Willeford and Wedding, 1992; Jaio and Chollet, 

1992) that phosphorylation of PEPC is all that is required for diurnal control. Jaio and 

Chollet (1992) have found that the light activation of PEPC in maize leaves by a specific 

phosphorylation of the ser'5  residue in the N-terminal regulatory region of PEPC was 

inhibited by an inhibitor of photosynthetic electron transport and by Calvin cycle activity. 

Apparently, in response to light, a specific phosphorylated signal molecule is derived from 

the Calvin cycle which activates a protein kinase which in turn activates PEPC. Enzyme 

activity is then "fine tuned" by malate and G6P. 

Ser'5  has been identified as the in vivo site for phosphorylation in maize (Terada et al., 1990; 

Jiao ci al., 1991), and that there is only one phosphorylation site per subunit of PEPC (Jiao 

et al., 1991). The in vitro phosphorylation of maize PEPC is ATP dependent, but on its own 

ATP partially deactivates the PEPC protein (Budde and Chollet, 1986). In vitro 

phosphorylation of the Ser'5  residue of maize PEPC results in diminished sensitivity to malate 

inhibition (Terada ci al., 1990) which is similar to that observed in enzymes extracted from 

light and darkened leaves. The phosphorylated form is more active than the unphosphorylated 

form of the enzyme. In sorghum Ser has been identified as the site for in vivo 

phosphorylation (Jiao ci al., 1991). There is no significant conservation of phosphorylation 

sites between CAM and C4  forms of PEPC (Terada et al., 1990). 



The in VIVO phosphorylation of sorghum PEPC results in a change in activity of the enzyme 

(Guidici-Orticoni et at., 1988) which is consistent with in vitro studies. Changes to the 

phosphorylation state in vivo correspond to light/dark transitions in PEPC activity. To 

account for the reversible light-induced increases in phosphorylation status of PEPC, the 

existance of light regulated protein-serine kinases and phosphatases must be inferred. The 

PEPC protein is phosphorylated by a PEPC serine kinase, and undergoes reversible, light 

induced changes which correspond to the changes in seryl phosphorylation in vivo 

(Echevarria et at., 1990). This implicates a secondary cascade involved in phosphorylation 

of PEPC with light as a primary signal. Light, while not acting directly on PEPC, is thought 

to be a putative initiator of a cascade which eventually results in the modulation of PEPC 

activity. While many C4  plants show photoactivation it is important to note that there are 

species of C4  plants such as Sorghum hicolor (L.) and Cydnodon dactylon (L.) which show 

no photoactivation (Karabourniotis ci al., 1983). There is an increase in the de novo synthesis 

of PEPC during greening in maize leaf that corresponds to an increase in PEPC activity 

(Hayakawa et al., 1981; Hague and Sims, 1980). In etiolated maize leaves a PEPC with 

kinetic properties similar to the C3  form has been identified. This protein decreases on 

exposure to light (Hayakawa ci al., 1981). The amount of PEPC protein produced is 

proportional to the amount of light the plant is exposed to (Hague and Sims, 1980). Exposure 

to light causes an increase in PEPC activity in C3  (Van Quy et at., 1991) and C4  (Trimala 

Devi and Raghavendra, 1992) plants. 

The post-transcriptional control of both CAM and C4  involves phosphorylation and altered 

sensitivity to malate inhibition (Vance and Gantt, 1992). The CAM PEPC from the plant 

Bryophyilum fedtschenkoi has been shown to exist in two forms: a night form which is 

phosphorylated and has a low sensitivity to malate inhibition; and the day form which is 

dephosporylated and is 10 times more sensitive to inhibition by malate (Nimmo et al., 1986). 

In vitro removal of the phosphate which is covalently bound to the serine residue results in 

increased malate sensitivity of the night form to that of the day form (Nimmo ci al., 1986). 

Treating the common ice plant with either sodium chloride or water stress results in a fifty 

fold increase in PEPC due to the de novo synthesis of the CAM isoform (Cushman ci at, 

1989). 
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Incubation of crude Soybean root nodule extracts results in a tirnewise dependent activation 

of PEPC (Schuller and Werner, 1993), this activation was observed at pH 7.0 and no 

glycerol but not pH 8.0 with glycerol. Soybean nodule PEPC is activated by G61? and 

inhibited by malate at pH 7.0 and sub-staturating levels of PEPC (Schuller and Werner, 

1993). These levels are thought to be physiologically significant. 

Malate is a non-competitive inhibitor of C4  PEPC (Coombs et at., 1973) which decreases the 

Vmax without affecting the Km(PEI). The Ki for malate is 2-3 times higher in illuminated 

extracts than those of darkened leaves (Nimmo et at., 1987). Malate is thought to play a role 

in the feedback inhibition of PEPC (Doncaster and Leegood, 1987). Inhibition by malate is 

pH dependent (Huber and Edwards, 1975; Starnatakis et at., 1990). At pH 8.0, inhibition 

is weak and non-competitive, while at pH 7.0 inhibition is of a strong competitive nature 

(Stamatakis et al., 1990). Under physiological conditions the effects of both positive (such 

as G6P) and negative effectors (such as malate) is thought to be enhanced (Huber and 

Edwards, 1975). But the concentration of malate in the C4  mesophyll cell has been reported 

to be 35mM, yet in vitro PEPC activity is inhibited by 75 % at 6mM malate (Budde and 

Chollet 1986). Therefore the physiological role of malate in the regulation of PEPC during 

C4  photosynthesis remains to be established. In CAM plants the presence of malate is 

correlated with the inactive light form of PEPC (Willeford et at., 1990), and its absence 

corresponds to the active dark form (Doncaster and Leegood, 1987). Malate has been 

implicated in the conversion of the active tetramer to the less active dimer (Nimmo et at., 

1986; Willeford et at., 1990). In contrast, C3  PEPC is not affected by malate (Huber and 

Edwards, 1975). 

1.4.3 Effect of Glucose-6-Phosphate and Other Phosphorylated Compounds 

Glucose-6-phosphate increases PEPC activity at all pH examined (Coombs et at., 1973). It 

activates the CAM, C3  and C4  PEPC enzymes, with the CAM isoform being the most 

strongly activated (Wedding et at., 1989). G61? apparently interacts with histidine and 

cysteine residues on the PEPC enzyme to protect against thiol reducing agents (Wedding et 

at., 1989). 66P also alters the p1-I optima and reaction profiles for all three enzyme forms 

(Wedding et at., 1989). In the C3  and C4  forms the pH optima broadens and ranges from pH 

7 to 9 on the addition of G6P. G!ucose-6--phosphate activates the enzyme by reducing the 
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Kni (PEP)  and inhibition by malate. There has also been some evidence that G6P may facilitate 

the aggregation of dimeric PEPC to the more active tetramer (Wedding et al., 1989). 

However, given the high concentration of PEPC protein in C4  leaves (Hague and Sims, 1980) 

it is uncertain if G6P plays any physiological role in facilitating the aggregation of active 

tetramers in the cell. 

Fructose-6-phosphate, triose-phosphate, fructose-2 , 6-bisphosphate, pyrophosphate increase 

the activity of C4  PEPC. In contrast, g lycerate-3 -phosphate, glycerate-2-phosphate and 

phosphate decrease the activity of the enzyme (Doncaster and Leegood, 1987). Triose-1-

phosphate is able to overcome malate inhibition (Doncaster and Leegood, 1987). Phosphate 

and phosphorylated compounds, thought to bind to the same site as G6P have been found to 

increase the activity of CAM PEPC at sub-saturating but not saturating, amounts of PEP 

(Meyer ci al., 1989). The effect of organic phosphate on PEPC activity is dependent on the 

concentration and the nature of the compounds used (Meyer ci al, 1989). ATP inhibits PEPC 

while ADP activates PEPC. The enzyme from E. coil is activated by fructose-1,6-

bisphoshate, GTP, long chain fatty acids, dioxane and ethanol (Terada et al., 1991), while 

sulphite inhibits PEPC from spinach in a non-specific manner (Mukerji and Yang, 1974). 

1.4.4 Effect of Organic and Amino Acids 

OAA is a competitive inhibitor of PEPC activity (Coombs ci al., 1973). At high pHs OAA 

forms a complex with divalent metal ions which inhibits maize C4-PEPC activity (Walker et 

al., 1986). DCDP (3,3 -d ichloro-2-d ihydroxyphosphoinoylmethyl-2-propenoate) is a PEP 

analog and an effective inhibitor of C4  PEPC and has been used to assess the contribution of 

PEPC to carbon fixation in various plants (Jenkins, 1989). Pyruvate and amino acids such 

as serine, glycine, alanine, lysine, proline, cysteine, threonine, glutamine and arginine 

increase the Vrnax of C4-PEPC, at rate limiting PEP concentrations (Doncaster and Leegood, 

1987). In contrast, glutamate, aspartate and 2-oxoglutarate decrease the activity of the 

enzyme (Doncaster and Leegood, 1987). 

The presence of dithiotreitol (DTT) results in a two-fold increase in the activity of maize 

PEPC (Iglesias and Andreo, 1984). DTT does not affect the Km(PEP) or the Ki of either 

malate or OAA, suggesting that the redox state of disulphides is important in maintaining the 
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maximal enzyme activity. In contrast, salt acts by interfering with the quaternary structure 

of the PEPC protein (Manetas, 1990; Wagner et at. 1987). Increasing the ionic strength of 

a solution results in the dissociation of tetramer to the dimer or monomer (Wagner et at., 

1987). Increasing the pH also leads to increased dissociation of the protein (i.e from dimers 

to monomers). Thus NaCl acts as an inhibitor by promoting the dissociation of the tetrarneric 

form (Angelopoulos and Gavalas, 1991). It inhibits PEPC from the halophyte, Salsola soda 

(CAM) in a competitive manner (Manetas, 1990). This inhibition can be prevented by the 

addition of co-solutes such as glycerol or polyethylene glycol. 

In wheat (C3) high nitrate increases the effect of light activation on wheat PEPC (Quy et at., 

1991). This is thought to be a mechanism by which nitrogen assimilation is modulated. 

1.4.5 Effect of pH and Temperature 

At saturating concentrations of PEP, the activity of the maize enzyme is maximal over a 

broad range of pHs above 7.5. However at rate limiting concentrations of PEP, the activity 

peaks at pH 7.5 (Coombs et at., 1973). pH affects the form of PEP substrate preferred by 

PEPC (Meyer et at., 1990; Wedding et at., 1990). The C4  isoform maintains its preference 

for the metal-PEP complex between pH 7.0 to pH 8.0 (Meyer et at., 1990). At pH 7.0 the 

CAM isoform can utilise free PEP, while at pH 8 PEP complexed with a metal ion is 

exclusively preffered (Meyer et al., 1990; Wedding et at., 1988). Incubation of maize leaf 

PEPC at high pH inactivates the PEPC enzyme (Wedding and Black, 1990). Malate, G6P, 

PEP and DTT protect against this inactivation. Loss of activity at high pHs is thought to be 

due to contaminating metal ions binding to an unprotected cysteine residue on the protein 

(Wedding and Black, 1990). A fifty minute incubation of PEPC at pH 8 results in an enzyme 

rate less than a quarter of the control (O'Leary, 1982). In CAM plants changes in cytostolic 

pH have been correlated with changes in the aggregation state of PEPC. At low pH the 

tetramer form predominates while at higher pHs the transition to the dimer form occurs. 

Optimum activity is obtained at around pH 6 (Meyer et at., 1989). 

Low temperatures result in the reversible inactivation of PEPC in maize (Kleczkowski and 

Edwards, 1991). This may be a strategy to switch off C4  photosynthesis when plants are 

exposed to low temperature conditions. In C. argentea (CAM), both the activity and Km of 

PEPC increase as the temperature rises over the range of 11-35°C (Chardot and Wedding, 
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1992), but, the temperature has little overall effect on PEPC activity since the increases in 

activity are cancelled by an increase in Km. As the temperature increases the affinity for PEP 

decreases in C4  PEPC but increases in CAM PEPC (Wu and Wedding, 1987b). When the 

temperature is altered to mimic those that occur over the day/night period, the changes in 

activity of PEPC are similar to those observed in vivo for C4  and CAM plants (Wu and 

Wedding, 1987b). 

CAM plants are usually found in regions with large diurnal temperature variations occur. The 

optimal night temperature for these plants is 10-15°C. This range can apparently be extended 

by the presence of G6P or PEP in vitro. Temperature appears to affect the conformation of 

the enzyme rather than its aggregation state, and induces secondary responses rather than 

directly modulating enzyme activity (Chardot and Wedding, 1992). Exposure of leaf sections 

of Z. mays, S. bicolor, soybean and peanut to high temperatures resulted in the increased 

synthesis of PEPC protein. When this temperature was increased to 5IY3C either the level of 

protein dropped sharply (corn), or there was incomplete processing of the enzyme as 

observed in soybean (Ghosh et at., 1989). The more heat tolerant varieties of sorghum and 

peanut maintain PEPC activity levels at 50°C, while the less heat tolerant maize and soybean 

show a decrease in PEPC activity (Ghosh et at., 1989). 

1.4.6 Effect of Co-Solutes 

Osmolytes act to stabilise enzymes against dilution induced inactivation and are thought to 

act by increasing the apparent concentration of protein in a sample (Manetas, 1990). Glycerol 

is included in purification buffers and assay mixes when working with PEPC because of its 

ability to stabilise the enzyme (Stamatakis et at., 1990; Podesta and Andreo, 1989). There 

is considerable evidence that glycerol promotes the aggregation of PEPC subunits, abolishes 

G6P activation and increases protein-protein interactions and the effective concentration of 

a protein solution (Stamatakis et at., 1990). The presence of co-solutes like sorbitol, proline, 

betaine and polyethylene glycol increase the Km(PEP)  in C4  and CAM plants (Stamatakis et at., 

1990; Podesta and Andreo, 1989). Dilution of PEPC is known to promote the formation of 

the dimeric form (Pilon-Smits et at., 1990). Since in most assay systems PEPC concentration 

is lower than actual cellular concentration the importance of in vitro aggregation data is in 

doubt. For this reason Stamatakis et at. (1988) recommend the inclusion of co-solute to assay 
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cocktails. Osmolytes also alleviate the inhibitory effects of sodium chloride (Manetas, 1990), 

protect against heat and cold inactivation of PEPC and promotes light activation (Stamatakis 

et at., 1990). 

1.5. EXPRESSION OF PEP CARBOXYLASE 

Plant PEPC is encoded for by a small gene family and only one member of this family codes 

for the C4  form of PEPC (Hudspeth and Grula, 1989; Langdale et at., 1991; Matsuoka and 

Minami, 1989). Messenager transcripts with varying 3' untranslated regions are thought to 

be the result of variations in the tract site for attachment of the poly-A tail (Matsuoka and 

Minami, 1989; Yanagisawa et at., 1988). The PEPC gene expressed in the mesophyll cells 

of Z. mays is 5.3 kb and contains 10 exons (Matsuoka and Minami, 1989) while the cDNA 

is 3.3 kb and encodes a polypeptide 109 kD long (Hudspeth and Grula, 1989). PEPC in 

maize is differentially expressed in leaves and root (Hudspeth et at., 1986). The C4  form of 

PEPC is expressed in parts of the plant which are potentially, if not already, photosynthetic 

e.g. the inner leaf sheaths, husks and tassels of the plant (Hudspeth and Grula, 1989). In the 

roots and seeds there are no detectable levels of C4-PEPC rnRNA transcripts. In the 5' region 

there are repetitive sequences that are similar in size, structure and location to light regulated 

genes involved in photosynthesis. The maize gene family consists of five distinct genes 

(Grula and Hudspeth, 1987). 

cDNAs isolated from E. coti (Fujita et at., 1984) and the C3  tobacco (Koizumi et at., 1991) 

are 3.1 and 3.2 kb respectively. The tobacco cDNA shows 76% homology with maize C4  

PEPC, 71% with sorghum PEPC, 81% with CAM PEPC from M. ciystattinum and 88% 

with the non-photosynthetic form of PEPC from M. crystallinum (Koizumi et at., 1991). The 

CAM PEPC cDNA isolated from M. crystattinum shares a 74.9% homology with the maize 

PEPC (Rickers et al., 1989) but only 41% and 33.5% homology with E. coti and the 

cyanobacterium Anacystis nidulans respectively (Rickers et at., 1989). 

Vance and Gantt (1992) have isolated a 3.3 kb PEPC cDNA from soybean root nodule. This 

cDNA has a 76% and 87 % homology with maize (C4) and M. ciystaltinum (CAM) 

respectively. Examination of PEPC cDNAs from sources such as sorghum (Cretin et at., 

1991) and Flaveria species (Poetsch et at., 1991; Herman and Westhoff, 1992) has revealed 

highly conserved regions which have been linked to regulation, secondary structure and 
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catalytic properties (see section 1.2.1; Rickers et at., 1989). 

In the genus Sedum, which contains CAM, C3  and CAM-C3  intermediates water stress results 

in an increase in de novo synthesis of PEPC (Pilon-Smits et at., 1990). The root nodule form 

of PEPC has the same conserved phosphorylation sequences (residues 8-16) as those of 

sorghum, maize and M. crystallinum (residues 8 to 16). Antigenicity experiments indicate 

that the root nodule PEPC is recognised by antibodies raised against maize C4  PEPC (Vance 

and Gantt, 1992). While the gene structure of C3-PEPC is similar to the C4  enzyme their 

expression patterns differ (Matsuoka and Minami, 1989). C4-PEPC is expressed almost 

exclusively in the rnesophyll cells while only low levels of the enzyme are present in the 

bundle sheath (Brogue et at., 1984). By contrast, the C3  form of the enzyme is expressed in 

a wide variety of photosynthetic and non-photosynthetic tissues (Ting and Osmond, 1973a,b). 

This differential expression is regulated at the point of transcription (Matsuoka and Minami, 

1989), with the C4  gene being apparently regulated by light (Langdale et al., 1988). The 3' 

non coding region of PEPC transcripts has been used to distiguish between PEPC isoforms 

since their similar coding nucleotide sequences means this region cross hybridizes. The 

evidence indicates that C4  PEPC evolved from the C3  enzyme, and this has happened by 

unique changes to the C3  form (Matsuoka and Minami, 1989). Since there are major changes 

in the expression of the PEPC forms it seems reasonable to look for changes in the 5' 

(promoter) region of the gene. The cystine rich repeat sequences in the 5' region of the gene 

may be involved in the differential expression of the PEPC genes. The number of transcripts 

of the C3  PEPC from rice, increased in greening leaves (Matsuoka and Yamamoto, 1989). 

The multiple PEPC genes in rice have a similar structure and regulation to those found in 

maize (Matsuoka and Yamamoto, 1989). 

1.6.0 EVOLUTION OF C4  PEP CARBOXYLASE 

C4  plants are frequently found in hot, arid regions, where their adaptions are thought to yield 

the greatest strategic advantages (Moore, 1982). C4  species have been found in at least 18 

different angiosperms. This wide distrubution suggests that C4  plants have evolved from C3  

ancestors many times independently. The earliest possible date for the appearance of C4  

plants is the Cretaceous period about 30 million years ago. The evolution of the C4  pathway 

is thought to be the result of gradual genetic modifications as the major enzymes required for 
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this pathway are already available in C3  plants. It is possible that C4  metabolism evolved 

from the C3  pathway at a time when atmospheric CO2  levels were much lower and there was 

a greater selection pressure for mechanisms which recovered or prevented CO2  loss. These 

adaptions are thought to have incidently brought about better water efficiency (Rawsthorne, 

1992). Generally, C4  and C3-C4  intermediate species are thought to have better water use 

efficiency than C3  plants. 

Intermediates have been identified in seven genera across several families including both the 

monocotyledons and dicotyledons. They can easily be distinguished from their C3  and C4  

relatives by their CO2  compensation points (F). The Fs of C3  species are between 4 and 5.5 

kPa CO2, and those for C4  plants are between 0 and 0.5 kPa CO2. C3-C4  intermediates have 

intermediate F values (Rawsthorne, 1992). In addition intermediates have a Kranz- or C4-

like leaf anatomy, reduced oxygen sensitivity for photosynthesis compared C3-species, and 

values of 13C isotope fractionation which are intermediate to those determined for C3  and C4  

species. Different biochemical variants can give rise to the syndrome of C3-C4  intermediates. 

In the C3-C4  intermediates of F. ramosissima and N. minor, there is partial compartmentation 

of PEPC between the mesophyll and bundle sheath cells (Moore et at., 1988; Hattersley and 

Stone, 1986). These intermediates assimilate carbon using both the C3  and C4  pathways. 

Using DCDP, an analog of PEP, it is possible to inhibit PEPC as a means to assess the 

contribution of the C4  pathway in C3-C4  intermediates (Brown et at., 1991). The C4  PEPC 

from F. trinervia is inhibited by 90% by DCDP whereas the C3-C4  intermediates F. linearis 

and N. minor are inhibited by 32 and 14% respectively. The reduced photorespiration in C3-

C4  intermediates is not a result of the C4  photosynthesis pathway. However, there is no 

particular trend in the differentiation of intermediates and variation in anatomy does not 

ensure biochemical differentiation and vice versa. Photoresp iration in C3-C4  intermediates in 

photorespiration is not reduced solely by to the action of PEPC. It is more likely that a 

combination of factors such as partial enzymatic and anatomical differention is involved 

(Rawsthorne, 1992). 

One way to investigate the evolution of the C4  syndrome is to study the changes between C3  

and C4  plants. C3, C4  and C3-C4  intermediate species naturally occur in the genera Neurachne 

and Flaveria. Neurachne is a monocot endemic to Australia and Flaveria a dicot from central 
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and north America. The development of C4  metabolism is a complex process with 

concomitant changes in morphology, structure and biochemistry from the C3  form. 

Characterisation of the different forms of PEPC is required before any comparative and 

evolutionary studies can be commenced. In the genus Flaveria the kinetic properties of the 

C3, C4  and C3-C4  intermediate forms have been characterised (Nakamoto et at., 1983). Both 

the Km(!EP) values and the response to G6P for the C3-C4  intermediate lie between those of 

the C3  and C4  forms of the enzyme (Nakarnoto et at., 1983). Initial studies of PEPC activity 

in N. tenuifolia and N. munroi PEPC have shown that the C4  enzyme is up to 46 times more 

active than the C3  form (Hattersley and Stone, 1986). 



CHAPTER TWO 

RESEARCH PROJECT 

2.1 BACKGROUND 

C4  plants have evolved from ancestors possessing the C3  pathway of photosynthesis and the 

genes of C4  enzymes have evolves from genes already present in C3  plants (Moore, 1982). 

However, the molecular events that have led to this transition from C3  to C4  metabolism 

remain to be elucidated, and the molecular evolution of C4  genes remains a fundamental area 

of photosynthesis research. These studies have primarily focused on the structural, 

biochemical and molecular changes in key C4  enzymes (e.g. PEPC and pyruvate, Pi dikinase) 

from the C3  proteins and PEPC is a model system for such studies and has been widely 

studied in a number of species (Kawamura et al., 1990; Poetsch et al., 1991; Hermans and 

Westhoff, 1989; Cretin et al., 1990). 

PEPC isoforms are coded by a small gene family (Hudspeth and Grula, 1989). The primary 

structure of the gene and/or cDNA has been determined for the C3  species tobacco (Koizumi 

et al., 1991), the C4  species maize (Izui et al., 1986; Matsuoka and Minami, 1989), sorghum 

(Cretin et al., 1990), Flaveria trinervia (Poetsch et al., 1991) and the CAM species M. 

Crystallinum (Cushman et al., 1989). Members of this gene family are more homologous to 

analogous isoforms in other species than within a species (Schaffner and Sheen, 1992). 

Obviously, genera containing C3, C4  and C3-C4  intermediate species are ideal for studies on 

the molecular evolution of C4  photosynthesis, particularly the molecular changes associated 

with the transition from the C3  to the C4  form. The genus Flaveria, a group of 

dicotyledonous north American plants, have been used extensively for such studies (Hermans 

and Westhoff, 1990). The endemic Australian monocot genus Neurachne also contains C3  (N. 

tenuifolia), C4  (N. munroi) and C3-C4  intermediates (N. minor) species which have the same 

potential as Flaveria for the study of molecular evolution of PEPC in higher plants 

(Hattersley and Stone, 1986). C4  metabolism has evolved independently in many disparate 

orders of higher plants (Moore, 1982) and significant differences would be expected between 

monocot and dicot species. Therefore, studies on monocots will complement the studies on 
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dicots and provide useful insight into the molecular and biochemical evolution of the C4  

pathway of photosynthesis. 

2.2 RESEARCH AIMS AND OBJECTIVES 

The aims of this project are : (1) to characterise and compare the biochemical and molecular 

properties of PEPC from the C3  species, N. tenuifolia and the C4  species, N. munroi in leaf 

extracts and from cDNA clones expressed in E. coli; and (2) to assess the response of these 

enzymes to the compounds, G6P and malate. 

2.3 PROJECT OUTLINE 

The study involves three main phases: (a) the isolation and characterisation of a putative 

PEPC cDNA clone from a cDNA library of N. munroi; (b) the biochemical characterisation 

of selected clones from a cDNA library of N. munroi (C4) and N. tenuifolia (C3); and (c) the 

comparison of PEPC enzymes isolated from different sources. 

Preliminary investigations had revealed the presence of a truncated cDNA clone with 

apparent PEPC activity in a cDNA library of N. munroi leaves. The aim of the initial part 

of this research project was to isolate and characterise this PEPC clone. Characterisation 

would encompass both molecular and biochemical analyses such as partial sequence analysis, 

restriction mapping and kinetic analysis of the gene product. 

Up until recently it has been generally assumed that there is only one apparent isoform of 

PEPC expressed in leaves, at any one time. Cushman et al. (1989) have observed that in the 

transition of M. crystallinum from C3  to CAM there is a decrease in the C3  form of PEPC 

and a concomitant increase in the CAM isoform. However when the plant is fully CAM no 

other form of PEPC than the CAM form is evident. Recent work by Slocombe et al. (1993) 

has identified multiple PEPC isoforms in the C3  leaves of M. crystallinum by their isoelectric 

points and molecular weights. To our knowledge, there has been no report of cDNA clones 
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coding for different isoforms of PEPC in plant tissue. 

Several PEPC cDNA clones have been isolated from N. munroi and N. tenuifolia. They 

would be ideal for evaluating the nature, characteristics and occurrence of different PEPC 

isoforms in C4  leaves. 

The second phase of the research project would involve the characterisation of various PEPC 

clones of N. munroi and N. tenuifolia and compare these responses to the PEPC enzyme 

isolated from the leaves of N. munroi and N. tenuifolia. Biochemical analyses will include 

kinetic studies and the effects, of modulators such as malate and G6P on the catalytic activity 

of the enzymes. 
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CHAPTER THREE 

MATERIALS AND METHODS 

3.1 PLANT AND CELL CULTURE 

3.1.1 Growth of Plant Material 

Neurachne tenuifolia and N. munroi, were propagated from seeds and/or stolons and grown 

in a shadehouse (1200 jmo1 photon.m 2.s 1). Potting mix consisted of four parts sharp sand, 

one part vermiculite and one part standard potting mix. Plants were watered twice weekly 

from May to October and rain-fed during the monsoon period. Osmocote®  slow release 

granules were applied at 12 week intervals as per manufacturers directions. 

3. 1.2 Culture of E. coli PCR1 Cells 

Five ml of LB medium (Appendix A) containing 50 tg/ml of ampicillin was inoculated with 

the clone of interest (either from a single colony on a plate or from liquid culture). All clones 

used in this study, unless stated otherwise refer to PEPC clones transformed into the host E. 

coli PCR1 which is a ppc mutant deficient in PEPC activity. Cells were grown at 37°C (300 

rpm, G25 Environmental Incubator Shaker, New Brunswick Scientific Co., Inc.) overnight. 

An aliquot (150 jl) was transferred to 500 ml of Minimal medium (Appendix A) containing 

25 jzg/ml IPTG and 50 g/ml ampicillin and grown at 30°C as above. 

3.2 EXTRACTION OF PEP CARBOXYLASE 

3.2.1 Extraction from Plant Material 

Extraction procedures were carried out at 4°C. Leaf material (0.5 g); 8 leaves for N. 

tenuifolia and 20 leaves for N. munroi, were ground to a powder in liquid nitrogen with 2% 

PVP and 1 % acid-washed sand and 5 ml of ice cold extraction buffer (0.1 M Tris-HC1, pH 

7.0, 20% glycerol, 10 mM MgCl2, 1 mM EDTA and 10 mM mercaptoethanol) was added. 

The mixture was quickly strained through a double layer of Miracloth then centrifuged at 4°C 

for 10 minutes at 15 000 x g (12 500 rpm,rotor JA 20.1, Beckman). The supernatant was 

assayed directly for PEPC activity. The supernatant was not filtered through Sephadex G-25, 

because, although this procedure is commonly employed, studies in both N. munroi and N. 

tenuifolia, have found that this step diminishes activities for PEPC by nearly 30% 

(Hattersley and Stone, 1986). 
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(Hattersley and Stone, 1986). 

3.2.2 Extraction from E. coli PCR1 

Extraction of PEPC from E. coli is a two-step process involving initial culture of cells 

followed by extraction. For PEPC clones extractions of 500 ml of cell culture was generally 

sufficient. For lower activity clones, larger volumes of cell culture were required to obtained 

extracts for measurement. All inoculant clones were obtained from primary plates. 

The procedures for the extraction of PEPC from E. coli were adapted from Izui et al. (1981) 

and were carried out at 4°C. The overnight culture was centrifuged at 1000 x g (8000 rpm) 

for 10 mm (JA. 14 rotor, Beckman), and the pellet was resuspended in 20 ml of extraction 

buffer (80 mM Kphosphate, pH 7.5; 20% glycerol and 1 mM DTT), and spun for 10 mm 

at 2300 x g (8 000 rpm, JA.20 rotor). The pellet was resuspended in 15 ml of extraction 

buffer and spun for 10 min at 2300 x g (8 000 rpm, JA.20 rotor). The pellet resuspended in 

8 ml of extraction buffer (in glass tubes) and ultrasonicated (3-4 times in 5 s bursts), left to 

stand for 5 mm, and spun in 10 ml tubes for 15 min at 15 000 x g (12 500 rpm, rotor JA 

20.1). The supernatant was transferred to ultracentrifuge tubes and spun at 100 000 x g for 

1 hour (38, 000 rpm, Ti 70.1 rotor, Beckman L-70 Ultracentrifuge). 

The supernatant was then assayed for PEPC activity as described in section 3.3.2 

3.3 PEP CARBOXYLASE ASSAY 

3.3. 1 Principles of the Assay 

The activity of PEPC in a sample can be determined by the use of radioactive bicarbonate 

as a substrate (Goatly and Smith, 1974), the measurement of absorbance at 272 nm due to 

the formation of OAA (Jones et al., 1978), or a coupled enzyme assay using malate 

dehydrogenase (MDH). OAA may spontaneously decarboxylate during enzyme assays. To 

counteract this in enzyme assays, lactate dehydrogenase can be included in the assay mix 

(Meyer et al., 1988). However, if there is a significant phosphatase activity in the sample 

an overestimation of total PEPC activity can occur (Smith et al., 1989). Since extracts 

assayed in this study are not highly purified and, therefore, likely to contain a high 

proportion of phosphatases, lactate dehydrogenase was not included in assay mixes. The 

coupled enzyme assay using MDH was employed in this study as it was simple and 
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economical. 

This PEPC assay consists of two steps; 

PEPC 

PEP + CO2  — — — — — —  - OAA + Pi 
Mg2+ 

MDH 

OAA + NADH + H — — — — — —  - Malate + NAD 

The reaction is monitored spectrophotometrically by measuring the decrease in absorbance 

at 340 nm as NADH is oxidised. 

3.3.2 Determination of PEP Carboxylase Activity 

The use of MDH stabilised in either glycerol or ammonium sulphate can have different 

effects on the PEPC assay. It was found that MDH stored in 50% glycerol gave a higher 

activity reading for PEPC than that stored in ammonium sulphate (Hatley and Franks, 1989). 

All assays of PEPC carried out in this study used MDH stored in ammonium acetate. 

Angelopoulos et at., (1988) recommended an enzyme initiated assay because the PEPC 

enzyme rapidly loses activity due to dilution. This problem could be eliminated by including 

glycerol in extraction and assay buffers, in which case, a substrate (PEP) initiated assay 

could be used without difficulty. 

The standard assay medium (1.2 ml) used in this study contained, 100 mM Tris-H2SO4  (pH 

8.0), 10 mM MgSO4, 10 mM KHCO3, 0.1 mM NADH and 4 units of MDH. One unit of 

the enzyme was defined as the activity oxidising 1 jmol NADH/min at 30°C. Different pH 

assay buffers were made by adjusting the pH of Tris with 112SO4. All enzyme assays were 

carried out at 30°C. The effect of malate and glucose-6-phosphate (G6P) were measured at 

pH 7.6 and over the concentration ranges of 0-10 mM for G6P and 0-32.5 mM for malate. 

Modulator studies were carried out at the sub-optimal PEP concentration of 1 mM. All 

assays, unless stated otherwise, were determined at 2.5 mM PEP. 

PEPC activity was measured in the following manner. An enzyme extract was added to a 
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1 ml plastic cuvette containing the standard assay medium and the absorbance change at 340 

nm measured 2 mm: The substrate PEP was then added and the absorbance change 

determined for a further 2-3 min. Spectrophotometric determinations were carried out on a 

Cary 13 Spectrophotometer with computer accessories. The final rate then determined by 

subtracting the background rate (a) from the apparent enzyme rate (b), as summarised in 

Figure 3.1. 

Triplicate readings were taken for each sample and each treatment was carried out in 

duplicate. In some treatments, such as those recording the effect of pH effect more than two 

replicates were required to obtain values within 10% agreement. 

3.3.3 Analysis of Results 

The activity of PEPC obtained in extracts was calculated in the units nmoles NADH 

oxidised/mg protein. mm (nmoles/mg protein.min). 

Determination of rates was made using the following equation; 

Abs340nm.min' x assay volume (ml) x 1000 

Rate = 

eNADH x mg protein x sample volume (ml) 

where; 

NADH = the absorptivity of NADH = 6.22 mM 1.cm 1  

assay volume = 1.2 ml 

sample volume = 10 - 100  Itl 

The values for Km(PEP) and Vmax were obtained from by Lineweaver-Burke plots of 1/rate 

versus 1/substrate. The Ka(G6P) and K (IaIate)  values were determined in a similar manner. 

These analyses were preformed by a computer program (written by S. Shanahan (NTU)) 

based on a weighted linear regression analysis developed by Wilkinson (1963). 



Figure 3.1 
Absorbance change at 340 nm during a PEP carboxylase assay. 
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3.4 MOLECULAR BIOLOGY 

3.4.1 Cloning, Selection and Characterisation of PEPC cDNA from Neurachne 

Cloning of cDNA from Neurachne was done by two methods: (a) as per Izui et al. (1986) 

and was carried out by K. C. Woo in 1991, producing a cDNA library for Neurachne 

munroi, and (b) an adaption of Izui et al. (1986), Okayama and Berg (1982) and Okayama 

et al. (1987) carried out by B. von Känel. The second method was used to prepare libraries 

for both Neurachne munroi and N. tenuifolia (unpublished). The cDNA clones were 

transformed into E. coli PCR1, a ppc mutant deficient in PEPC and the primary 

transformants were selected by phenotypic complementation (sections 3.4.2 and 3.4.3). These 

putative PEPC clones were isolated from both libraries and characterised by restriction 

mapping. A number of these clones were used in the studies carried out in this thesis. 

3.4.2 Competent E. coli PCR1 Cells and Transformation 

This technique was used for the sub-cloning of putative PEPC clones used in this study. The 

preparation of competent cells and their subsequent transformation was preformed as per the 

instruction manual for the Gene Pulser (Biorad, Version 1.0). Preparation of competent cells 

involved the culturing of E. coli (PCR1 strain) in 1 litre LB and harvesting the cells when 

an OD600of  0.5-1.0 was reached. Successive washes of ice cold water, 1 litre and 2 x 500 

ml were carried out, spinning at 4000 x g for 15 mill (4°C, JA 14 rotor, Beckman). After 

the final wash the cells were resuspended in —20 ml of 10% glycerol then spun down in the 

conditions described above. The cells were then resuspended in a final volume of —2.5 ml of 

10% glycerol. Aliquots of competent cells (40 Al) were stored at -80°C and thawed prior to 

electroporation. 

Results showed that quick freezing cells in a mixture of ethanol and dry ice produced higher 

transformation efficiencies than cells frozen by other methods (e.g liquid nitrogen, or at - 

80°C). This method is therefore recommended. 

Freshly transformed cells were recovered for an hour in SOC (Sambrook et al., 1989) 

before being plated on Minimal Medium for phenotypic selection. 

3.4.3 Phenotypic Complementation 

E. coli PCR1 cells lack functional PEPC, are unable to grow on nutritionally deficient media 

$URTH[RN TERRFIORY Ur LhSTY LIBRARY 
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and are susceptible to the antibiotic, ampicillin. The selection system used in this study was 

phenotypic complementation of these E. coil PCR1 (Izui et ai., 1981). Once transformed 

with a plasmid containing a functional PEPC cDNA E. coil PCR1 acquire the ability to grow 

on Minimal Medium and are resistant to ampicillin. Selection for these clones can be 

accomplished by plating out cells on Minimal Medium +ampicillin. Those cells which 

contain the plasmid and a putative functional PEPC cDNA are the only colonies able to grow 

on plates. 

3.4.4 Phenol Cracking 

This method was used to identify putative PEPC clones containing different sized plasmids 

from the primary cDNA library described in section 3.4.1. 

Colonies on plates were selected with sterilised tooth picks and transferred to a tube 

containing 20 til of 20 mM Tris-HC1, pH 8.0 and 0.1 M NaCl. Phenol/Chloroform (1:1) (20 

l) was added and the solution vortexed thoroughly. The tube was spun at full speed in a 

microfuge for 5 mm. After centrifuging, 10 itl of the upper aqueous phase was removed and 

run on a 0.8% agarose gel. Colonies containing inserts different sized inserts were identified 

and selected for further characterisation such as by restriction enzyme analysis. 

3.4.5 Extraction of Plasmid DNA from E. coli PCR1 

The method used for the extraction of plasmid DNA is adapted from Sambrook et ai. (1989). 

Cells were cultured overnight in 5 ml LB medium containing ampicillin (50 j.g/ml) at 37°C 

as described in section 3.1.2. After incubation cells were centrifuged at 3000 rpm for 10 mm 

in a Beckman Benchtop Centrifuge (model TJ-R). The pellet was resuspended in 100 

Solution I ( 25 mM Tris-HCl, pH 8.0, 10 mM EDTA, 50 mM Glucose) and transferred to 

a 1.5 ml microfuge tube. This solution was left at room temperature for 5 min and 200  ItI 

of freshly prepared solution 11(0.2 N NaOH/1 % SDS) was then added. The solution was 

mixed gently by inversion and stood on ice for 10 mm. iso Itl of Solution III (3:2 mixture 

of 7.5 M potassium acetate and glacial acetic acid) was added and mixed carefully by 

inversion. This mixture was left on ice for 5 minutes and then spun at maximum speed in 

a microfuge (Hermle Z229; John Morris Scientific) for 10 mm. The supernatant was 

transferred to a new microfuge tube and 2.5 volumes of cold ethanol (or 0.75 volumes of 

isopropanol) added. This mixture was left on ice for 10 min then spun at maximum speed in 
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a microfuge for 10 mm. The supernatant was discarded and the pellet resuspended in 100 l 

of TE (10 mM Tris-HCl, pH 8.0 and 1 mM EDTA) to which Rnase (4 units/ml TE) was 

added. This solution was left at room temperature for 5-10 mm. After incubation an equal 

volume of 5 M ammonium acetate was added and the solution left on ice for 30-60 mm. The 

mixture was centrifuged at maximum speed for 10 min in a microfuge, the supernatant 

transferred to a new tube and 0.5 ml of cold ethanol was added and the solution kept on ice 

for 5 minutes. The solution was then centrifuged at maximum speed for 10 minutes, the 

supernatant discarded and the pellet was washed with 0.5 ml of 70% ethanol. After 

centrifugation, the pellet was dried in a vacuum centrifuge and then resuspended in 15 Al of 

TE. This extraction method yields approximately 5 Itg of plasmid DNA and could be easily 

adapted for a larger quantity. 

3.4.6 Restriction Analysis and Gel Electrophoresis 

Restriction analysis of DNA was carried out as per Sambrook et al. (1989). Manufacturers 

recommendations were followed for each enzyme. 

Restriction digest fragments and DNA were separated using gel electrophoresis. Gels were 

0.75 % agarose and 1 x TBE (Sambrook et al., 1989). Ethidium bromide was added to the 

gels as a dye for the DNA fragments. 

3.5 DETERMINATION OF PROTEIN AND DNA 

3.5.1 Protein Determination 

Protein concentration of both leaf and PEPC clones of E. coli PCR1 samples were determined 

using the method of Lowry et al., (1951). As indicated in Figure 3.2, Bovine Serum 

Albumin (BSA) was used as the standard (0-300 Ag protein). The E.coli samples were 

desalted (Sephadex G25) to remove DTT from the sample as this interferes with the assay. 

3.5.2 Determination of DNA Concentration and Purity 

One microlitre of DNA was added to 1 ml of water in a quartz cuvette and the absorbance 

at 260 nm and 280 nm measured. The concentration of DNA was determined using the 

formula: 

DNA concentration (jgIm1) = A250  x 50 x 1000 



Figure 3.2 
The BSA standard curve used to determine the concentration of protein in a PEPC extract. 
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DNA purity was assessed using the A260/A280  ratio. A value of 2 indicated a relatively pure 

DNA sample. Higher values indicated RNA contamination, while lower values indicated the 

presence of protein in the sample. 
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CHAPTER FOUR 

ISOLATION AND CHARACTERISATION OF A PUTATIVE PEP 

CARBOXYLASE CLONE (NON-FULL LENGTH) FROM Neurachne munroi 

4.1 ISOLATION OF PEP CARBOXYLASE CLONES 

The cDNA library (cloned into E. coli PCR1) of N. rnunroi (K. C. Woo, Section 3.4.1) was 

screened by phenotypic complementation on Minimal Medium plates. Initially 1 /Ll of the 

library was added to 99 JLl LB and the mixture plated out on Minimal Medium +Amp (50 

igIml) agar plates at 37°C. No colonies were observed after 24 hrs. Larger aliquots of 50 

ILl or 5 IL1  were subsequently plated on LB, Minimal Media and Davis Minimal Media 

(Bacto). A control for each selection medium using untransformed E. coli PCR1 cells was 

also included. The plates were incubated overnight at 37°C and the results are summarised 

in Table 4.1. Both the Davis Minimal Medium and Minimal Medium gave the same results 

indicating that they select for functional PEPC cDNA clones. 

4.2 MOLECULAR CHARA CTERISA TION OF PEP CARBOXYLASE 

4.2.1 Restriction Analysis 

The above putative PEPC clones were initially screened for the presence of a plasmid by the 

Phenol Cracking technique (Section 3.4.4). Two distinct clones were identified from the 

colonies found in Table 4.1. These clones were designated Dl and D2. Dl had an insert of 

1.2 kb compared to a full length insert of 3.2 kb. Clone D2 had a plasmid similar in size to 

the vector used for cDNA cloning suggesting that it was probably a revertant. D2 was not 

used for any further study. 

Figure 4.1 shows the restriction analysis of Dl with Barn HI, Acc I, Sal I, Xba I, Mlu I, 

Hind III, Eco RI and with the double digest of Eco RI and Mlu I. These enzymes were 

known to cut the vector, at nucleotide 1 (Hind III), 324 (Eco RI), 2002 (Mlu i), 2283 (Acc 

i), and the published sequence for Flaveria trinervia, contains sites for Acc 1 (1301), Barn 



Table 4.1 

Selection of PEPC cDNA clones from a eDNA library of Neurachne munroi by phenotypic 

complementation. Control treatments contain untransformed E. coli PCR1 cells which are 

deficient in PEPC. Davis Minimal Media is a special media for selection against nutritional 

E. coli mutants. 



Substrate Aliquot Colonies Colonies in control 

of 

eDNA 

LB 5 lawn lawn 

Minimal Medium 5 4 0 

Davis Minimal Medium 5 5 0 

LB 50 lawn lawn 

Minimal Medium 50 36 0 

Davis Minimal Medium 50 32 0 



Figure 4.1 

Restriction digests of clone Dl isolated from a cDNA library N. rnunroi library. Lane 1: MW 

marker; Lane 2: Clone Dl cut with Barn HI (partial); Lane 3: Clone Dl cut with Acc I; Lane 

4: Clone Dl cut with Sal I; Lane 5: Clone Dl cut with Xba I; Lane 6: Clone Dl cut with 

Hind III; Lane 7: Clone Dl cut with Eco RI; Lane 8: Clone Dl cut with Eco RI + Mlu I; 

Lane 9: Clone Dl cut with Mlu I; Lane 10: Clone Dl uncut; Lane 11: MW marker. 
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HI (2758), Sal 1 (1356), Mlu I (1703), Hind III (2691) and Xba I (2666) (Poetsch et al., 

1991). Barn HI, Sal I, Xba I, Hind III and Acc I were found to cut the Dl insert but the 

restriction pattern obtained did not resemble those in F. trinervia and indicated that the Dl 

clone is different to any known PEPC cDNA sequence published for PEPC from other 

species, e.g. Flaveria trinervia, maize, sorghum, tobacco and root nodules. 

4.2.2 Preliminary Sequence Analysis of Clone Dl 

The sequence of the 5' end of clone Dl was determined by the Dye Terminator technique 

based on the Sanger Method (carried out at Adelaide University, in the Department of 

Microbiology and Immunology) and shown in Figure 4.4. This sequence has a high GC 

content, of 62.2% and was mapped for restriction sites using the MAP program in the 

Australian National Genomic Information Service (ANGIS). There are no sites for any of the 

restriction enzymes employed in Section 4.2.1 indicating that the observed restriction sites 

reported in Section 4.2.1 are outside the sequenced region. Searches were made in the 

database for both the DNA sequence (Figure 4.4) and its translated protein sequence with the 

FASTA and TFASTA programs respectively. These programs align sequences with the 

database on the basis of the greatest similarity over the longest region of sequence overlap 

and produce an optimal score which is directly related to the similarity of the sequences. 

Thus the higher the score the higher the similarity. 

Table 4.2 is a summary of the six highest matches from the database for (A) the DNA 

sequence and (B) its translated protein sequence. The clone Dl bears no detectable homology 

with any of the PEPC sequences contained in the ANGIS database. Optimal alignment 

analysis indicates that the Dl clone is most similar to the untranslated DNA sequences rather 

than the coding regions presented. The highest optimal score for the DNA sequence was in 

the 5' untranslated region of the Bradrhizobium japonicurn glutamine synthetase II gene. It 

is interesting to note that three out of the six DNA sequence alignments are ribosomal RNA. 

This may be due to the high GC content of the clone. 

The amino acid alignment also shows that Dl has no obvious similarity to known PEPC 

sequences. The highest score for amino acid alignment for clone Dl was with a Pseudorabies 

virus gene including its upstream and downstream regions. Together these analysis indicated 



Figure 4.2 

The partial DNA sequnce of the the clone Dl 



10 20 30 40 50 
ATGGCCGCCG CGGGGGTTCT TCCGCCGTTC GAGGGGGGGG GGGNGGGTTC 

60 70 80 90 100 
TTTTCGCCCC GGGTTTTCGT CCCGACTCGT CGGGTCCAAG TCCCACTCCT 

110 120 130 140 150 
CGGTCCCCGT GTTGTCTCCG CCGAAGGTGG CCGCCATGAA GACCTCCTCG 

160 170 180 190 200 
ATCTACCGGT GGAGATCCGG ACTCGTCGTT CGATGATGNC ACAATTAAGG 

210 220 230 
ACTAATCAGA TGGACCTGTC CAATATGAAG 



Table 4.2 

A. 

Table showing the six highest scoring DNA sequence alignments for clone Dl. These optimal 
sequence alignments were determined using the FASTA program available on the ANGIS 
network. 

B. 

Table showing the six highest scoring amino acid sequence alignments for clone Dl. These 
optimal sequence alignments were determined using the TFASTA program available on the 
ANGIS network. 



A. Optimal DNA sequence alignment 

Source optimal score % similarity Overlap (bp) 

Bradrhizobiu,'n 101 78 41 
japonicum gene for 
glutamine 
synthetase II 

Rattus norwegius 104 62 100 
rRNA 

Human 85 90 66 
Cytomegalovirus 
strain AD 169- 
genome 

Human simplex 81 67 43 
virus-genome 

Human rRNA 81 59 86 

Mouse rRNA 64 65 52 

B. Optimal amino acid sequence alignment 

Source optimal score % similarity Overlap (amino 
acids) 

Pseudorabies virus- 150 20 391 
with downstream 
and upstream 

Equine herpes 132 27 187 
virus-genome 

Saccharopolyspora 131 23 128 
erythraea ferridoxin 

S. erythraea eryA 117 24 196 
gene 

Rat fatty acid 111 23 123 
synthase gene 

Bovine herpes virus 86 41 41 
type 2 
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that Dl is unlikely to be part of a PEPC cDNA and might be a revertant like D2. 

4.3 BIOCHEMICAL CHARA CTERISATION OF Dl 

4.3.1 Growth Trials 

To eliminate the possibility that Dl was a revertant, the plasmid DNA was isolated and used 

for retransformation into E. coli PCR1 and selected by phenotypic complementation. 

Colonies were detected on the Minimal Medium plates but failed to grow in liquid Minimal 

Medium. The presence of initial pseudo  colonies' may be due to residual LB or SOC 

carried over during plating. The amount of LB or SOC (after transformation) carried over 

was apparently sufficient to initiate colony growth in cells which do not contain functional 

PEPC cDNA. However, these colonies failed to grow in liquid Minimal Medium and lack 

functional PEPC activity. 

4.3.2 Enzyme Extraction 

One litre of clone Dl cells were cultured and these were used for PEPC extraction. Since 

these clones did not grow in liquid Minimal Medium, the cells were cultured in LB. IPTG 

was added to induce the lac promoter present in the expression vector. The cells were 

harvested and extracted in the normal manner (Section 3.2.2). The activity of PEPC in the 

extract was subsequently assayed. No measurable PEPC activity was detected. Evidently Dl 

did not contain any measurable PEPC activity. Together the evidence indicates that the Dl 

plasmid was originally cloned into a revertant. 

4.4 DISCUSSION 

The above study, demonstrates some of the problems encountered in cDNA cloning using 

the phenotypic complementation technique. The E. coli PCR1 strain is a nutritional mutant 

with a non-functional PEPC enzyme. This means the cells cannot grow on medium deficient 

in a carbon source. Transformation of PCR1 cells with a functional PEPC insert restores 

growth and allows the selection of these PEPC clones on Minimal Medium. 

E. coli mutants are usually produced by exposure of the bacteria to UV light. This causes 

point mutations and small deletions in the DNA sometimes resulting in non-functional genes. 
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Spontaneous mutations may reverse this mutation and return the gene to its original 

functional form. These cells are called revertants and occur every lxlO'5  cells. Such a 

revertant would grow normally on Minimal Medium. 

The failure to isolate a full-length/functional PEPC clone in this study may be attributed to 

a number of factors. These include: (a) the library did not represent the entire mRNA 

population of the cell; (b) the cDNA clones were not full length and did not produce 

functional PEPC; (c) the long storage of the library (two years at -80°C) prior to selection 

may have lead to a decline in the quality and quantity of the cDNA messages stored in the 

library. 
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CHAPTER FIVE 

RESULTS AND DISCUSSION 

5.0 CHARACTERISATION OF N. munroi AND N. tenuifolia CLONES 

It is assumed that, at any one time there is only one apparent isoform of PEPC expressed in 

leaves. Cushman et al. (1989) have observed that in the transition of M. crystal/mum from 

C3  to CAM there is a decrease in the C3  form of PEPC and a concomitant increase in the 

CAM form. However, when the plant is in full CAM mode, only the CAM form is evident. 

Recent work by Slocombe et al. (1993) has identified multiple PEPC isoforms in the C3  

leaves of Al. crystallinum by their isoelectric points and molecular weights. However no 

cDNA clones encoding for different isoforms of PEPC in C4  leaves have been reported to 

date. 

Full-length PEPC cDNA clones have been isolated from libraries of Flaveria trinervia (C4), 

N. munroi (C4) and N. tenuifolia (CO  in our laboratory. The clones of F. trinervia and N. 

munroi can be divided into four classes on the basis of differences in restriction patterns. The 

various groups ofF. trinervia clones were also found to have distinct biochemical properties 

(Albertson and Woo, unpublished). This study will examine three different classes of N. 

munroi clones and two distinct N. tenuifolia clones which have been isolated from a cDNA 

library. A summary of the different clones that will be used in this study is shown Table 5.1. 

5.1 pH PROFILE OFPEPC 

Optimisation of assay conditions is essential in any kinetic study. One of these parameters is 

pH which strongly influences the catalytic activity of the enzyme. The pH response of PEPC 

in C3  and C4  clones was determined and compared with the enzymes from leaves. Figure 5.1 

shows the pH response of PEPC from N. tenuifolia leaves and the clones C3.2 and CsR. This 

graph shows that the pH optimum of PEPC from the leaf is different from the enzyme from 



Source plant Classification Clone Notes 

N. rnunroi: C4  Al Hae III pattern a 
Barn HI site present 

C4  A7 Hae III pattern a 
Barn HI site present 

C4  A3 Hae III pattern b 
Barn HI site present 

C4  A10 Hae III pattern c 
No Barn HI site 

N. tenuifolia: C3 C3.2 Hae III pattern d 
Barn HI site present 

C3 CsO No Barn HI site 

C3 CsR Subcloned from 
CsO 

Table 5.1 

Summary of clones characterised in this study and the differences in restriction patterns 
between clones. 



Figure 5.1 

The effect of varying pH (6.5-8.0) on C3  leaf extract and the C3  clones; C3.2, CsR and 

CsO. PEPC activity was determined in 100mM Tris-HC1, 10mM MgCl2, 10mM 

KHCO3, 20% glycerol, 2.5mM PEP, 0.1mM NADH and 4U of MDII at 300C. 
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the PEPC clones. The leaf extract has an optimum pH of 7.2-7.3, with activity decreasing 

at higher pH. In contrast, this optimum has increased to pH 7.6 for the C3  clones indicating 

a distinct shift in pH optimum in the plant enzyme cloned into E. coli. A similar shift in pH 

optimum is seen for the C4  leaf and C4  clones (Figure 5.2). The activity of C4  leaf PEPC 

peaks at pH 7.2-7.3, declining sharply as the pH approaches pH 8.0. All the C4  clones have 

an optimum of around pH 7.5-7.7. The figures show that the pH response curves of the C4  

clones are apparently different from each other and the C3  clones. 

The pH optima reported for leaf PEPC vary greatly both for different plants (Stamatakis et 

al., 1988; Wedding et al., 1989) and for the same plant using different extraction procedures 

(Mukerji, 1977).The pH optima observed for the C3  and C4  plant extracts (Figures 5.1 and 

5.2) are similar to published literature. In contrast, there is very little information on the 

cloned enzyme. 

The reason for the shift in pH optimum between the leaf extracts and the cloned enzymes in 

E. coli is not clear. It may possibly reflect differences in the expression system of PEPC 

and/or post-translational modification in E. coli which seem to have brought about changes 

within the protein accounting for the observed shift in pH response. Alternatively, it may be 

due to the different extraction methods used (Mukerji, 1977). However, similar extraction 

procedure was used for the extraction of the enzyme from E. coli. Hence, the observed 

differences in the pH profiles of the C4  clones may represent intrinsic differences between 

clones. 

5.2 KINETIC PARAMETERS OF PEP CARBOXYLASE FROM LEA VES 

Figure 5.3 shows the activities of PEPC at increasing PEP concentrations of C3  and C4  

leaves. The activity measured in C4  leaves is more than 10-fold higher than that of C3  leaves. 

This indicates that PEPC is highly expressed in C4  plants reflecting the primary role it plays 

in C4 photosynthesis. This result is consistent with that reported by Hay and Sims (1990) who 

showed that PEPC represented 15% of total leaf protein. Hattersley and Stone (1986) have 

reported Vinax values of 0.81 and 37.04 ttmol.mg  Chl'.min' for PEPC in N. tenuifolia (CO 
and N. munroi (C4) respectively. Both these values are higher than those measured in this 



Figure 5.2 

The effect of varying pH (6.5-8.0) on C4  leaf extract and the C4  clones; A3, Al, A7 

and A1O. 

The pH profile of C4  leaf extract over the pH range 6.5-8.0. PEPC activity was 

determined in 100mM Tris-HC1, 10mM MgCl2, 10 mM KHCO3, 20% glycerol, 2.5rmn 

PEP, 0.1mM NADH and 4U of MDH at 30°C. 

B. 

The pH profile of the C4  clones; A3, Al, A7 and A10 over the pH range 6.5-8.0. 

PEPC activity was determined in 100mM Tris-HC1, 10mM MgCl2, 10 mM KHCO3, 

20% glycerol, 2.5mm PEP, 0. 1mM NADH and 4U of MDH at 30°C. 
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Figure 5.3 

The comparison of PEPC activity at different PEP concentrations (0-5mM) in C3  and 

C4  leaf extracts at pH 8.0. PEPC activity was determined in 100mM Tris-HC1, pH 

8.0, 10mM MgCl2, 10mM KHCO3, 20% glycerol, 0.1mM NADH and 4U of MDH 

at 30°C. 
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study. The reasons for this may be the different extraction or assay procedures as well as 

differences in plant material. 

Analysis of the previous graph, Table 5.2, shows that the Kin for C4  leaf PEPC is higher than 

that of the C3  leaf enzyme. The table shows that the Km(PEP)  value of 0.14 ±0.006 mM 

obtained for C4  leaf PEPC is about 2-fold higher than that obtained for C3  leaf PEPC. 

The Km(PEP)  values of PEPC from a variety of C3  and C4  plants were reported by Osmond and 

Ting (1973a) to be 0.19-0.8 mM for C4  plants and 0.09-0.3 mM for C3  plants. The values 

obtained in the present study is 0. 14 mM for C4  leaf and 0.08 mM for C3  leaf. These values 

are just outside the range of values reported. The values obtained by Osmond and Ting 

(1973a) indicate that the Km(PEP)  values of C4  plants exceeded those of C3  by 2-9 fold. The 

values shown in Table 5.2 indicate a difference of 2 fold between the C4  and C3  enzyme. 

5.2.1 The Effect of Retransformation on PEP Carboxylase in Clones 

The activity of PEPC given throughout this study is expressed as unit nmol/mg protein.min. 

This can make the comparison between different sources difficult because the proportion of 

PEPC protein in extracts can vary between different tissues and/or plants. C4  plants express 

more PEPC protein per leaf cell than C3  plants, so the rate of PEPC in C4  leaves would be 

higher than that in C3  leaves as seen in Figure 5.3. However, comparison of PEPC isolated 

from E. coli PCR1 is more difficult because expression of the cloned enzyme may vary 

between clones. An experiment was designed to examine this problem. 

Plasmid DNA was isolated from the C3  clone, CsO, and then retransformed into PCR1 cells. 

The retransformed clone, CsR, was compared with CsO with respect to PEPC activity and 

their response to varying PEP concentrations (Figure 5.4). Clearly, even though both clones 

contain the same plasmid, PEPC activity measured in the CsO clone is nearly half of that in 

the CsR clone. This difference presumably reflects the major differences in the expression 

of the PEPC protein in these clones. The data in Figure 5.4 was analysed by Lineweaver-

Burke plots to give Km(PEP)  and Vina.x values of these clones (Table 5.3). The Vmax values 

of the retransformed clone, CsR, and the original clone CsO are 355 and 186 nmol/mg 

protein.min respectively. In contrast, the Km(PEP)  values for both clones are identical to each 



Table 5.2 

The kinetic parameters of C3  and C4  leaf extract at pH 8.0. PEPC activity was determined 

in lOOm M Tris-HC1, pH 8.0, 10 mM MgC12, 10 mM KHCO3, 20% gylcerol, 0.1 mM 

NADH and 4U of MDH at 30°C with varying concentrations of PEP (0-5 mM). 

Table 5.3 

The kinetic parameters of C3  clones CsR and CsO, measured at pH 8.0. PEPC activity was 

determined in 100 mM Tris-HCI, pH 8.0, 10 mM MgCl2, 10 mM KHCO3, 20% gylcerol, 
0. 1 mM NADH and 4U of MDH at 30°C with varying concentrations of PEP (0-2.5 mM). 



Plant Km(PEP) (mM) Vmax (nmollmg 
protein. mm ) 

N. tenuifolia (C3) 0.08±0.007 100 ±4 

N. munroi (C3) 0.14±0.006 1322±50 

Clone Km(PEP)(mM) Vmax (nmollmg 

protein. mm ) 

CsO 1.3±0.16 355±36 

CsR 1.2±0.17 186±57 



Figure 5.4 

Comparison of the PEPC activity of an original clone, CsO with its retransformed 

form, CsR. PEPC activity was determined in 100mM Tris-HC1, pH 8.0, 10mM MgCl2, 

10mM KEIC03, 0.1mM NADH and 4U of MDH at 30°C. PEP varied over the range 

0-2.5mM. 
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other. 

The results in Table 5.3 show that Vmax values can vary significantly even between clones 
containing identical plasmids. These differences are probably associated with the proportion 
of PEPC protein present in cellular extract and reflects differences in the expression system 
in different clones. Evidently the expression of cloned protein in E. coli PCR1 cells can vary 
significantly between clones such that 2-fold variations in Vmax may not necessarily 
represent real differences between the proteins but rather only differences in the expression 
of PEPC in the cell. On the other hand, Kin(PEP) values are indicators of the intrinsic 
properties of enzymes and are less likely to be influenced by the expression system (as 
distinct from post-translational modifications. Therefore, the K1n(pEP)  value would be a more 
useful parameter for comparing PEPCs from different clones. 

5.2.2 Kinetic Properties of PEP Carboxylase Clones 

Figure 5.5 shows the activity of the two C3  clones, CsR and C3.2, measured at pH 8.0. The 
clone C3 .2 has a higher (>3-fold) activity than that of CsR. Figure 5.6 shows the activity 
of PEPC of the C4  clones. Clone A10 has the lowest activity and A3 the highest. 

There is a 10-fold difference between the activities obtained in these two clones. The PEPC 
activity of clone A7 and Al is about 50% and 70% of clone A3 respectively. The values 
determined for the C3  and C4  clones are comparable to each other. Figure 5 .7A and B shows 
the PEPC activity at varying PEP concentrations at pH 7.6 of the C3  (C3 .2 and CsR) and C4  
clones (Al, A3, A7 and A10) respectively. All clones showed an increase in the PEPC 
activity measured compared to the values obtained at pH 8.0. For example, the activity of 
clone A3 is about 20-fold greater than that of A10 whereas the difference was only about 10-
fold at pH 8.0. 

Changes in K1n(PEP)  and Vmax were observed as the pH of the assay media was altered. These 
results are summarised in Table 5.4. The values obtained for Vmax for all the clones show 
an increase at pH 7.6 compared to pH 8.0. In every case, except clone Al, the pH had no 
significant effect on the K1n(PEP) . In the case of Al the K1n(pEP) increased as the pH was 



Figure 5.5 

PEPC activity as a function of PEP concentration (0-2.5mM) for the C3  clones; 

C3.2 and CsR at pH 8.0. PEPC activity was determined in 100mM Tris-HC1, 

pH 8.0, 10mM MgCl2, 10mM KHCO3, 20% glycerol, 0.1mM NADH and 4U of 

MDH at 30°C. 
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Figure 5.6 

The activity of PEPC as a function of PEP concentration (0-2.5mM) for the C4  

clones; A3, Al, A7 and A10 at pH 8.0. PEPC activity was determined in 100mM 

Tris-HC1, pH 8.0, 10mM MgCl2, lOmIM KHCO3, 20% glycerol, 0.1mM NADH and 

4U of MDII at 30°C. 
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Figure 5.7 

The effect of pH 7.6 on the kinetic profiles of C3  and C4  clones. 

 

PEPC activity as a function of PEP concentration (0-2.5mM) for the C3  clones; C3 .2 

and CsR at pH 7.6. PEPC activity was determined in 100mM Tris-HC1, pH 7.6, 

10mM MgCl2, 10mM KHCO3, 20% glycerol, 0.1mM NADH and 4U of MDH at 

30°C. 

 

PEPC activity as a function of PEP concentration (0-2.5mM) for the C4  clones; A3, 

Al, A7 and A10 at pH 7.6. PEPC activity was determined in 100mM Tris-HC1, pH 

7.6, 10mM MgCl2, 10mM KHCO3, 20% glycerol, 0.1mM NADH and 4U of MDH 

at 30°C. 
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Table 5.4 

The effect of pH on the kinetic parameters K1n(PEP) and Vmax for the C3  clones CsR and 

C3.2, and for the C4  clones A3, Al, A7 and A10. PEPC activity was determined in 100 mM 

Tris-HC1, pH 8.0 or pH 7.6, 10 mM MgC12, 10 mM KHCO3, 20% glycerol, PEP (0-2.5 

mM), 0.1 mM NADH and 4U of MDH at 30°C. 



Clone classification pH of assay Km(P)  (mM) Vmax(nmol/mg 

protein.min) 

C3.2 C3  8.0 0.67±.06 163±12 

7.6 0.7±.03 305±11 

CsR C3  8.0 1.2±0.15 355±36 

7.6 1.2±0.26 495±66 

A3 C4  8.0 0.97±0.18 265±40 

7.6 0.78±.09 558±54 

Al C4  8.0 0.5±0.03 153±5 

7.6 0.8±0.06 179±11 

A7 C4  8.0 1.2±0.3 199±8 

7.6 1.3±0.2 213±14 

A10 C4  8.0 2.68±0.3 28±4 

7.6 2.94±0.34 37±4 
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decreased indicating that the affinity for PEP would decrease as the pH decreased. However, 

the Kin values determined vary between clones. Clone A10 has the highest Kin (2.94 mM, 

pH 7.6) and clone Al the lowest (0.5 mM, pH 7.6). 

If Km values represent real differences in the intrinsic properties of the clones (see section 

5.4.2.) then there are two isoforms of C3  and three of C4  (with clones Al and A3 falling into 

the same class). 

5.3 EFFECT OF G6P AND MALATE 

5.3.1 Effect of pH on Modulators 

Malate and G6P are major products of C4  photosynthesis. Malate, formed via the activity of 

PEPC, is one of the major organic acids transported to the bundle sheath cells for 

decarboxylation and refixation by rubisco. G61? is a major end product of the Calvin cycle 

These two compounds have been shown to alter the activity of PEPC in vitro, and have been 

proposed to alter the activity of the PEPC enzyme in vivo. The effect of these two 

modulators on the activity of the PEPC enzymes was investigated. Since pH alters the 

activity of the PEPC enzyme the effect of G6P and malate on PEPC activity was examined 

at pH 7.6 and 8.0. 

Figure 5. 8A and B show the response of C3  leaf PEPC to varying concentrations of G6P and 

malate at two pH. Figure 5. 8A shows that G6P increased the activity of the C3  enzyme. The 

maximum increase (- 15%) was obtained at around 2 mM of G6P. The response of the C3  

enzyme to G6P at pH 8.0 is similar to that observed at pH 7.6. In contrast, malate inhibited 

PEPC activity strongly. The inhibition increased linearly with malate concentration and the 

activity at 30 mM malate was about half of that at 0 mM malate. The values obtained at pH 

7.6 were similar to those obtained at pH 8.0. 



Figure 5.8 

The effect of pH on malate and glucose-6-phosphate (G6P) response on enzyme 

activity in C3  leaves. 

 

The effect of pH 8.0 and pH 7.6 on PEPC activity of C3  leaves in the presence of 

different concentrations of G6P (0-10mM). PEPC activity was determined in 100mM 

Tris-HC1, pH 8.0/ 7.6, 10mM MgC12, 10mM KHCO3, 20% glycerol, 1.OniM PEP, 

0.1mM NADH and 4U of MDH at 30°C. 

 

The effect of pH 8.0 and pH 7.6 on PEPC activity of C3  leaves in the presence of 

different concentrations of malate (0-32.5mM). PEPC activity was determined in 

100mM Tris-HC1, pH 8.0/ 7.6, lOniM MgC12, 10mM KHCO3, 20% glycerol, 

1.0mM PEP, 0.1mM NADH and 4U of MDH at 30°C. 
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5.3.2 Effect of Malate and G6P 

Figure 5.9A. shows the effect of G6P on the activity of both C3  and C4  leaf PEPC activities 

at pH 7.6. The C4  enzyme is more sensitive to the modulator than the C3  form. However, 

the increase observed for both enzymes is not large. On the other hand, malate strongly 

inhibited the activity of C4  and C3  leaf PEPC activities. Both enzymes were inhibited by 

about 50% at 32.5 mM malate. 

The response of the C3  clones, CsR and C3.2, to varying concentrations of malate and G6P 

is shown in Figure 5. lOA and B. Both clones show significant increase in PEPC activity (up 

to 2.5-fold) at all concentrations of G6P although the CsR clone showed a greater increase 

than the C3.2 clone. The increase observed in the C3  clones are several-fold greater than that 

observed in the C3  leaf extract. Figure 5. lOB shows inhibition of PEPC activity of the C3  

clones CsR and C3.2 by malate. Both clones are inhibited to the same extent by malate. The 

apparent Ki (malate) values for these clones were <10 mM whereas the value estimated for 

the C3  leaf enzyme was ~! 35 mM (Figure 5.913). These results again indicate that the PEPC 

cloned into E. coli are different from the enzyme in leaf extract. 

Figure 5.11A and B shows the effect of G6P and malate on PEPC activity of the C4  clones, 

Al, A3, A7 and A1O. Figure 5. ilA shows the increase in activity in the presence of G6P 

in all the clones, Al, A3 and A7. Clone AlO appeared to be more activated by G6P than the 

other clones. These results are similar to the response of the leaf C4  extract shown in Figure 

5.9A but the stimulation is much smaller (2 to 3-fold) for the enzyme in C4  leaves than the 

clones. The linear response observed for the C4  enzyme is in contrast to the hyperbolic 

response to G6P of the C3  PEPC. 

Table 5.5 summarises the effect of G6P on PEPC activity for both the clones and leaf 

extracts. The Ka12  values indicate the concentration of G6P required for 50% stimulation of 

the PEPC enzyme. The C3  and C4  leaf PEPC were stimulated by only 13 and 28% 

respectively. In contrast, the stimulation observed with the enzymes from the clones ranged 

from 66 to 156%. The apparent K 2  values fall into two classes. The high values are 



Figure 5.9 

The effect of varying malate and G6P concentration on the activity of PEPC from C3  and C4  
leaves. 

A. 
The effect of varying G6P (0-10mM) on the activity of PEPC from C3  and C4  leaves, 
measured at pH 7.6. PEPC activity was determined in 100mM Tris-HC1, pH 7.6, 
10mM MgC12, 10mM KHCO3, 20% glycerol, 1.0mM PEP, 0. 1mM NADH and 4U of 
MDH at 30°C. 

B. 
The effect of varying malate (0-32.5mM) on the activity of PEPC from C3 and C4 
leaves measured at pH 7.6. PEPC activity was determined in 100mM Tris-HC1, pH 
7.6, 10mM MgC121  10mM KHCO3, 20% glycerol, 1.0mM PEP, O.lnilvl NADH and 
4U of MDH at 30°C. 
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Figure 5.10 

The effect of varying glucose-6-phosphate (G6P) and malate on the activity of PEPC 

from the C3  clones; C3.2 and CsR. 

 

The effect of varying G6P (0-10mM) on the activity of PEPC from the C3  clones; 

C3.2 and CsR. PEPC activity was determined in 100mM Tris-HC1, pH 7.6, 10mM 

MgCl2, 10mM KHCO3, 20% glycerol, 1.OniM PEP, 0.1mM NADH and 4U of 

MDH at 30°C. 

 

The effect of varying malate (0-32.5mM) on the activity of PEPC from the C3  

clones; C3.2 and CsR. PEPC activity was determined in 100mM Tris-HC1, pH 7.6, 

10mM MgCl2, 10mM KHCO3, 20% glycerol, 1.0mM PEP, 0.1mM NADH and 4U 

of MDH at 30°C. 
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Figure 5.11 

The response of PEPC activity to varying concentrations of malate and glucose-6-

phosphate (G6P) on the C4  clones; A3, Al, A7 and AlO. 

 

The effect of varying G6P (0-10mM) on the PEPC activity of the C4  clones; A3, Al, 

A7 and A10. PEPC activity was determined in 100mM Tris-HCl, pH 7.6, 10mM 

MgCl2, 10mM KHCO3, 20% glycerol, 1.0mM PEP, 0.1mM NADH and 4U of MDH 

at 30°C. 

 

The effect of varying malate (0-32.5mM) on the PEPC activity of the C4  clones: A3, 

Al, A7 and A10. PEPC activity was determined in 100mM Tris-HC1, pH 7.6, 10mM 

MgC12, 10mM KHCO3, 20% glycerol, 1.0mM PEP, 0. 1mM NADH and 4U of MDH 

at 30°C. 
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Table 5.5 

Summary of the effect of G6P on PEPC activity in leaf and cDNA clones. The apparent K 2  

value for each clone is also tabulated. PEPC activity was determined with varying G6P (0-10 

mM) in 100 mM Tris-HC1, pH 7.6, 10 mM Mg C12, 10mM KHCO3, 20% gylcerol, 1.0mM 

PEP, 0.1 mM NADH and 4U of MDH at 30°C. 

K 2  is the concentration of G6P required to give 50% stimulation of enzyme activity. 



Leaf/Clone % stimulation by 10 mM Apparent K 2  (mM G6P) 

G6P 

C3  leaf 13 42 

clone CsR 156 1.0 

clone C3.2 91 2.5 

C4  leaf 28 22 

clone A3 66 5.5 

clone Al 73 5 

clone A7 89 4.2 

clone A10 117 3.7 
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obtained for the two leaf extracts and the lower ones for the clones. 

Response to malate by the enzyme from the C4  clones can be seen in Figure 5. 1113. PEPC 

from all clones are similarly inhibited by malate. The enzyme from clone A10 shows less 

inhibition than the other three C4  clones. The response observed for the C4  clones is similar 

to the response observed in C4  leaf (Figure 5.913). 

Table 5.6 summarises the effect of malate on PEPC activity for both the clones and leaf 

extract. The K112  value indicates the concentration of malate required to give 50% inhibition. 

PEPC from leaf extracts was less effected by malate than the enzyme from PEPC clones. At 

32.5 mlvi malate, the inhibition for C3  and C4  leaf enzymes are 45 and 48% respectively. All 

the clones showed larger inhibition although the C4 clone, A10 was inhibited, to a lesser 

extent than the other clones. The enzyme from this clone and both the C3 and C4 leaves had 

an apparent K½ value for malate ~!t32 mM. In contrast, the K½ values for all other clones 

were ::E~ 13 mlvi which reflect their increased sensitivity to malate. 

5.4 EFFECT OF MALATE AND G6P AT VARYING PEP CONCENTRATION 

The effect of malate or G6P on PEPC activity at varying PEP concentrations was examined 

in the C3  clone, C3.2 (Figure 5. 12A). When compared to the control, addition of G6P 

increased the activity while malate decreased it at all PEP concentrations examined. 

Lineweaver-Burke analysis of Figure 5. 12A can be seen in Figure 5. 12B. The intercept on 

the 1/V axis represents 1/Vmax and the intercept on the 1/S axis is -1!K1n(PEP). The results 

show that the addition of G6P or malate alters the KJn(pEP)  and Vmax of the enzyme in clone 

A3. The graph shows that malate does not affect the K1n(PEP) for PEPC in clone C3.2 but 

lowers the Vmax of the enzyme. This indicates that malate is a non-competitive inhibitor of 

PEPC since it alters the Vmax without affecting the enzyme's affinity for PEP. It also 

indicates that there is a binding site for malate on the enzyme. In contrast, G6P decreased 

the Km(PEP)  but did not change the overall m•  This indicates that G6P increases the affinity 

of PEP. 

Figure 5. 13A. shows the changes in PEPC activity for the C4  clone, A3, in the presence and 



Table 5.6 
Summary of the effect of malate on PEPC activity in leaf and cDNA clones. The apparent 

K112  value for each clone is also tabulated. PEPC activity was determined with varying malate 

(0-32.5 mM) in 100 mM Tris-HC1, pH 7.6, 10 mM Mg C12, 10 mM KHCO3, 20% gylcerol, 

1.0 mM PEP, 0.1 mM NADH and 4U of MDII at 30°C. 
tK112  is the concentration of malate required to give 50% inhibition of enzyme activity 



Leaf/Clone % inhibition at Apparent K /2  t(mM malate) 

32.5 mM malate 

C3  leaf 45 38 

clone CsR 77 5 

clone C3.2 70 9 

C4  leaf 48 35 

clone A 3 62 12 

clone A 1 72 13 

clone A7 67 8 

clone A 10 54 32 
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Figure 5.12 

 

The PEPC activity of the clone C3.2 in response to varying PEP concentrations (0-

2.5mM) + malate or G6P. PEPC activity was determined in 100mM Tris-HC1, pH 7.6, 

10mM MgC12, 10mM KHCO3, 20% glycerol, 2.0mM G6P (when present), 6.5mM 

malate (when present), 0.1mM NADH and 4U of MDH at 30°C. 

 

The Line weave r-Burke analysis of the clone C3.2 in response to varying PEP 

concentrations (0-2.5 mM), + G6P or malate. PEPC activity was determined in 

100mM Tris-HC1, pH 7.6, 10mM MgC12, 10mM KHCO3, 20% glycerol, 2.0mM G6P 

(when present), 6.5mM malate (when present), 0.1mM NADH and 4U of MDII at 

30°C. 



absence of G6P or malate. The former increased the activity and the latter decreased it. 

Figure 5.1313 shows the Lineweaver-Burke analysis of Figure 5. 13A. These results are 

similar to those in Figure 5. 12A and B. Similar results were obtained for all the clones. 

Table 5.7 is a summary of the effect of G6P and malate on the kinetic parameters of all the 

clones and leaf PEPC. The results show that malate is a non-competitive inhibitor of PEPC 

and does not effect the affinity for PEP. In contrast, G6P decreases the K1n(PEP)  in all the 

clones. The two C4  clones, A7 and A10, show the largest decrease in Kin value. These C4  

clones also have the largest Km values in the control treatment i.e. without G6P. Malate also 

decreased the Vmax of PEPC while G6P increased this parameter as shown by clone CsR 

and C3 .2. The Vmax value obtained for clone A10 in the presence of malate is similar to that 

of the control, presumably, because the malate concentration used (6.5 mM) was 

considerably less than the K h  value of 32 mM obtained for this clone (Table 5.6). 



Figure 5.13 

 

The PEPC activity of the clone A3 in response to varying PEP concentrations (0-

2.5mlvl) + malate or G6P. PEPC activity was determined in 100mM Tris-HC1, pH 7.6, 

lOmltvl MgC12, 10mM KHCO3, 20% glycerol, 2.0mM G6P (when present), 6.5mM 

malate (when present), 0. 1mM NADH and 4U of MDH at 30°C. 

 

The Lineweaver-Burke analysis of clone A3 in response to varying PEP concentrations 

(0-2.5 mM), + G6P or malate. PEPC activity was determined in 100mM Tris-HCI, pH 

7.6, 10mM MgCl.,, 10mM KHCO3, 20% glycerol, 2.0mM G6P (when present) , 6.5mM 

malate (when present), 0.1mM NADH and 4U of MDH at 30°C. 
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Table 5.7 
Summary of the effect of G6P and malate on the kinetic parameters of the PEPC cDNA 

clones. PEPC activity was determined in 100 mM Tris-HC1, pH 8.0, 10 mM MgCl2, 10mM 

KHCO3, 20 % gylcerol, 2 mM G6P (when present), 6.5 mM malate (when present)1 .0 mM 

PEP, 0.1 mM MADH and 4U of MDH at 30°C. 



Clone Treatment K1n(PEP) (mM) Vmax (nmollmg Effect 
protein. mm ) 

C3.2 control 0.7 ±0.3 305± 11 

+ G6P 0.2 ±0.1 320 ±3 lowers Km 
increases Vmax 

+ malate 0.6±0.1 288±9 

CsR control 0.8±0.3 495±66 

+ G61? 0.5±0.08 648±68 lowers Kin 

+ malate 0.8±0.2 297±24 lowers Vmax 

A3 control 0.78±0.09 558±54 

+ G6P 0.38 ±0.08 lowers Km 

+ malate 0.8±0.3 

Al control 0.9±0.07 240±17 

+ G61? 0.7±0.06 263±18 lowers Km 

+ malate 1.4±0.6 197±70 

A7 control 1.3±0.2 213 ±34 

+ G61? 0.3 ±0.02 lowers Km 

+ malate 1.2±0.3 

A10 control 2.9±0.34 36.8±4.1 

+ G6P 0.3±05 38.5 ±1.5 lowers Km 

+ malate 2.8±0.4 36.9±8.9 
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CHAPTER SIX 

CONCLUSION 

Phosphoenolpyruvate carboxylase is a key enzyme in C4  photosynthesis and is involed in 

anaplerotic reactions in C3  plants. The genus Neurachne contains C3, C4  and C3-C4  

intermediates and provides an ideal system for studying the transition of C3  to C4  metabolism. 

This study involved the biochemical characterisation of PEPC in clones isolated from cDNA 

libraries of N. tenuifolia (C3) and N. munroi (C4) and in leaf tissue. Characterisation of these 

PEPC enzymes included response to pH, kinetic analysis and the effects of the modulators, 

glucose-6-phosphate and malate, on the catalytic activity. 

Activity of PEPC from C4  leaves was found to be 10-fold higher than that of the C3  form. 

This higher activity corresponds to the primary role the C4  PEPC plays in carbon fixation 

during photosynthesis. The Km(PEP)  for PEPC from C4  leaf is 2-fold greater than the value 

determined for the C3  enzyme (Table 5.2) indicating that the C4  enzyme has a lower affinity 

for PEP than the C3  form. The lower Km(PEP) observed for the C3  enzyme would correspond 

to a low cellular level of PEP found in C3  leaves compared to the C4  leaf tissue. The 

differences observed between C3  and C4  leaf extractsreflect the differences in the metabolic 

roles of these isoforms in leaf tissue. 

Fully functional PEPC cDNA clones has been isolated from N. munroi (C3.2 and CsR) and 

N. tenuifolia (Al, A3, A7 and AlO) . These clones showed distinct differences in their 

kinetic properties which indicates that there are intrinsic differences between clones as well 

as differences in their expression in E. co/i. The PEPC clones from N. tenuifolia were found 

to have Km(PEP)  values of around 0.7 mM while the Km(PEP)  values for the C4  cDNA clones 

range from 0.8 to 2.8 mM (Table 5.4). Based on their Km(PEP)  values the C4  clones can be 

divided into two groups : a low and a high Km group. The low Km group (Al and A3) had 

higher Vmax values compared to the high Kin group (A7 and AlO). 



Glucose-6-phosphate (G6P) is an activator of PEPC. It lowered the apparent KJn(PEP) for 

PEPC from all the clones as well as the C4  leaf enzymes. The observed stimulation by G6P 

varied for different clones (Table 5.5) . The largest increase of 156% was observed in the 

C3  PEPC clone, CsR, and the smallest of 66% in the C4  PEPC clone A3. The amount of 

G6P required for 50% stimulation is higher in C4  clones (3.75-5.5 mM) than for C3  clones 

(1.0-2.5 mM). Within the C4  clones, G61? had the greatest stimulation on the high Km group 

and the amount of G61? required for 50% stimulation was lower (3.7-4.2 mM) for the the 

high Km group compared to the low Km group (5-5.5 mM). 

Malate is a non-competitive inhibitor of PEPC. The percent inhibition by 32 mM malate is 

similar for all the enzymes from clones. However, the concentration of malate required to 

give 50% inhibition varied from 5 to 33 mM. Generally, the enzymes from clones (Ki ~ 13 

mM) were more sensitive to malate inhibition than those from leaves (Ki~! 35 mM). 

The gene products of cloned plant PEPCs had apparently under gone modifications which 

have affected their kinetic properties. For example the effect of malate and G61? is less 

marked on the enzyme from the leaf than from the clones. The pH optimum of PEPC in leaf 

extract is also different to the PEPC from clones. Leaf PEPC has an optimum of 7.2-7.3 

compared to a value of 7.5-7.7. These differences might be attributed to differences in the 

expression systems and post-translational modification between F. coli and plants.The 

variability in the eDNA expression system is refelected in differences in Vmax values as 

shown by the studies with the C3  clone, CsO, and its subcloned product, CsR (Table 4.3). 

These two clones differed sigfnificantly in Vmax but not Km values. Thus the latter is a 

more reliable indicator of intrinsic differences between clones. 

The effect of G6P and malate on the two main groups of C4  clones i.e. low and high Km 

groups is summarised in Table 6.1. The results show that the low Km group (clone A7 & 

A10) is relatively less sensitive to malate inhibition but more sensitive to G6P stimulation. 

In contrast, the high Km group (clone Al & A3) is less sensitive to G6P stimulation but 

more sensitive to malate inhibition. The K112  values for malate inhibition is therefore higher 

in clone A7 and A10, compared to clone Al and A3. Conversely, the K 2  for G61? 



Table 6.1 

A summary of the kinetic characteristics of the two classes of the putative C4  PEPC 

isoforms. 



CHARACTERISTICS OF C4  ISOFORMS 

Modulator High Km(PEP) Low Km(PEP)  

Clones A7 & A10 Clones Al & A3 

Malate K1, (mM) 8-32 low 

inhibition high 12-13 

G6P K p  (mM) 3.7-4.2 intermediate 

stimulation high 5-5.5 
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stimulation is lower in clone A7 and A10, compared to clone Al and A3. 

In conclusion, the PEPC in cDNA clones showed differences in a variety of kinetic 

parameters which suggest that there are intrinsic differences between these clones and that 

distinct isoforms of PEPC are present in both C3  and C4  leaves. This is the first time PEPC 

isoforms of C4  monocots have been isolated and characterised. The physiological roles of 

these isoforms remain to be determined. These clones are ideal for structure and function 

studies of the PEPC protein and could potentially be used for expression studies, and to 

assess the tissue specificity of isoform expression. 

The use of cDNA probes can be used to assess expression patterns of PEPC isoforms in plant 

tissues. Northern blot analysis of maize leaves, using a C4  cDNA probe, suggests the 

expression of a heterogeneous population of mRNAs in leaf tissue (Harpster and Taylor, 

1986; Hudspeth et al., 1986). The use of cDNA probes of the high and low Kin isoform 

identified in this study could be used to establish the nature and identity of these isoforms. 

It can also be used to establish the physiological role of these isoforms during plant growth 

and development. Kawamura et al. (1990) have used a maize root isoform as a probe and 

have shown that this isoform is expressed most strongly in the roots and can detected in 

green leaves. In contrast, the C4  form of PEPC is expressed exclusively in the leaves 

(Kawamura et al., 1990). 

cDNA clones provide a flexibility and potential that is not encountered using standard 

biochemical techniques. The recent identification of PEPC isoforms in the CAM plant by 

Slocombe et al. (1993) employed isoelectric focusing and electrophoresis. These methods do 

not produce functional proteins that can be used for kinetic studies and hence can not provide 

information about the kinetic parameters of the isoforms. 

None of the genes for C4  photosynthesis have ever been mapped to particular chromosomes. 

However, studies of the different isoforms present in leaves of C4  plants may provide insights 

into the evolution of C4  photosynthesis. Isoforms can be used to probe the plant chromosome 

to establish the distrubution of the PEPC gene family. If the different isoforms are closely 
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located on the same chromosome, it may be presumed that the C4  PEPC has possibly evolved 

by gene duplication. 
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APPENDIX A 

Solution Contents (per litre of H20) 

LB Broth lOg Bacto Tryptone 
5g Yeast Extract 
5g NaCl 

LB Agar Plates Same as above + lOg Agar 

Medium E 10 g MgSO4.7H20 
100g Citric acid 
500g K2Hpo4  
175g NaNH4HPO4. 
pH to 7.0 with NaOH 

Amino Acid Supplements 50mg Leucine 
(x50) 50mg Threonine 

50mg Arginine 
150pg Thiamine.HCl 

Mineral Medium 480mg FeCl3.6H20 
280mg MnCl2.41120 
270mg CaCl2  
2g ZnCl2  
290mg 113B08  
130mg CoSO4  

Minimum Media lml Mineral Medium 
20m1 Medium E 
20m1 aA Supplements 
5m1 80% Glycerol 

Minimal agar plates same as above + lOg agar 
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