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Abstract 
The research in this thesis has been concerned with (1) the regulation of maize 

(monocot C4) and F trinervia (dicot C4) PEPC by light, protein phosphorylation and 

metabolite activation: (2) the functional roles of several conserved positively charged amino 

acid residue ofF trinervia PEPC; and (3) the domains of glycine and glucose 6-phosphate 

(G6P) actiYation of maize PEPC. 

Variations in K, (malate) values and light activation of C4 PEPC have been reported 

in the literature. The reasons for many of these observations are not well understood although 

differences in assay conditions e.g. assay buffer and pH may partly account for the variations 

obserwd. My studies in Chapter 2 examined the effect of assay buffers on the light activation 

of PEPC. The results showed that light activation varied with the type of assay buffer used. 

Increases of 60-70% were obtained in Hepes, Mops or Tes buffers but not in Tris or Bis-tris 

buffers. Malate sensitivity of the enzyme also Yaried with assay buffer. Although 

phosphorylation decreased and dephosphorylation increased malate inhibition in all the 

buffers examined. the inhibition was significantly lower in Tris and Bis-tris buffers compared 

to Hepes. Mops and Tes buffers. The K, (malate) value in 100 mM Tris buffer was 10-fold 

higher than in 50 m:vf Hepes buffer. Hence it is important to select a suitable buffer for 

studies on PEPC. My results could help to explain the lack of light activation reported in 

some studies and partially account for the large variations of K, (malate) values reported in 

the literature. 

It has been proposed that the regulation of PEPC during C4 photosynthesis is 

mediated v1a protein phosphorylation on a serine residue near the N-terrninus of the 

polypeptide. The primary role of phosphorylation is to activate and protect the enzyme 

against malate inhibition. However, the observed increase in K; (malate) value is an order of 

magnitude smaller than the cellular malate level in illuminated maize leaves. Chapter 3 

examines the regulation of maize PEPC by protein phosphorylation and metabolite 

activation. Glycine (or alanine) and G6P stimulated catalytic activity and increased the 

affinity for PEP by factors of 8 and 4 respectively. These metabolites stimulated activity 

more strongly at lower than higher pH and dramatically changed the pH response of the 

enzyme. Activity increased between pH 6.8 and 8.0 by I 0 fold in the absence and only 26% 

in the presence of these metabolites. In vitro phosphorylation of PEPC increased the activity 

2 fold in the absence but not the presence of these metabolites. Malate was a strong inhibitor 

of PEPC and the K, (malate) value determined was 0.25-0.5 mM. Protein phosphorylation 
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and the above metabolites increased the K; value by factors of 3 and 12 respectively, but 

together they synergistically increased the K; value 50-fold. Hence maximal protection 

against malate inhibition was only observed in the phosphorylated enzyme in the presence of 

metabolites. Furthermore, PEPC activity comparable to the photosynthetic rate measured in 

intact leaves was obtained only in the presence of metabolites and physiological 

concentration of malate (20 mM) in crude extract of light-adapted but not dark-adapted 

leaves. Evidently both light-induced protein phosphorylation and metabolic activators are 

involved in PEPC activation. I propose that both factors act synergistically to modulate 

PEPC during photosynthesis in maize leaves. 

The majority of studies on C4 PEPC are done with monocot species. Relatively little 

IS knov.n about the regulation of PEPC in dicot c4 plants. Chapter 4 examines PEPC 

regulation in the C4 dicot Flaveria rrinervia. Unlike the maize enzyme, flaveria PEPC was 

not activated by glycine, alanine or G6P and was weakly activated by light. The light-adapted 

enzyme was relatively insensitive to malate inhibition with a K, value of 9.4 mM at pH 7.3, 

mice the value obtained for the dark-adapted enzyme. Decreased malate sensitivity in the 

light enzyme seemed to compensate for the lack of metabolite activation observed. Alkaline 

phosphatase decreased the activity of the purified light enzyme significantly and the treated 

enzyme had properties similar to those of the dark-adapted enzyme with respect to malate 

sensitivity and catalytic activity. The results suggest that light regulation of PEPC also 

involves protein phosphorylation. However. I was unable to phosphorylate the purified dark 

enzyme (despite the addition of protease and phosphatase inhibitors during the extraction and 

purification) by cAMP-dependent protein Kinase nor was I able to label the protein in vivo by 

feeding 32Pi to detached leaves. I could find no report on the phosphorylation of dicot C4 

PEPC in the literature. In contrast, phosphorylation has been observed for PEPC from a 

number of dicot C3 and monocot C3 and C4 species. However, the absence of evidence in 

dicot C4 PEPC might be attributed to the loss of N-terrninal region during enzyme 

purification and it is conceivable that protein phosphorylation may still play a role in PEPC 

regulation in leaves ofF trinervia. 

Chapter 5 examined the functional roles of several conserved positively charged 

amino acid residues (Lys600, Lys829, Arg
450, Arg767) in F. trinervia PEPC. A full-length PEPC 

eDNA which encodes a functional enzyme was cloned into the ppc- mutant E. coli strain 

PCR 1 .  Conversion of Lys600 to Thr600 by site directed mutagenesis increased the Km (PEP) 

and Km (Mg2+) 3 fold and Km(HC03") I 0 fold indicating that the Lys600 residue is likely to be 
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involved in the binding of HC03-. Conversion of Lys829 to Gll29 increased the Km 

(PEP) 1-2 fold at pH 7.3 and 8.0 and the Km (Mg2+) 1 2  fold at pH 8.0 and 2 fold at pH 7.3. 

Thus Lys829 might be associated with the PEP and/or Mg2+ binding domain. However, the 

results indicated that both lysine residues were not obligatory for the catalytic activity which 

is different from results obtained in studies of chemical modifications. 

Both the mutant Gly450 and Gly767 PEPC proteins were similarly expressed as the 

'"'ild-type protein in E. coli PCRI. However, the mutant enzymes did not complement the 

glutamate requirement of E. coli strain PCRl and hence could not grow in minimwn mediwn 

suggesting that the expressed proteins were non-functional in the host cell. The partially 

purified mutant enzymes had no detectable PEPC activity. Therefore, Arg450 and Arg767 are 

essential for PEPC function but their precise roles in catalysis remained to be determined. 

The maize enzyme contains G6P and glycine activation sites whereas the protein 

from F. rrinervia is insensitive to both glycine and G6P activation. Chimeric proteins 

consisting of maize and F. rrinervia PEPC components were used to identify the putative 

domains of G6P and glycine activation of maize PEPC in Chapter 6. Five chimerics were 

constructed but only two. ZFB and FZBE. were found to be catalytically active. Both were 

activated by G6P but not glycine. They both contain the amino acid residue 1 93-359 region 

from maize PEPC indicating that the putative G6P domain in maize PEPC is at least partially 

located \\ithin this region. The first 193 N-terminal amino acids in ZFB is derived from F. 

rrinervia while the remainder of the polypeptide is of maize origin. Thus this N-terminal 

region could conceivably be associated with glycine activation. However, further studies are 

required to substantiate and confirm the role of this putative glycine domain. 

In swnmary, maize but not F. rrinervia PEPC is regulated by a dual system of protein 

phosphorylation and metabolite activation during C4 photosynthesis. The putative domains 

for glycine and G6P activation in maize PEPC are located in the N-terrninal region of the 

polypeptide while Lys600, the bicarbonate binding site, and Lys829 which is associated with 

the PEP and/or Mg2 ... domain lie in the C-terrninal region of the F. trinervia polypeptide. 

None of these two conserved lysine residue is obligatory for PEPC function but Arg 450 and 

Aig767 are essential for catalytic activity in the flaveria enzyme. 
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Chapter 1 

Literature Review 

1.1. Introduction 

Phosphoenolpyruvate carboxylase (PEPC. EC 4 . 1 . 1 .31) catalyses the irreversible 

carboxylation of PEP in the presence of bicarbonate to form OAA and Pi. The enzyme 

is ubiquitous in photosynthetic and non-photosynthetic tissues of higher plants, algae, 

bacteria and legume nodules (Andreo et al., 1 987; Deroche and Carrayol, 1 988). The 

enzyme is responsible for primary carboxylation of C02 in C4 and CAM plants 

(O'Leary, 1 982). In bacteria and C3 plants, PEPC carries out anaplerotic carbon 

fixation to replenish organic acids and other auxiliary functions. 

The biochemistry and physiological roles of PEPC have been reviewed earlier 

(O'Leary, 1982; Andreo et al., 1 987; Deroche and Carrayol, 1988; Jiao and Chollet, 

1 991; Lepiniec et al., 1994). The introduction of molecular biological techniques in 

the past few years has produced new advances in the research of the enzyme and the 

ppc gene. No attempt is made here to write a historical account of the enzyme. 

Instead, it summaries some of the recent fmdings, especially in the past 5-6 years, 

with em-phases on enzyme regulation, gene structure and expression, and protein 

engmeenng. 

1.2. Physiological Functions of PEPC 

1.2.1. C4 Plants 

The leaves of C4 plants consist of morphologically and functionally distinct 

mesophyll and bundle sheath cells. PEPC is located in the cytosol of mesophyll cells, 

and the product of PEP carboxylation, OAA, is rapidly converted to malate or 
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aspartate. C4 plants can be subdivided into 3 maJor groups according to their 

decarboxylation system (Hatch, 1987): (1) NADP-malic enzyme type, in which OAA 

is reduced by NADP malate dehydrogenase and the end product malate is translocated 

directly to the chloroplast in bundle sheath cells for decarboxylation by NADP-malic 

enzyme: (2) NAD-malic enzyme type, in which OAA is transaminated to fonn 

aspartate by aspartate aminotransferase. Aspartate enters the mitochondria of bundle 

sheath cells and is converted to malate which is decarboxylated by NAD malic 

enzyme: and (3) PEP carboxykinase type, in which malate is translocated directly to 

the mitochondria for decarboxylation by NAD malic enzyme. In all cases. the released 

C02 from malate or OAA decarboxylation enters the chloroplast in the bundle sheath 

cell and is refixed by rubisco. The C3 product of decarboxylation moves back to the 

mesophyll cell for the regeneration of PEP. A simplified scheme of C4 metabolism is 

presented in Fig. 1.1. 

MESOPHYLL CELL BUNDLE SHEATH CELL 

OAA _t:1 OAA _,/,__, ...... ,.� Malate-\�-:-___,_.., Mal ate 
A I .... 
I : NADPH NADP 

�-+m i 
ATP 

i I 
AMP 

PEP � PEP }.. / PYR �I 
\_CHLOROPLAST_/ 

l PYR 
'-CHLOROPLAST 

Fig. 1.1. Proposed pathway for C02 fixation in C4 species like ma1ze 

containing high . ADP malic enzyme activity in bundle sheath cells 

(Reproduced from Hatch, 1992). 



3 

The advantage of this C4 metabolism is to concentrate C02 in bundle sheath cells 

specifically for refixation via rubisco and the associated enzymes of the PCR cycle 

and to minimise photorespiration (Hatch, 1992). To understand the advantage of C4 

photosynthesis. it is necessary to discuss the unusual properties of rubisco, the 

enzyme which fixes C02 in C3 photosynthesis. In this reaction, the carboxylation of 

RuP2 by rubisco produces 2 molecules of 3-PGA which is subsequently metabolised 

in the Calvin cycle. Rubisco also catalyses the oxygenation of RuP2 in which 02 

reacts with RuP2 to give 3-PGA plus phosphoglycolic acid. Phosphoglycolate is 

metabolised via the photorespiratory pathway leading to the loss of l/4 of the carbon 

that passes through the pathway. This oxygenase reaction and associated metabolism 

has a very adverse effect on the efficiency of photosynthesis in C3 plants. Since C02 

and 02 are competitive in these reactions, the rate of oxygenation depends primarily 

on the ratio of C02 and 02. In air, the C02 to 02 ratio at the site of rubisco during 

maximal photosynthesis in leaves is about 0.025. At this level, the ratio of 

carboxylase to oxygenase activity is about 2.5 to 1. This gives a rate of C02 loss by 

photorespiration equivalent to 20% of the gross rate of photosynthetic C02 

assimilation. If atmospheric C02 level is increased by 10 fold, or if the ambient 02 is 

reduced to 2%, it would essentially eliminate the oxygenase reaction and reduce the 

rate of photorespiratory C02 loss to less than 2% of gross photosynthesis. Under these 

conditions, the quantum yield is markedly increased to similar level observed in c4 

plants (Hatch, 1992). 

1.2.2. CAM Plants 

Plants of desert and semi-arid habitats need to mm1m1se water loss by 

transpiration and many of these plants have evolved an unique pathway of 
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photosynthesis, Crassulacean Acid Metabolism (CAM) which enhances water use 

efficiency during photosynthesis. About thirty families and over I 0,000 angiosperms 

have been found to possess this metabolism (Ting, 1985). In these plants, stomata are 

closed during the day when evaporative and transpirational demands are high, and are 

opened during the night to absorb C02 which is fixed via PEPC into oxaloacetate and 

subsequently converted to a more stable product malate. Malate is stored as malic acid 

in the large vacuole, causing a massive increase in cellular acidity. During the 

subsequent light period, malate moves out of the vacuole and is decarboxylated to 

C02 and a C3 product, such as pyruvate. The released C02 is fixed by rubisco in the 

same manner as in C3 plants. Unlike C4 plants, the carboxylation and decarboxylation 

steps in CAM plant are temporally separated and require PEPC to be inactivated 

during the day to avoid futile carboxylation/decarboxylation cycles. 

1.2.3. Non-photosynthetic Tissues 

PEPC is also present in non-photosynthetic tissues and is involved in the 

regulation of stomatal movement, nitrogen assimilation and amino acid synthesis, 

replenishment of intermediates of the TCA cycle, NADPH generation and recapture 

of respired C02 (Andree et al., 1987). Only the first three functions will be discussed. 

1.2.3.1. Stomatal Movement 

C02 uptake into and water loss from the leaf are regulated by stomata which are 

formed by pairs of guard cells. The movement of the guard cells is caused by changes 

in osmotic potential in the cells and PEPC plays an important role in the regulation of 

stomatal opening/closure. 
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Stomatal opening in the light is believed to be caused by the influx of K+ into 

guard cells (Salisbury and Ross, 1992). This influx is in tum caused by H. efflux. 

resulting in the alkalisation of the cytoplasm. During stomatal opening. guard cells 

also typically experience a breakdown of starch to form PEP which is carboxylated to 

OAA by PEPC. The reduction of OAA to malate generates H+ in the cytoplasm to 

compensate for net proton extrusion and helps to maintain a relative stable pH in the 

guard cells (Tarczynski and Outlaw, 1990; 1993). In addition, the accumulation of 

malate in the guard cells will reduce the osmotic potential and cause an uptake of 

water from adjacent cells. 

It is conceivable that PEPC activity m guard cells might be regulated 

concomitantly with K+ influx in the light. PEPC of Vicia faba L. guard cells is 

phosphorylated in the light (Schnabl et a!., 1992), which increases its catalytic activity 

and decreases its sensitivity to malate inhibition. Apparently, the in vivo modulation 

of PEPC activity by light is dependent on K+ influx because no modulation was 

detected in its absence (Michalke and Schnabl, 1990). Light-induced cellular 

environmental changes may increase the enzyme activity by over 20 fold (Tarczynski 

and Outlaw, 1990). 

1.2.3.2. Amino Acid Synthesis in Legume Nodules 

Symbiotic fixation of N2 in legume root nodules is fuelled by carbon sources 

supplied by the host plant. When sucrose is translocated from a mature leaf source to 

root nodules, it is metabolised into glucose and fructose (Day and Copeland, 1991 ). 

These hexoses are not readily transported across the symbiosome membrane and 

therefore, are not directly available for bacteroid consumption. Instead, they first enter 

the glycolytic pathway in the host cytosol to form PEP. PEPC, which is present in 
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abundant amounts (generally 1 -2% of the total soluble protein in N2 fixing nodule and 

the activity being 20-100 fold higher than in the roots, Deroche and Carra yo I. 1 988) in 

the cytosol of the plant part of the nodules, converts the PEP derived from glycolysis 

in an anaplerotic C02 fixation to form OAA, and then to malate or other dicarboxylic 

acids. These dicarboxylic acids are transported across the symbiosome membrane to 

the enclosed bacteroids to serve as respiratory energy carbon or as carbon skeleton for 

NH4 + assimilation (Rosendahl et al., 1 990). In amide-transporting legumes, OAA in 

the bacteroids is converted to aspartate from which asparagine is synthesised by 

asparagine aminotransferase. Asparagine is translocated out of the bacteroids to other 

parts of  the plant to serve as nitrogen source. In ureide-transporting legumes. 

however, PEPC plays a less important role in providing carbon skeletons for the 

assimilation of fixed nitrogen into amino acids (Deroche and Carra yo I, 1 988). 

1.2.3.3. Intermediates in TCA Cycle 

TCA cycle intermediates are used for biosynthetic reactions such as the synthesis 

of glutamine and glutamate. Unless replenished, the export of these intermediates 

would deplete the TCA substrate pool. Thus a major function of PEPC in E. coli, C3 

plants and non-photosynthetic tissues of C4 and CAM plants, is to supply C4 acids to 

the TCA cycle for these biosynthetic reactions (Melzer and O'Leary, 1 987: Schuller et 

al., 1 990a). OAA, the first product of PEPC, can be supplied directly to the TCA cycle 

or transaminated to form aspartate. The importance of PEPC in such anaplerotic 

function is demonstrated by ppc- E. coli mutants which fail to grow in a synthetic 

medium containing a single sugar as the carbon source but without glutamate or 

aspartate compared to wild-type cells which grow well in this medium (Terada et a/.. 

1 991 ). 



1.3. Enzyme Kinetics 

The reaction catalysed by PEPC is highly exergonic and the reverse reaction has 

not been measured. The mechanism of the reaction appears to occur in three steps 

(Fig. 1.2). Substrates and Mg2 ... bind in the preferred order metal. PEP and HC03·. The 

first chemical step is phosphate transfer to form carboxyphosphate and the enolate 

form of pyruvate. The second is the decomposition of carboxyphosphate to fonn 

enzyme-bound C02 and Pi· This step brings C02 within bonding distance of carbon-3 

of the enolate. These first two steps are reversible and generally rate-limiting. In the 

final chemical step of the overall reaction, C02 combines irreversibly with the metal-

stabilized enolate, and Pi and OAA are released (Chollet er a/ .. 1996). A conserved 

histidine residue (His138 in E. coli) of PEPC is essential for the carboxylation of the 

enolate (Terada and lzui. 1991 ). 

HC03- + ·o P-O 3 
I 

CH2=C-C02-

PEP Carboxy-P 

HPO; + C02 + 

1 
0 
II 

HPO�· + C02 + CH3-C-C02-

PYR 

+ o-
' 

CH2=C-C02- � 
Enolate 

Fig. 1.2. Mechanism of carboxylation and hydrolysis of PEP by PEPC 

(Reproduced from Chollet er a/ .. 1996) 
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Maize PEPC is able to hydrolyse PEP in the presence of bicarbonate into pyruvate 

and phosphate (Ausenhus and O'Leary, 1 992; Fig. 1 .2). Formate at high concentration 

(1'.'" = 25 mM) can serve as an alternate substrate for bicarbonate with the products of 

formyl phosphate and pyruvate (Jane et a/., 1992). The rates of hydrolysis and 

utilisation of formate as substrate are only 5 % and I %  respectively of carboxylation at 

pH 8.0. 

1.3.1. PEP 

Cooperativity in the binding of PEP to PEPC is sometimes observed. The maize 

enzyme shows hyperbolic kinetics at pH 8.0 in the presence of Mg2+ and has a Km 

Yalue of about I mM (O' Leary et a/.. 1 98 1  ). At pH 7.0. however. the kinetics are 

sigmoidal and the K'" Yalue is several fold higher than at pH 8.0. (Uedan and 

Sugiyama. 1 976: Hayakawa et a/. . 1 9 8 1  ). In a careful study of the enzyme from 

spinach. hyperbolic kinetics was found with respect of PEP. but the Km varied with 

metal cation concentration ( Miziorko et a/ . .  1 974). Hyperbolic kinetics have also been 

reponed from enzymes from B. fedtschenkoi. a CAM plant (Jones et al.. 1 978) and 

sugarcane ( Goatly and Smith. 1 974). Sigmoidal kinetics has been reported from 

enzyme from C4 Atriplex species ( Ting and Osmond, 1 973). Activators may transform 

sigmoidal to hyperbolic kinetics in the maize enzyme (Uedan and Sugiyama, 1976; 

Gao and Woo, I 996 ). 

1.3.2. Bicarbonate 

Kinetic studies of bicarbonate of PEPC require careful removal of C02 from the 

assay buffer before the addition of known concentrations of HC03 •. Reported Km 

values for the enzyme from maize are 20 �M at pH 7 (Uedan and Sugiyama, 1 976), 
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100 ).lM at pH 8 and 160 ).lM at pH 9.5 (O'Leary, 1 982). and in Arriplex the K, was 

about 20 ).lM at pH 7.8 (Ting and Osmond, 1973). The K'" value seems to increase 

� 

with increasing pH, perhaps because of conversion of HC03• to C03 •· which can not 

be used by the enzyme ( 0' Leary, 19 82). 

1.3.3. Meta/Ions 

PEPC has an absolute requirement for divalent metal ions for activity. with Mg2-

being the probable physiological choice. Ordinary hyperbolic kinetics (i .e .  a linear plot 

of 1/v vs I /Mg2+), which indicate no cooperativity in metal binding. have been 

obtained for the enzyme from maize and C4 Atriplex species at pH 8 (Uedan and 

Sugiyama, 1976; Ting and Osmond, 1973). Reported K'" values for Mg2 .. 
vary from 

about 0.1 mM to above 1 mM. For the spinach enzyme, K'" for Mg2 .. 
depends on the 

concentration of PEP, being 0.67 mM and 0.08 mM when extrapolated to zero and 

infinite PEP concentrations respectively (Miziorko et a/., 1974). 

Miziorko et a/. ( 1974) suggested that an enzyme-metal-PEP bridge complex is 

formed at the active site of the enzyme. However, kinetic studies indicate that the 

active substrate is the free form of PEP rather than the PEP-metal complex (See 

Andree et a/., 1987). Chemical modification studies wi th the maize enzyme indicate 

that Mg2+ 
is not essential for the binding of PEP to the enzyme (Iglesias et a/ . .  1984 ). 

Site-directed mutagenesis of specific sites on the enzyme increased the K'" (PEP) by 20 

fold but K'" (Mg2+
) by 2-3 fold at pH 8.5 (Terada et a/., 1991 ). All these results suggest 

that free PEP is the substrate. Indeed, Mg2+ 
and PEP can bind separately to the maize 

enzyme (Wu and Wedding. 1994), and Mg2+ 
increases the affinitv for PEP. 

presumably by inducing conformational changes in the protein. 
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Other metals may also be used by the enzyme (O'Leary. 1 982: Nguyen er a/.. 

1988). Mn2+ has a lower K, than Mg2+ but high concentrations are inhibitory. The 

V max under saturation conditions is the same for Mg2- and Mn2-. Co2 .. gi,·es about half 

th 
. . b d . h M 2+ Z 2+ F 2- d Cd2.. h 1· h 

. . e actiVIty o serve Wit g . n , e an may ave s Ig t activity. 

1.4. Regulation of PEPC Activity 

Based on physiological and biochemical considerations, the activity of PEPC 

must be regulated in the light/dark conditions in C4 and CAM plants in orde1 to ( I )  co-

ordinate C4 and C3 carbon metabolism in response to changes in light intensity in C4 

plants (Hatch, 1 987); (2) avoid futile carboxylating /decarboxylating cycles during the 

day in CAM plants (Osmond and Holtum, 1981)  and (3) to minimise uncontrolled 

utilisation of PEP during the dark in C4 plants. A number of factors can regulate the 

activity of the enzyme under in vivo or in vitro conditions. 

1.4.1. Light 

The initial interest in light modulation of PEPC activity stems from the work 

using CAM plants. PEPC freshly extracted from dark-adapted leaves has a lower K, 

(PEP) and higher K; (malate) than that from light-adapted tissue in Bryophyllum 

fedtschenkoi and Crassula argentea (Nimmo et a!., 1984; Wu and Wedding. 1985). 

The changes in PEPC properties lead to higher enzymatic activities at night (Winter. 

1 980). 

Early studies of C4 PEPC indicate a 1-2 fold activity increase after illumination in 

Sa/sola soda (Karabourniotis et a!., 1983;  1 985). This light activation is distinct from 

light induction of PEPC in etiolated plants, as no de novo protein synthesis is involved 

(Huber et al., 1 986). The increase in activity upon illumination is due to a decrease in 
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Km (PEP) while the V max is not affected (Doncaster and Leegood, 1987). Light also 

induces a substantial decrease in malate inhibition of the maize enzyme (Huber and 

Sugiyama, 1 986; Huber et al. , 1986). These effects have since been confirmed in the 

enzyme from maize (Nimmo et a!., 1 987; Jiao and Chollet, 1988) and sorghum (Arrio

dupont et a!.. 1 992). It is now well established that light induces a 2-3 fold increase in 

the activity and 2-3 fold decrease in malate sensitivity of the enzyme from a variety of 

C4 plants when assayed at suboptimal but physiological conditions. As malate 

concentration in photosynthetic cells of C4 plants can be high, these changes could 

lead to 1 0-20 fold increase in enzymatic capacity in vivo (Huber and Sugiyama, 1 986). 

Light activation can be reversed in the dark. Both light activation and dark 

deactivation are relatively slow processes each requiring about 60 min for completion 

(Karabourniotis et al., 1983; Jiao and Chollet, 1988). Light activation of C4 PEPC is 

light-intensity dependent but saturates at high light (Karabourniotis et a!., 1 983). It 

also requires protein synthesis, photosynthetic electron transport and carbon flow 

because the use of protein synthesis inhibitors such as cycloheximide (Jiao et a!., 

1 99 1 a; Pierre et al., 1 992), PSI, PSII or Calvin Cycle inhibitors (Karabourniotis et al., 

1 983;  McNaughton et a!., 1 99 1 ;  Jiao and Chollet, 1 992) abolish light activation and 

the associated changes in malate sensitivity. Karabourniotis et al. ( 1 983) observed that 

stomata had to remain open for light activation, which is consistent with above results 

that light activation requires photosynthesis. 

The increase in PEPC activity during greening of etiolated maize follows the 

synthesis and accumulation of both mRNA and protein (Hague and Sims, 1980; Sims 

and Hague, 1981 ). In  sorghum, the light induced isoform is different to the one present 

in etiolated plants (Vidal and Gada!, 1 983). 



1.4.2. Protein Phosphorylation 

1.4.2.1. CAM-PEPC 

12 

Two distinct but interconvertible forms of the CAM enzyme with different 

activity and malate sensitivity have been observed during diurnal changes (Winter, 

1980; Wu and Wedding. 1 985; 1 987a). These differences have been attributed to 

reversible protein phosphorylation. CAM PEPC is phosphorylated in vivo at night 

when the enzyme is relatively malate insensitive and dephosphorylated during the day 

when the enzyme is highly malate sensitive (Nimmo et al., 1 984). This observation 

has been confirmed in other species by in vitro and in vivo phosphorylation of PEPC 

with endogenous protein kinase (Kluge et a!., 1 988; Weigend, 1994). Furthermore, 

dephosphorylation of the malate insensitive night-form with endogenous and 

exogenous phosphatases is correlated with a marked increase in malate sensitivity 

(Nimmo er a!.. 1 986: Carter et al.. 1990). Clearly, the conversion of the day to night

form is correlated with phosphorylation status of the enzyme and the two forms can be 

separated by anion-exchange chromatography (Weigend, 1 994). 

1 . 4.2.2. CrPEPC 

Two interconvertible forms of maize PEPC at day and night were proposed by 

Huber et a!. ( I  986) who noticed slight differences in elution profile during gel 

filtration. Budde and Chollet ( 1986) first demonstrated in vitro phosphorylation of the 

maize enzyme. In vivo 
32Pi labelling showed that the enzyme from tissue in the dark 

contained the least 32Pi and the enzyme from illuminated leaf contained the most 
32Pi 

label (Nimmo et al., 1987; Jiao and Chollet, 1988). The phosphorylated form 

corresponds to the malate-insensitive light enzyme while the dephosphorylated form is 

the malate-sensitive dark enzyme. 
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Dephosphorylation of PEPC from light-adapted leaves v.ith alkaline phosphatase 

decreases the activity and increases malate sensitivity to essentially the same lew! 

observed in the dark enzyme in maize and sorghum (Jiao and Chollet. I 988: Arrio

Dupont et a!., 1992). Conversely, phosphorylation of purified maize PEPC stimulates 

activity of the dark and light enzyme by 1 20% and 40% respectively and decreases 

malate sensitivity, suggesting that the light enzyme was not fully phosphorylated (Jiao 

and Chollet, 1 989). These findings have been confirmed in maize and sorghum with 

different protein kinases (Nimmo, 1990; Terada et a/., 1 990; Vidal et a/., I 990: Arrio

Dupont et al., 1992). Moreover, the changes in the enzymatic properties of dark 

enzyme induced by in vitro phosphorylation are quantitatively similar to those induced 

by light in vivo (Jiao and Chollet, 1988; Arrio-Dupont et a/., 1 992). If phosphorylation 

is inhibited by the protein synthesis inhibitor cycloheximide, a marked decrease in 

photosynthetic capacity is detected in c4 (sorghum) but not in c3 (wheat) leaves 

(Bakrim et a!., 1993). Cloned sorghum PEPC in E. coli can be phosphorylated v.;th 

similar effect on malate inhibition as the enzyme purified from plant materials (Cretin 

et a!., 1 99 1  a). These extensive in vivo and in vitro phosphorylation and 

dephosphorylation studies of PEPC establish that the changes in PEPC activity and 

sensitivity to malate in light/dark transition are mediated through the reversible 

phosphorylation of the enzyme. 

The enzyme which catalyses the phosphorylation of PEPC in vivo is a light

activated protein kinase (Echevarria et a!., 1990; McNaughton et a!.. 1 99 1  ) . The signal 

transduction pathway for the light activation of PEPC-kinase is a focus of current 

research. It seems that the light-induced C4 transduction cascade is initiated in the 

illuminated chloroplast by photosynthesis and probably involves some signal from the 

light-activated Calvin cycle in the neighboring bundle sheath. possibly 3-PGA (Jiao 
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and Chollet, 1992). In addition, there is evidence for the involvement of  increases in 

mesophyll-cytosol pH and [Ca
2+] (Duff et al., 1 996; Giglioli-Guivarch'h et a/., 1 996) 

as well as cytosolic protein synthesis event as demonstrated by mesophyll and bundle 

sheath-directed photosynthesis inhibitors and cycloheximide (Bakrim et al., 1992; Jiao 

and Chollet, 1992; Pierre et a!., 1992). PEPC-kinase has been partially purified from a 

number of species (Nimmo, 1990; Bakrim et al., 1992; Li and Chollet, 1 993; Wang 

and Chollet, 1 993b). The maize PEPC-kinase is a 30 kd monomer, is Ca2+ 

independent, has a pH optimum of 8 and is capable of phosphorylating tobacco PEPC 

(Li and Chollet. 1993; Wang and Chollet, 1 993a, b). 

1.4.2.3. Phosphorylation Site 

Phosphorylation of maize and sorghum PEPC involves a serine residue located in 

a motif Lys/Arg-X-X-Ser near the N-terrninus (Budde and Chollet, 1986; Guidici

Orticoni er a!., 1 988; Jiao and Chollet, 1988, 1990; Terada et a!., 1 990; Jiao et a!., 

1991 b). This motif can be recognised by protein serine kinases (Creighton, 1 993), and 

is conserved in most plant PEPCs suggesting that other PEPCs can also be 

phosphorylated (Lepiniec et a!., 1993; Toh et al., 1994). The phosphorylation ofPEPC 

has been confirmed in vitro for tobacco (Wang and Chollet, 1993a), wheat (Duff and 

Chollet, 1 995), soybean nodules (Schuller and Werner, 1993; Zhang et al., 1995) and 

guard cells of Vicia faba (Schnabl et al., 1992). Phosphorylation of these PEPC 

isoforms has the same effect on malate sensitivity and enzyme activity as observed for 

CAM and monocot C4 enzymes. However, it is not known whether these proteins are 

phosphorylated in vivo and the exact site of phosphorylation has not been confirmed. 

Surprisingly, there has been no report on the phosphorylation of dicot C4 PEPC. 
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1.4.3. Oligomerization 

PEPC usually exists as a homotetramer. However, under some conditions it may 

dissociate into dimers or even monomers. Wu and Wedding ( 1985: 1987a) found that 

CAM PEPC purified from day- and night-adapted Crassula argentea leaves exists as 

kinetically distinct but interconvertible oligomers. The day-form is mainly a malate

sensitive dimer and the night-form a malate-insensitive tetramer. pH, PEP. Mg2• 
and 

malate affect the interconversion in vitro. The diurnal fluctuations in pH and malate 

concentration in the leaves suggest that the interconversion between dimer and 

tetramer of PEPC might contribute to the regulation of PEPC activity in CAM plants. 

Oligomerization status of maize PEPC is greatly affected by pH but without any 

consistent pattern (Podesta and Andreo, 1989; Wu et a/., 1990). Dilution of the 

enzyme, the presence of malate (Wu et a/., 1990, Willeford et a/.. 1990; Willeford and 

Wedding, 1992; Wedding et a/., 1994), high ionic strength of 200-400 mM NaCl 

(Wagner et a!., 1987) and modification of histidyl residues (Walker et a/., 1986) drive 

the equilibrium towards dimer or even monomer formation. In contrast, glycerol 

(Podesta and Andreo, 1989; Wedding et al., 1994), PEP and Mg2+ (Jawali, 1990, 

Willeford et al., 1990) and G6P (Willeford and Wedding. 1 992, Wedding et al . .  1994) 

favour the formation of tetramers. 

The role of tetramer/dimer interconversion as a regulatory mechanism in vivo has 

been questioned (Jiao and Chollet, 1991; Lepiniec et a/., 1994) for the following 

reasons: ( 1 )  conditions used to induce the dissociation, i.e. high salt and chemical 

modification are non-physiological and the concentrations of PEPC used (0.0 1-0.5 

mg/mL) are orders of magnitude below the estimated PEPC concentration in vivo ( -15 

mglmL). At higher concentrations (0.5-1 mg/mL) or in the presence of glycerol, the in 

vitro dissociation of tetramer to dimer is diminished (Podesta and Andreo, 1989): (2) 
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both the light and dark maize enzymes are tetramers under normal conditions (Huber 

et al., 1986; Nimmo et al., 1986; McNaughton et al., 1989; Albertson and Woo, 

unpublished data); (3) there is no evidence to show that this interconversion could 

induce the necessary kinetic and regulatory changes in vivo and in vitro, although it 

has been suggested the tetramer is more active than the dimer at suboptimal PEP 

concentrations (Willeford et al., 1 990) and the inhibitory effect of NaCl IS a 

consequence of enzyme dissociation (Wagner er al., 1987); and (4) cleavage of the N

terminal region of PEPC by proteases has been observed (McNaughton et al., 1989, 

Arrio-Dupont et a!., 1992; Ausenhus and O'Leary, 1992; Baur et a!., 1992). This 

truncated protein does not contain the phosphorylation motif and has similar properties 

to the dephosphorylated enzyme. The simultaneous loss of both the N-terminal region 

and malate sensitivity of PEPC challenges the significance of oligomeric status of 

PEPC regulation (Weigend and Hincha, 1 992). 

1.4.4. Activators 

PEPC is subjected to regulation by a large number of metabolites including those 

whose levels increase during photosynthesis in mesophyll cells. These metabolites fall  

into two groups: activators such as G6P and amino acids (glycine and alanine) and 

inhibitors such as malate and aspartate. Phosphorylated sugars and amino acids are 

present in the mesophyll cells of C4 plants at millimolar range while the concentration 

of malate can exceed 3 5  mM during photosynthesis in maize (Leegood, 1985;  Stitt and 

Heldt, 1985). Such a high malate concentration poses a question of how PEPC 

maintains adequate activity during photosynthesis in C4 and CAM plants. 

G6P strongly activates the enzyme from monocot C4 plants (Doncaster and 

Leegood, 1987; Bandarian et al., 1992) by lowering the Km (PEP) and slightly 
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increasing the Y max (Uedan and Sugiyama, 1976). PEPC of C3 plants (Ting and 

Osmond, 1973, Wedding et a!., I 989), guard cells (Sipes and Ting, 1 989) and nodules 

(Schuller et a!., I 990b; Woo and Xu, I 996) show a lesser response. I n  maize. 

activation is saturated at 5- l  0 mM G6P and greatly depends on assay conditions such 

as pH and PEP concentration (Ting and Osmond, 1 973) but seems not to be influenced 

by the phosphorylation status of the enzyme (Terada et a/., I 990). In general. higher 

activation is observed at suboptimal assay conditions e.g. low pH and low PEP (Gao 

and Woo, 1 996). Studies with G6P analogues revealed that the position of the 

phosphate group and the ring heteroatom are important for the activation (Bandarian et 

a!., 1 992). Other phosphorylated sugars, such as DHAP, fructose- I ,6-bisphosphate and 

fructose-6-phosphate, also activate maize PEPC (Doncaster and Leegood, 1 987; Gao 

and Woo, 1 996). In contrast, PEPC from E. coli is activated by different activators. 

such as acetyl CoA, fructose-! ,6-bisphosphate, guanosine 3'-bisphosphate and long 

chain fatty acids (Terada et a!., 1991). 

Many amino acids activate PEPC activity m monocot C4 but not dicot C4 

(Nishikido and Takanashi, 1 973; Uedan and Sugiyama, 1 976; Doncaster and Leegood. 

1 987) or soybean nodule enzyme (Schuller et a/., I 990b; Woo and Xu. I 996). This 

observation is consistent with data showing that monocot C4 PEPC evolved separately 

from those of other species (Lepiniec et a!., 1 993; 1 994). The magnitude of activation 

by aliphatic amino acids is inversely related to the size of their side chain (Gao and 

Woo, 1 996), suggesting that these amino acids have a common binding site on the 

PEPC protein. On the other hand, the binding sites for glycine and G6P are probably 

spatially separated because of their structural differences and their synergistic effect on 

reducing Km (PEP) (Bandarian et a!., 1 992). 
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These phosphorylated sugars and glycine may also protect the enzyme from 

malate inhibition. The synergistic interaction between metabolites and protein 

phosphorylation increases the K, (malate) by 50 fold to over I 0 mM indicating that 

PEPC could be adequately protected against malate inhibition during photosynthesis 

(Gao and Woo, 1996). 

Organic cosolutes, such as glycerol, increase protein concentration in a solution 

by volume exclusion (Gekko and Timasheff, 1982). Apart from stabilising the enzyme 

during extraction and purification (Hatch and Oliver, 1 978; Karaboumiotis et a/.. 

1 983), glycerol also activates the enzyme by mainly decreasing the Km (PE P) (Uedan 

and Sugiyama, 1 976; Stamatakis et a!., 1 988; 1 990) but it is unclear if the activation is 

a result of enzyme tetramerization induced by glycerol (Podesta and Andree, 1 989). 

1.4.5. Inhibitors 

High concentration of malate is present in the mesophyll cells of C4 plants 

(Leegood, 1985; Stilt and Heldt, 1 985) and its inhibition of PEPC has been studied 

extensively because of its physiological importance. The inhibition appears to be 

competitive at pH 7 . 0  and noncompetitive at pH 8 (Gonzalez et a!., 1 984). The K, 

values observed vary from �0.5 mM (Nimmo et a!. , 1 987; Jiao and Chollet. 1 988; 

1 992; Gao and Woo, 1 996) to several millimolar (Huber and Sugiyama. 1 986; 

Doncaster and Leegood, 1 987; Podesta and Andree, 1 989). This variation may. in part. 

reflect the different assay conditions employed, as pH, PE P and Mg
2-

concentration 

affect malate inhibition (Huber and E dwards; 1 975). In general, the inhibition is more 

2+ 
severe at low pH, low PE P and Mg levels. 

The dicarboxylic amino acids, glutamic acid and aspartic acid. are structurally 

similar to malate and hence inhibitory. Surprisingly, other closely related amino acids. 
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i.e. lysine and arginine, cysteine and methionine, may have opposite effect on enzyme 

activity (Doncaster and Leegood, 1 987; Gao and Woo, 1996). 

Inorganic phosphate is an inhibitor (Ting and Osmond, 1973: Doncaster and 

Leegood, 1987; Podesta and Andree, 1989). NaCl is a competitive inhibitor to PEP in 

the diluted halophyte C4 (Sa/sola Soda L.) enzyme but not inhibitory at high 

(physiological) protein concentrations (Manetas, 1990). The K, for NaCl of the maize 

enzyme is -100 mM (Podesta and Andree, I 989). The inhibitory effect of NaCl has 

been attributed to tetrameric dissociation (Wagner et a!., I 987; Manetas, 1990). 

1.4.6. pH 

Most studies carried out at a single concentration of PEP indicate an increased 

activity with increasing pH with an optimum around pH 8 (Huber and Edwards. 1975: 

Jiao and Chollet, 1988). When extrapolated to infinite PEP concentrations, V max for the 

maize enzyme is independent of pH over the range 7- I 0 (O'Leary et a!., 1981 ), but 

V max almost doubled from pH 7 to pH 8 in the soybean nodule enzyme (Schuller et a!.. 

1990b). PEPC from B. fedtschenkoi shows a broad pH optimum, extending from 5.5-9 

(Jones et al., 1978). 

pH influences malate inhibition of PEPC. Inhibition is competitive at pH 7 but 

noncompetitive at pH 8 (Gonzalez et al., 1984). At lower pH, the enzyme is more 

sensitive to malate inhibition (Echevarria et a/., 1994; Gonzalez et a/., 1984) and the 

activation of PEPC by light or phosphorylation is more pronounced (Karabourniotis et 

a!., 1 985; Jiao and Chollet, 1 988; Echevarria et a!., 1994). The PEP response curve 

often changes from sigmoidal at pH 7 to hyperbolic at pH 8. 

Regulation by pH becomes quite important in view of the reports of cytosolic 

alkalisation upon illumination in mesophyll cells of C4 plants (Raghavendra et a/., 
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1993; Yin et a!., 1993). An increasing cytosolic pH during photosynthesis would 

potentially increase PEPC activity and decrease malate inhibition. and enhance protein 

phosphorylation since PEPC-kinase has pH optimum of 8 (Wang and CholleL 1 99Jb). 

However, the physiological role of the alkalisation needs to be carefully examined 

since activators (glycine and G6P) can extend the pH optimum (Gao and Woo. 1 996: 

Woo and Xu, 1 996). 

1.4. 7. Nitrogen Status 

High nitrogen level increases the content of PEPC protein and therefore the 

activity in maize (Sugiyama et a!., 1984; Sugiharto et a/., 1 990). The increase in PEPC 

level would co-ordinate a high carbon assimilation for active grow1.h under high 

nitrogen supplies. Recently, it is found that nitrogen induces ppc gene expression in 

isolated nuclei of maize leaves which have been nitrogen starved (Suzuki et a!., 1994 ). 

Nitrogen levels also regulate PEPC activity through protein phosphorylation (Van 

Quay et a!., 1991;  Van Quay and Champigny, 1 992). When N-depleted wheat leaves 

are placed in N-free or high N solutions in the light, PEPC activity in the former 

increases to a much lesser extent and is more sensitive to malate inhibition than in the 

latter. 32P labelling and phosphatase inhibition studies suggest that nitrogen enhances 

PEPC phosphorylation by activating PEPC-kinase rather than inhibiting protein 

phosphatase (Van Quay and Champigny, 1 992). 

1.4.8. Temperature and Water Stress 

PEPC activity is sensitive to temperature. PEPC from Amaranthus panicuualus 

(C4) shows high activity only above 25°C (Selinioti er a/ . .  1986). K'" (PEP) and malate 

inhibition of C4 PEPC decrease as temperature increases (Wu and Wedding. 1 987b). 
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This should favour photoactivation of the C4 enzyme since dark/light transition IS 

accompanied by a considerable rise in leaf temperature. Howe...-er. short exposure to 

high temperature (4h at 50°C) significantly decreases PEPC activity. presumably 

because of protein breakdown (Ghosh et a!.. 1989). Low temperature ( 0-4 °C) has been 

reported to induce a reversible PEPC inactivation in maize ( Klecz.kov;ski and 

Edwards, 1 99 1 )  and Panicum maximum but not in P. meliaceum (Krall and Edwards. 

1993). This inactivation may be due to tetrarneric dissociation and therefore. is not 

observed at high protein concentration (Walker et a!., 1986; Starnatakis et a/ . . 1988: 

Willeford et al., 1 990; Klecz.kowski and Edwards. 1991 ). 

Temperature affects the CAM enzyme differently from the C4 enzyme. \Vhile the 

V max of C. argentea enzyme increases with increasing temperature. higher temperature 

increases Km (PEP) and malate inhibition (Wu and Wedding, 1987b) thereby offsetting 

the increase in V max at higher temperature. Moreover, in the presence of G6P. the K, 

(PEP) is not affected over a broad range of temperatures (Chardot and Wedding. 

1 992a). It seems that the only way temperature could regulate CAM PEPC is to 

decrease malate inhibition at night when high activity is required. 

Water stress decreases PEPC activity in some plants. In soybean, the decrease in 

PEPC activity is accompanied by a decline in PEPC protein when leaf water content 

decreases and stomata are closed (Majumdar et a!., 1 991 ). PEPC activity of alfalfa 

nodule also decreases when water potential drops to about -2.0 MPa but interestingly. 

resumes when the water potential further decreases to -3.0 MPa ( lrigoyen et a/. . 1 992). 

In facultative CAM plants, such as M. crystal/inurn and Sedum relephium. water stress 

or salinity induces a marked increase in PEPC activity. which is accompanied by a 

shift from C3 to CAM mode (Ostrem er a/., 1987; Hofner et a!.. 1 98 7 ;  .\1ichalowski er 
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a/.. 1 989: Pilon-Smits et a/., 1 990; Groenhof et al., 1990; Schmitt, 1990; Piepenbrock 

and Schmitt. 1991) 

1.5. Molecular Biology of PEPC 

1.5.1. Structure ofppc Gene 

The molecular biology of ppc gene has been studied extensively in C4 (maize, 

sorghum and F. trinen·ia). C3 (tobacco, soybean and F. pringfii) and facultative CAM 

species (M. crystallium). C3 and C4 PEPC have similar structures (Matsuoka and Hata, 

198 7) but their expression is quite different (Schaffner and Sheen, 1992). 

Three to four families of nuclear genes encode for different forms of PEPC, which 

are characteristic of each tissue/organ: C�-specific leaf form. root. stem and etiolated 

leaf or C � form (Hudspeth et a/ .. 1986: Hudspeth and Grula. 1 989: Cretin et a/., 1 990; 

1991 b: Hermans and Westhoff. 1 990: Poetsch et a/ .. 1 99 1 :  Schaffner and Sheen, 1992; 

Lepiniec et a/.. 1 993). The genes for different PEPC isoforms are dispersed on 

separate chromosomes in maize: C�-form on the ninth chromosome, Crform on the 

seventh chromosome and root-form on the fifth or fourth chromosome (Izui et al., 

1 992). The leaf specific C4-PEPC isoform is encoded by a single gene in sorghum 

(Cretin et a/.. 1 99 1  b; Lepiniec et al . .  1 99 1 )  and maize (Hudspeth and Grula, 1 989) but 

by a multiple gene family in F. trinervia (Hermans and Westhoff. 1 990; Poetsch et a/., 

1 991 ). 

All members of the C4 ppc gene family contain typical components of a gene: 

exons/introns, open reading frame. 3'-untranslated region. 3'-polyadenylated sequence, 

5'-regulatory sequence. For example, the ppc gene in maize is 5.3 kb long with 1 0  

exons and 9 introns (Matsuoka and Hata, 1 987; Hudspeth and Grula, 1 989). The ppc 

gene in F. trinervia contains an open reading frame of 2898 bp, 50 nucleotides of 5'-
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non-translated sequence, a 222 bp 3'-non-coding region (Paetsch et a/.. 1991 ). The 

initiation codon (ATG) is located in a sequence context. meeting the requirement of an 

eucaryotic translational initiation site of plants. 

Short repetitive 5'-flanking sequences are characteristic of light-regulated genes 

e.g. the small subunit of rubisco. The ppc gene in maize contains several such 

sequences (Hudspeth et a/., 1 986; Hudspeth and Grula, 1 989; Schaffner and Sheen. 

1992) which interact with nuclear factors during transcription (Yanagisawa and Izui. 

1 992). However, the typical TATA or CAAT boxes are not found in the 5'-flan.k.ing 

sequence of the maize or sorghum gene. Instead, a slightly modified T A TTT sequence 

is located at position -24 to -28. The short repetitive sequences and this T A TIT motif 

are absent in the promoter region of C3 N. sylvestris ppc gene (Koizurni et a/.. 1992). 

1.5.2. Regulation of Gene Expression 

The distinguishing feature of C4 PEPC is at the level of gene expression rather 

than in the primary structure (Lepiniec et a/., 1993). Expression of the gene is under 

strict control and depends not only on the organ/cell and developmental stage, but also 

upon i llumination. In monocots, the C4-form PEPC is only actively transcribed in 

mesophyll cells (Ngemprasirtsiri et a/., 1 989; Sheen and Bogorad, 1 987). The 

differential expression has been attributed to ( 1 )  DNA methylation. (2) the presence of 

distinct promoters and (3) specialised nuclear factors. 

Gene expression in maize may be related to methylation/demethylation of specific 

sites. Specific sites in or near PEPC gene are methylated in bundle sheath cells but 

unrnethylated in mesophyll cells where the gene is expressed (Ngemprasirtsiri et al.. 

1 989). One such methylated site is positioned more than 3 kb from the start of 

transcription. Demethylation of this site induces cell specific accumulation of PEPC 
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mRNA (Langdale et a/., 1991 ). It is proposed that methylation of specific sites 

prevents the binding of nuclear activator proteins to the DNA thus abolishing 

transcription initiation (lguchi-Ariga and Schaffner, 1989). 

The structures of promoters are important in PEPC expression. Conserved 

sequences (e.g. CCCTCNCCACATCC) present in other light-regulated photosynthetic 

genes are found in C4-type PEPC gene from maize (Hudspeth and Grula. 1989). The 

TA TA box-like motif T ATTT and its immediate preceding sequence are crucial for 

promoter activity. Mutation of the motif would almost completely abolish promoter 

activity while mutation of the preceding sequence significantly decreases the activity 

(Schaffner and Sheen, 1992). A few repetitive sequences are also present in the 5'

region of maize PEPC. These repetitive sequences and the TA TIT motif are absent in 

the promoter region of C3 ppc gene (Schaffner and Sheen, 1992; Koizumi et al .. 1992). 

It is believed that the promoter region is added to the existing C3 type 5'-flanking end 

during C4 evolution. In C4 F trinervia the 5'-upstream region of the gene contains 

regulatory cis-elements that are responsible for the C4 specific, abundant expression of 

the gene (Stockhaus et al., 1 994). 

Several types of DNA-binding proteins have been identified in the nuclear 

extracts of maize leaves but not in roots or stems. These proteins react with the 

specific repetitive sequences of the promoter to enhance its activity (Kano-Murakami 

et a!., 1991; Kano-Murakami and Matsuoka, 1992; Yanagisawa and Izui, 1992). 

1.5.3. Structure of PEPC 

PEPC cDNNgene have been isolated from a number of monocot C4, dicot C4, C3, 

CAM and some procaryotic organisms (see references in Lepiniec et a/.. 1993, Toh er 

al., 1994). The deduced PEPC polypeptides are large and contain 880-970 amino acid 



residues. The calculated molecular weight for the polypeptide is around I 00 kd. The 

sequence homology of PEPC between three (4 (maize. sorghum and F mnen·w) and 

a CAM (M crystallium) species ranges from 60-90° o (Hudspeth and Grula. 198<>. 

Cushman et a/., 1989; Hermans and Westhoff. 1 990: Cretin er a/ . 1991 b). and the 

homology between maize PEPC and procaryotes (£. coli and Anacysr1s mdulan..'i) \\·as 

40-50% (lshijima eta!., 1985). 

Polypeptide alignment of maize, £. coli and A. nidu/ans PEPCs indicates that the 

N-terminal half is very variable while the C-terminal half is more conserYed ( lzui er 

a/., 1986). This information has led to the suggestion that the S-half is invoh·ed in 

regulatory functions but the C-half is important for catalytic actiYity. Howe\·er. as 

more sequences became available, amino acid variations were found to be distributed 

relatively evenly along the entire polypeptide ( Hermans and Westhoff. 1 99� ). 

Nevertheless, the loss of 22 amino acid residues of the N-terminal does not affect 

catalytic activity of maize enzyme (Ausenhus and O'Leary. 1 99:2 ). In  contrast. the 

removal of some 20 amino acids of the C-terminal end produces an inactive enzyme 

(Izui et a/., 1986). The 22 amino acids at the C-terminal end of plant PEPCs are \\·ell 

conserved but in procaryotes they are very variable (Lepiniec er a/ .. 1993 ). 

The native enzyme is a tetramer consisting of four identical subunits ( Uedan and 

Sugiyama, 1976). The spatial arrangement of the 4 subunits has been determined by 

measuring the rotational diffusion o f  the maize leaf enzyme labelled with eosin 

isothiocyanate (Andreo et a/., 1986). The hydrodynamic structure of the enzyme could 

be described as a tetrahedral arrangement in the absence or presence of all substrates. 

Bicarbonate. Mg2+ or PEP and Mgh could change the conformation into a distorted 

centred triangle arrangement which could represent conformational changes during 
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catalysis. Under specific conditions as discussed in Section 1 .4.3, the enzyme may 

dissociate into different oligomeric forms. 

1.5.4. Functional Sites of PEPC 

Maize PEPC is strongly activated by glycine and phosphorylated sugars and 

inhibited by malate. The binding sites/regions for these effectors have not been 

identified although Wedding et al. ( 1 989) have suggested that histidine and cysteine 

may be involved in G6P binding. 

The substrates of PEPC are anions at neutral pH so positively charged groups of 

the enzyme are expected to be involved in their binding. Presumably, only absolutely 

conserved residues are essential for catalytic activity. Chemical modification of 

selective residues and site-directed mutagenesis have been employed to identify these 

residues. The following discussion would be mainly focused on these positively 

charged residues. 

1.5.4.1 .  Lysine 

There are only two conserved lysines in all known PEPCs. One is situated in a 

highly conserved region QeVMlGYSDSnKDsG while the other one is located in a 

conserved region (EMVF AKG). In procaryotic PEPCs the region surrounding the 

laner lysine is quite variable (Lepiniec et al., 1 993). 

A number of chemicals, such as pyridoxal 5'-phosphate (Podesta et a!., 1986; 

Ryslava et al., 1988), dansyl chloride (Wagner et a!., 1988), eosin isothiocyanate 

(Andree et al., 1986) and fluorescein isothiocyanate (Wu and Wedding, 1994), have 

been used to preferentially react with the amino group R-NH2 of presumably lysine 

residues. All these reagents inactivate the enzyme in a concentration and time-
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dependent manner and the inactivation can be partially prevented by PEP and, more 

significantly, by PEP plus Mg
2+

. This suggests that the modified lysines are at or near 

the active PEP binding site. Calculations from pyridoxal 5'-phosphate modification 

studies show that 4 or 8 lysine residues per tetramer form can be modified by these 

reagents but only four of these are essential for catalytic activity (Podesta et a!. , 1 986). 

These four essential lysine residues are most likely to be located at different subunits 

of the enzyme. If this is true, then each subunit would contain a substrate-binding site 

with one lysine residue crucial for catalytic activity. However, the possibility that 

other essential groups at or near the PEP binding site of the enzyme are modified by 

these reagents can not be completely excluded (Andrea et a!., 1986). Similarly, the 

inactivation of the enzyme upon modification of "essential" residues may be a 

secondary effect associated with modifier-induced conformational changes (Wagner et 

a!., 1988). 

Pyridoxal 5'-phosphate modification and radioactive labelling by eHJ NaBH4 

have tentatively identified the conserved Lys606 in maize PEPC as essential (Jiao et al., 

1 990). But there are several radioactively labelled peptides present. Hence it is not 

impossible that the lysine residue is misidentified. Indeed, converting this lysine to 

threonine in F. trinervia P EPC by site-directed mutagenesis does not abolish catalytic 

activity (Gao and Woo, 1995). Rather, the results indicate that this lysine residue is 

likely to be involved in bicarbonate binding. 

1.5.4.2. Arginine 

There are 1 1  conserved arginine residues in all known PEPC sequences, some of 

which are in conserved regions such as EPYR, DIRQeS, LRAIPW (Lepiniec et al., 

1993). Because of their positive charge at neutral pH, arginine residues in protein have 
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long been known to function as anion binding sites. Modification with phenylglyoxal, 

which specifically reacts with arginine residues, rapidly and completely inactivates the 

enzyme from maize leaves (Iglesias et al., 1 984). PEP and, more effectively, PEP plus 

Mg2+, protect the enzyme from inactivation suggesting that the modification occurs at 

or near substrate-binding site. Malate and OAA which behave as competitive 

inhibitors also prevent inactivation by phenylglyoxal. Up to 70% loss of enzymic 

activity was directly proportional to the incorporation of phenylglyoxal. Total 

inactivation was obtained with the incorporation of 8 moles of modifier per mole 

enzyme. When PEP plus Mg2+ were used as protective agents, this number is reduced 

to 4. These results indicate that 1 arginine residue per subunit of the enzyme is 

essential for catalytic activity (Iglesias et al., 1 984). 

1. 5. 4. 3. Histidine 

Chemical modification of PEPC from maize leaves with diethylpyrocarbonate 

suggests that two of the four accessible histidines are essential for substrate binding or 

catalysis (Iglesias and Andreo, 1983). PEPC of all known sequences contain only two 

conserved histidine residues located in highly conserved regions (VFT AHPT and 

FHGRGGsvGRGGgP). These two residues have been modified by site-directed 

mutagenesis. Converting the first conserved histidine (His 1 38 in E. coli) to asparagine 

abolishes the carboxylase activity, but the residual rate of the first partial reaction is 

retained indicating that His138 is essential for the second partial reaction in catalysis 

(Terada and lzui, 1991 ). The second conserved histidine (His579 in E. coli) is not 

obligatory for activity. Mutating it to proline increases Km (PEP) by up to 20 fold but 

only has marginal effect on the affinities for bicarbonate and Mg2+ (Terada et al., 

1991  ) . Presumably, this residue is at or near the substrate binding site. 
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1.5.4.4. Other Amino Acids 

One tyrosine residue has been suggested to be at or near the substrate binding site 

(Maralihalli and Bhagwat, 1992). Modification of this residue with tetranitromethane 

completely and irreversibly inactivated the enzyme. PEP plus Mg2+ offered almost 

complete protection against the inactivation. 

Seven cysteine residues are conserved in all plant PEPCs but they are partially or 

totally absent in the procaryotic PEPCs. Incubation of maize PEPC with OTT 

significantly increases activity but activation can be reversed by diarnide, an oxidant of 

vicinal dithiols. This suggests that the redox status of the enzyme may be important in 

the expression of maximal catalytic activity (Iglesias and Andreo, 1984). One cysteine 

residue has been tentatively assigned to be essential for catalytic activity (lshijima et 

a/., 1 986). However, no invariant cysteines are found in the primary sequences of 

PEPCs from different species (Toh et a/., 1994). Therefore, cysteine residue of PEPC 

may not be involved in catalysis but some of them may be located near the active site. 

Cysteine has been suggested to be involved in G6P binding (Wedding et a!., 1 989, 

Rustin et al., 1988). Modification of cysteines also affects malate sensitivity (Chardot 

and Wedding, 1 992b). The nature of their involvement is still to be determined. 

The reaction catalysed by PEPC includes liberation of phosphate from PEP. 

Plausibly PEPC may contain a phosphate-binding motif in its primary structure. 

Sequence comparison reveals that the region 804- 8 1 9  (FHGRGGsvGRGGgP) in 

maize is highly conserved and shares common features with known phosphate-binding 

motifs. This region contains two-fold short repeats (GROG) and conservative 

positively-charged residues to interact with phosphate. The pattern of the conservative 

sequence suggests that the region may construct a phosphate-binding flexible loop of 

PEPC (Toh et al., 1994). 
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1.5.5. Evolution ofC4 PEPC 

Photosynthesis probably evolved about 3,000 million years ago (myr) and the 

Angiosperms appeared about 300 myr ago. It is widely accepted that C3 

photosynthesis predates both CAM and C4 metabolism that have originated 

independently on many occasions, and that C4 photosynthesis evolved in response to a 

reduction in atmospheric C02 level (Ehleringer et a!., 1991 and references therein). 

The concentration of atmospheric C02 was about 1 0 times current levels as recently as 

1 20 myr ago and this declined to something close to present day levels by 30-50 myr 

ago. The change dramatically affected the photosynthetic efficiency of C3 plants while 

the evolution o f  C4 plants, with their C02 concentrating mechanism, confers a clear 

advantage over C3 species. The presence of C3, C4 and CrC4 intermediate species in 

some genera such as Flaveria and Neurachne suggests that C4 evolution might still be 

m progress. 

The evolution of C4 metabolism is critically dependent on the evolution of PEPC. 

It is believed that the C4 or CAM enzymes have evolved by a duplication from their C3 

ancestors, because C3 forms of PEPC are still present in C4 or CAM species (Hermans 

and Westhoff, 1992; Lepiniec et a/., 1994). The structural and kinetic difference 

between C3, C4 and CAM PEPC are minor and the evolution of C4 or CAM PEPC 

apparently depended on the acquisition of new promoter regions to the 5'-end of the 

gene. Promoter regions of C4 enzyme contain new sequences which are clearly absent 

in the corresponding C3 5'-flanking region (Koizumi et al., 1992). 

Phylogenetic analysis of nearly 20 PEPC sequences (Hermans and Westhoff, 

1992; Lepiniec et a!., 1993; 1994; Toh et al., 1994) shows that the evolutionary origin 

of monocot C4 PEPC diverges from that of dicot C4 and CAM while PEPC of dicot C4 

F. trinervia is more closely related to the various isoforms of C3 and CAM plants than 
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to the two monocot C4-PEPCs (Fig. 1 .3). The phylogenetic tree also suggests that C4 

and CAM plants have originated independently on many occasions during evolution. 

Anacystis nidulans 

Anabaena variabilis 

Corynebacterium glutamicum 

Escherichia coli 

Sorghum vulgare (SvC4) 
Zea mays (C4) 
Sorghum vulgare (SvC3RI) 
Zea mays (RC3) 
Sorghum vulgare (SvC3) 
Zea mays (C3) 
Saccharum x sp. (C3) 
Meserrbryanthemum crystal/inurn (CAM) 
Meserrbryanthemum crystal/inurn (C3) 

Glycine max (C3) 
Medicago sativa (C3) 

Nicotiana tabacum (C3) 
Solanum tuberosum (C3) 
Flaveria trinervia (C4) 
Flaveria pringlei (C3) 

Fig. 1.3. Consensus phylogenetic tree of microbial and plant PEPCs. 

Branch lengths have no significance. SvC4, SvC3R1 and SvC3 are the 

photosynthetic. root and housekeeping isoforms of sorghum vulgare 

PEPC, respectively; Zea mays C4, RC3 and C3 are the corresponding 

isoforms in maize. Reproduced from Chollet et a!. ( 1996). 

1.6. Major Issues in PEPC Research and Aims of This Thesis 

The past decade or so has seen great progress in the research on PEPC. We now 

have a good understanding of the reaction mechanism, properties o f  the enzyme, its 

regulation. differential expression of the gene, the primary structures, the identities of 



some essential or important residues and regions. However, linle is known about the 

substrate and effector domains of the enzyme. Crystals of E coli PEPC ha\·e been 

obtained (Inoue et a/., 1989) but details of its three dimensional structure remain to be 

determined. X-ray crystallographic data seem indispensable to our understanding of 

many important aspects of the enzyme. 

Regulation of PEPC in monocot C4 and CAM plants involves two levels of post-

translational modulation viz. the reversible phosphorylation of a serine residue during 

diurnal changes, and modulation by allosteric activators and inhibitors whose levels 

fluctuate during night and day. However, because of the high cellular malate 

concentration, there is no biochemical evidence that these two regulatory mechanisms 

could maintain high PEPC activity during C4 photosynthesis. Furthermore, the 

regulation of dicot C4 PEPC has not been studied. Nor do we have information about 

activator and inhibitor binding sites on the enzyme, the transduction of light signal. the 

characteristics and regulatory properties of the reversibly light-activated C4 PEPC-

kinase, the properties of protein phosphatase 2A which is responsible for the 

dephosphorylation of PEPC, or the role of intracellular pH in the regulation of PEP C. 

This thesis will examine some of the above questions. More specifically, it will 

examine ( 1 )  the activation of PEPC by light and protein phosphorylation; (2) the 

interaction between protein phosphorylation and metabolite effectors on PEPC activity 

and malate sensitivity; (3) regulation of C4 PEPC in dicot F. trinervia; ( 4) the roles of 

some conserved arginine and lysine residues in F. trinervia PEPC by site-directed 

mutagenesis; and (5) the activation domains of glycine and G6P of maize PEPC using 

chimeric cDNAs of maize and F. trinervia cDNAs and their protein products. 



Chapter 2 

Light Regulation of PEP Carboxylase in Maize 

2.1. Introduction 

Initial C02 fixation during photosynthesis in C4 and CAM plants is catalysed by 

PEPC (Hatch, 1987). In maize, PEPC is located in mesophyll cells and the end product 

of this C02. fixation, malate, is translocated to bundle sheath cells for decarboxylation 

and the resultant C02 is subsequently refixed by rubisco. Decarboxylation increases the 

concentration of C02 in the bundle sheath cells, optimising rubisco carboxylation and 

minimising photorespiration (Hatch, 1987; 1992). The high malate level in the 

cytoplasm of mesophyll cells is  needed to maintain diffusion and the concentration in  

mesophyll cells can be as high as 35-90 mM and a gradient of 20 mM between the two 

cell types seems to prevail in maize leaves during photosynthesis (Leegood. 1 985: Stin 

and Heldt, 1985). Such a high malate concentration would inhibit PEPC activity since 

the reported K; value for malate is in the low millimolar range (Huber and Edwards. 

1975). Hence it is imperative that the enzyme be protected against malate inhibition in 

vivo. 

Light reversibly activates PEPC by decreasing Km (PEP) and decreases malate 

inhibition (Karabourniotis et a/., 1983; 1985, Huber and Sugiyama, 1986: Doncaster and 

Leegood, 1987; Jiao and Chollet, 1988; 1991).  The activation is more pronounced at 

sub-optimal but still physiological pH and low PEP concentrations (Karabourniotis er 

a/., 1985; Jiao and Chollet, 1988). It has been established that light modulation involves 

phosphorylation of a serine residue of the polypeptide (Jiao and Chollet. 1991 ). In ,·irro 

phosphorylation of purified enzyme has the same effect as illumination in vi\·o (Jiao and 

Chollet, 1989; Terada et a!.. 1 990). 
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While the overwhelming evidence indicates that light or in vitro protein 

phosphorylation diminishes malate inhibition of the enzyme, light activation has not 

been observed in a nwnber of studies (Table 2.1 ). The lack of activation can not be 

explained by variations in assay pH or PEP concentration because a nwnber of these 

studies are carried out at pH 7.0 in non-saturating PEP concentrations. The K, values 

reported for malate in maize PEPC also vary widely from -0.4 mM to several 

millimolar (Table 2 . 1  ). Malate inhibition is higher at lower pH and lower PEP and Mg2+ 

concentrations (Huber and Edwards, 1975; Gonzalez et a!., 1984; Echevarria et a!., 

1 994). However, the K, values vary extensively even between studies with similar assay 

conditions (Table 2 . 1  ). 

This chapter re-examines light/phosphorylation activation and malate inhibition 

of maize leaf PEPC and attempts to resolve the discrepancies reported in the literature. 

Table 2.1 .  Variations of malate inhibition and light activation of maize PEPC in 

the literature. * N.A., information not available. 

Assay pH Mg 
+ 

PEP Malate Light Reference 
buffer (mM) (mM) inhibition activation 

Tris 7.6 2 0.3 29% by 1 mM N.A. Huber & Edwards. 1975 

Tris 7.0 5 4 K;=0.8 N.A. Gonzalez et a!.. 1 984 
8.0 5 4 K;= 1 0  N.A. 

Tris 7.0 5 25% by 5 mM N.A. Podesta & Andreo, 1 987 

Tris 7.0 1 0  0.5 79% by 5 mM 1 fold Huber & Sugiyama, 1 986 
8.0 1 0  2.5 8% by 5 mM 

Tricine 7.5 1 0  3 K;=5-10  mM 1 fold Doncaster & Leegood, 1987 
7.5 1 0  0.5 65% by 2 mM 

Hepes 7.3 5 2.5 K;=0.2-0.5 mM 1 fold Jiao & Chollet. 1988; 1 989 

Tris 8.2 5 0.24 N.A. None Karaboumiotis et a!.. 1983 

Tris 8.0 5 6 or 1 N.A. None Budde & Chollet, 1986 

Tris 7.0 1 0  1 .5 K;=l -4 mM None Huber et a!., 1 986 

Hepes 7.0 10 0.5 K,=1 mM None Nimmo et a! .. 1987 



2.2. Material and Methods 

2.2.1. Materials 
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PEP (potassium salt), NADH, MDH were purchased from Sigma. cAMP

dependent protein kinase and calf intestine alkaline phosphatase were supplied by 

Promega. FPLC Mono Q colwnn was obtained from Pharmacia. All other chemicals 

were analytical grade. 

Maize plants (cv. Jubilee) were grown from seeds in shadehouses with balanced 

nutrition (Hoagland solution) at temperature of 30-33°C/20-28°C (day/night). Maximal 

irradiance was about 1 ,600 J..LE m-2s-1 unless otherwise indicated. Fully expanded young 

laminar tissues from 3-4 weeks old plants were used for enzyme extractions. The light

and dark-adapted tissues were sampled in the middle of the day and night respectively. 

For PEPC activity assay in crude extracts, light- and dark-adapted tissues were taken 

from opposite sides of leaves to minimise variations between leaves or plants. Harvested 

tissue was immediately frozen in liquid nitrogen and stored at -80°C until needed. 

Freezing in liquid nitrogen did not affect PEPC activity or its malate sensitivity in either 

light- or dark-adapted tissue (data not shown). 

2.2.2. Isolation and Partial Purification of PEPC 

All extraction and purification steps were carried out at 4°C. About 20 g frozen 

tissue was homogenised in a Waring blender in 5 volumes (v/w) of extraction buffer 

( 1 00 mM Tris, pH 7.6 at 4°C, 20% glycerol, 1 0  mM MgC12> 1 mM EDTA, 14 mM 2-

mercaptoethanol) and 2% insoluble PVP (Sigma). After filtering through one layer of 

Miracloth, the crude filtrate was centrifuged at 22, 000 g for 1 0 min. Solid PEG-8000 

powder was added to the supernatant to precipitate PEPC protein (Ashton er a!. , 1 990). 

The 8-15% PEG pellet was resuspended in 8 mL ofFPLC buffer (20 mM Tris, pH 8.0 at 
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4°C, 10% glycerol, 1 mM DIT and 0.1 mM EDT A), centrifuged again and finally 

filtered through a 0.2 J..lm filter before being loaded batchwise onto a Mono Q column 

(5/5) connected to a LCC-500 Pharmacia FPLC system. Protein was eluted with a 

linear gradient of 0-0.35 M NaCl in 25 mL in the FPLC buffer vvith a flow rate of 0.5 

mL min-1. Fractions (1 mL) containing high PEPC activity were pooled and desalted on 

a Sephadex G-25 column equilibrated with the FPLC buffer. The partially purified 

enzyme was stored in 50% glycerol at -20°C and was stable for several weeks. The 

property of the enzyme, as judged by its malate sensitivity, remained unchanged during 

the purification steps. This procedure purified the enzyme 4- to 5-fold, with a specific 

activity of 5-6 U mi1 protein under standard assay conditions. The purified enzyme was 

about 70% pure as judged by l 0% SDS-PAGE. Table 2.2 shows the purification of a 

light-adapted sample. Dark-adapted enzyme was purified in the same way. 

For the preparation of crude extract, 0.2-0.3 g laminar tissue was grourJd at 4°C 

with a mortar and pestle in 1 .5  mL extraction buffer, 2% insoluble PVP and acid-

washed sand. After an aliquot (0.1 mL) had been removed for chlorophyll assay, the 

homogenate was centrifuged in a microfuge for 5 min at 4 oc and aliquots of the 

supernatant was used immediately for PEPC activity assays. 

Table 2.2. Purification ofPEPC from maize leaves. 

20 g of light-adapted leaves were used. Concentration of malate was 5 mM. 

Total Total Specific Purification Malate 

Enzyme protein actiVIty activity inhibition 

fraction (mg) (U) (U mg-1 protein) (fold) (%) 

Crude extract 348 563 1 .62 1 .0 59.6 

8 - 15% PEG 120 450 3.75 2.3 66.3 

Mono-Q FPLC 28 1 84 6.57 4. I 58.3 
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2.2.3. Phosphorylation and Dephosphorylation of PEPC 

Phosphorylation of PEPC (-200 �g) was carried out in 50 mM Tris, pH 7.4, 

20% glycerol (v/v), 5 mM MgC12, 1 mM DTT, 0.75 rnM ATP and 4 units of cyclic 

AMP-dependent protein kinase in a total volume of 0.5 mL (Terada et a!., 1 990). 

Dephosphorylation was carried out in 50 mM Tris, pH 8.0, 20% glycerol, 5 mM MgC12, 

1 mM OTT, 0. 1 mM ZnC12 and 50 units of alkaline phosphatase (Jiao and Chollet, 

1988). The reactions were incubated at 30°C for 1 hour. The enzyme was stable during 

this period. The presence of ATP had no effect on PEPC activity (data not shown). 

2.2.4. Assay of PEPC Activity 

PEPC activity was assayed spectrophotometrically by following the 

disappearance of NADH absorbance at 340 run coupled to exogenous MDH at 30°C. 

Unless stated otherwise. the standard reaction buffer ( 1 mL) contained 1 00 mM T ris, pH 

7.0, 1 0  mM MgCl2• 10 rnM NaHC03, 0.2 mM NADH, 4 units of MDH and an aliquot 

of PEPC (Huber et a/., 1 986). The reaction was initiated by adding 2 rnM PEP. PEPC 

activity was calculated from the linear portion of the reaction, which was usually up to 3 

min. One unit (U) of activity corresponds to the oxidation of 1 �mol NADH per minute. 

Ki (malate) was determined graphically by assaying the activity with a series of malate 

concentrations. 

2.2.5. Chlorophyll and Protein Assays 

CWorophyll content of the homogenate (before centrifugation) was determined 

in 80% acetone at 652 nm [cWorophyll (mg/mL) = ABS652/34.5]. Protein was assayed 

by the dye-binding method of Bradford ( 1 976) using bovine serum album as standard. 
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2.2.6. Determination of Malate Content in Maize Leaves 

Light- or dark-adapted maize leaves were immediately frozen in liquid nitrogen, 

freeze dried, ground in 100 mM Tris (pH 7.0) and the extract centrifuged. An aliquot of 

the supernatant was assayed for malate in I M glycine, pH 9.5, 0.4 M hydrazine sulfate, 

5 mM EDT A and 4 mg/mL NAD. The initial absorbance at 340 run was determined and 

then 1 . 5  U of MDH was added. The reaction was allowed to stand at room temperature 

for 30 min and the absorbance was determined again. The net absorbance increase was 

used to calculate malate content from a standard curve generated with knovvn 

concentrations of malate. 

2.3. Results 

2.3.1. Malate Content in Light- and Dark-adapted Maize Leaves 

A large concentration gradient is required to sustain the diffusion of malate from 

mesophyll to bundle sheath cells during C4 photosynthesis. The malate contents 

presented in Table 2.3 represent the overall values i_n light- and dark-adapted maize 

leaves. No attempt has been made to correct for its differential distribution between 

mesophyll and bundle sheath cells. The results show that total leaf malate content did 

not change significantly with light intensity but dark-adapted leaves contained only 25-

30% of the amount present in light-adapted leaves. Similar values in light-adapted maize 

leaves (I 035 ± 282 runol mg·1 chl) were obtained by Stitt and Heldt ( 1985) but they did 

not detect a difference between light- and dark-leaves. If it is assumed that 95% of the 

total malate is outside bundle sheath cells and malate is confined to the cytosol which 

has a volume equivalent to 25 J..LL mg"
1 

chl (Leegood, 1985), then the overall amount of 

malate ( 1 100-1 600 nmol mg·
1 

chl) reported in Table 2.3 would correspond to 40-60 mM 

in the cytosol of mesophyll cells. 



Table 2.3. Malate content in light- and dark-adapted maize 

leaves of plants grown at different light intensity. (n=4). 

Light intensity Malate content (runol mg·' chi) 

(�E m·2 s· 1) light dark 

200 1 1 19±169 306±45 

380 16 19±528 4 1 7±93 

850 1206±170 376±99 

1 1 00 1247±222 477±61 

1600 1 1 00±274 356±52 

2.3.2. PEPC Activity during Light and Dark Transition 
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Light activation of C PEPC has not been observed in some studies (Table 2 . 1 )  4 

nor in my earlier studies where the maize plants were grown at 1600 �E m·2s·1 (data 

not shown). In some studies where it has been reported (Karabourniotis et a!., 1 983; 

1985; Huber and Sugiyama, 1986; Jiao and Chollet, 1 988), the plants were grown at 

lower light intensity suggesting that the light intensity used for plant culture might 

affect the light/dark activation observed. 

Table 2.4 shows the PEPC activity in light- and dark-adapted leaves of plants 

grown at 5 different light levels. No difference in activity between light- and dark-

adapted tissues was observed at any of the light intensities. However, malate sensitivity 

of the two enzyme forms was very different (Fig. 2.1) .  The light-form enzyme was less 

sensitive to malate inhibition than the dark-form, and the K, (malate) value of the light-

adapted enzyme increased with increasing light intensity during growth. 



Table 2.4. PEPC activity from light- and dark-adapted 

maize tissues grown at different light intensities. 

Values are means ± se (n=5). 

Maximal intensity PEPC activity (U mg·1 chi) 
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Fig. 2.1. Malate sensitivity of PEPC of light- (0) and dark-adapted (•) 

leaves from maize plants grown at different light intensity. 
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2.3.3. Transferring Plants from Low to High Light Intensity 

Light activation of PEPC was reported in plants grown initially at low light 

intensity but subsequently transferred to higher light intensity (Bakrim et al., 1988). 

Since light was able to induce the synthesis of PEPC in etiolated maize seedlings 

(Hague and Sims, 1980) and in plants grown at low light intensity tHatch et a/., 1 969), it. 

was possible that the light stimulation reported above might be due to de novo synthesis 

induced by high light intensity. 

This possibility was examined in an experiment where plants grown at low light 

intensity were transferred to high light for various length of time. Table 2.5. shows that 

no increases in activity were observed after the plants were moved from low to high 

light for up to 5 hours. As expected, malate inhibition decreased at high light intensity 

but then increased significantly at 15:30 pm. One possible explanation for this rise was 

that light regulation of the enzyme requires photosynthesis (Karabourniotis et a/., 1983; 

Jiao and Chollet, 1992) which, in the present experiment, may have significantly 

decreased in the middle of the afternoon due to stomata closure induced by high 

temperature and low vapour pressure. 

Table 2.5. PEPC Activity and malate inhibition in plants transferred from 

low to high light intensity. 

One set of plants were transferred from low ( 1 50 J.!E m·2 s·1) to high (1 600 J.!E 

m·2 s·1) light at 9:30 am on day of experiment and PEPC activity was assayed at 

different time of day. Malate concentration used was 7.5 mM. (n=5). 

Time 

9:30am 

!0:30am 

I 2 :30pm 

! 5:30pm 

Activity (U mg·1 chi) 

Low light 

5.5 

5.2±0 . 1 9  

6.1±0.54 

5.6±0.35 

High light 

5.4±0.79 

5.8±0.57 

5.6±0.57 

Malate inhibition (%) 

Low light 

63 

49± 1 . 5  

56± 1 . 1  

54±0.9 

High light 

22± 1 .4 

2 1 ± 1 .7 

45±0.7 
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2.3.4. Malate Inhibition and PEPC Activity in Different Assay Buffers 

The large variation of K; (malate) values reported in the literature (Table 2 . 1)  

may be associated with the assay buffers used in these srudies. Table 2.6 shows that 

PEPC activity varied by 75% and the K; (malate) value by more than an order of 

magnirude when assayed in different buffers. The five buffers used can be divided into 

two groups: Tris and Bis-tris gave higher K; values than Hepes, Mops and Tes. When 

the two most commonly used buffers are compared (e.g. 100 mM Tris and 50 mM 

Hepes ), the K; in the Tris buffer was 10 fold higher than that in Hepes buffer. The 

reasons for this difference are not known but it partly explains the large variations in K; 

values reported in literature. 

Table 2.6. PEPC activity and malate sensitivity in different 

buffers. 

Buffer pKa Activity K; 

(U mg·
1 

protein) (mM) 

100 rnM Tris 8 .1  6.5 3.4 

50 rnM Tris 8 .1  5.8 1 . 1  

50 mM Bis-tris 6.5 4.5 1 .5 

50 mM Hepes 7.5 3.7 0.3 

50 mM Mops 7.2 3.6 0.3 

50 mM Tes 7.4 4.9 0.4 

2.3.5. Effect of Phosphorylation and Dephosphorylation on PEPC Activity and 

Malate Sensitivity in Different Buffers 

The effects of phosphorylation and dephosphorylation on PEPC activity and 

malate sensitivity in the different buffers were also examined (Table 2. 7). Tris and Bis-

tris buffers which gave lower malate inhibition produced lower phosphorylation 



activation. Phosphorylation increased the activity by 64% in 50 m.\1 Hepes buffer but 

only I I %  in I 00 mM Tris buffer. Dephosphorylation of the enz:me decreased the 

activity by 8% in I 00 mM Tris but by about 20% in other buffers (Table 2.  7 ). These 

results suggest that phosphorylation activation was also influenced by the type of the 

assay buffer used. 

In contrast to the small activity changes in PEPC acti\·ity. significant effect was 

observed for malate inhibition in I 00 mM Tris buffer after phosphorylation 

dephosphorylation (Fig. 2.2). Phosphorylation increased the K, value from 3 .2  m�1 to 

6.1 mM and 1 .5 mM to 2.7 mM malate in the light- and dark-adapted enz:·mes 

respectively (Fig. 2.2A, B). Dephosphorylation increased malate sensitiYity of the light 

enzyme but not the dark enzyme (Fig. 2.2C. 0). These results are similar to those 

reported by Jiao and Chollet ( 1 988; 1989). Malate inhibition of the enzyme increased 

with dephosphorylation and decreased with phosphorylation in all buffers examined 

(Table 2.7). 

Table 2.7. Effect of phosphorylation and dephosphorylation on PEPC 

activity and malate sensitivity in different assay buffers. 

Concentration of malate which inhibited the activity by -50% in the control 

enzyme was used. Enzyme activities in the control were the same as in Table 2.6. 

Activity ratio Malate inhibition (%) f\ 1alate 

Buffer Phos/ctrl Dephos/ctrl Ctrl Phos Dephos Cone.( m_\ 1 )  

IOO mM Tris I .  I I  0.92 60 42 78 5 

50 mM Tris 1 .29 0.84 73 47 80 ") -

50 mM Bis-tris 1 .22 0.86 50 24 68 ') 

50 mM Hepes 1 .58 0.75 5 1  28 68 0.-l 

50 mM Mops 1 .64 0.75 56 � ?  .) _  62 0.4 

50 mM Tes 1 .56 0.80 52 28 62 0.4 
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2.3.6. Light Activation of PEPC in Hepes Buffer 

The above results show that phosphorylation gave greater activation when 

assayed in Hepes compared to Tris buffer. Subsequently, light activation was re

investigated in Hepes buffer. In crude enzyme extracts, light activated the enzyme by 

70% and decreased malate inhibition (Table 2.8). Light activation was similar to that 

obtained for phosphorylation in Hepes buffer in Table 2.7. 

Table 2.8. Light activation of PEPC in crude extracts in Hepes buffer. 

Malate concentration used was 0.4 mM. n=S. 

Dark 

Light 

2.4. Discussion 

Activity (!-!mol mg-1 chl.h-1) Malate inhibition (%) 

239±28.5 ( 100%) 

398±26.7 ( 167%) 

79±2.2 

53±2.4 

Light activation of maize PEPC could not be attributed to light-induced de 

novo synthesis because its large magnitude (normally 1 -2 fold), short time scale ( -1 

h), reversible nature and associated changes in malate sensitivity. Available evidence 

indicates that light modulation is achieved by the reversible phosphorylation of a 

specific serine residue near the N-terminus (Jiao and Chollet, 1 99 1 ;  Nimmo, 1 99 1 ;  

Vidal et al., 1991). However, the dark enzyme is still partially phosphorylated (0.4 

mole per mole subunit) but does not respond to phosphatase treatment (Jiao and 

Chollet, 1988; Fig. 2.2). Apparently some of the phosphorylated sites are not 

accessible to phosphatase activity and, hence, may not be involved in the 

phosphorylation/dephosphorylation cycle in vivo. Chemical analysis and in vitro 
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studies show that the light-adapted enzyme is not fully phosphorylated or it is 

partially dephosphorylated during purification (Jiao and Chollet, 1988; Fig. 2.2). In 

vitro phosphorylation doubles the respective Ki (malate) value of the light and dark 

enzyme but the value determined for the phosphorylated light enzyme is still twice 

that of the phosphorylated dark enzyme (Fig. 2.2). The reason for this difference is not 

known. 

The type of assay buffer used can have a profound effect on the light activation 

(or protein phosphorylation) of PEPC. In vitro phosphorylation stimulates PEPC 

activity in 100 mM Tris buffer by a mere 10% (Table 2.7), which might partly explain 

the lack of light or phosphorylation activation reported in the literature (Table 2 . 1 )  and 

in this study (Table 2.4). On the other hand, the stimulation is more pronounced when 

PEPC activity is assayed in Hepes, Mops or Tes buffer (Table 2.7;  Jiao and Chollet, 

1988, 1989). Interestingly, the activities of the phosphorylated enzyme obtained in 

different buffers are similar (Table 2.6 and Table 2.7). This suggests that the enzyme 

might have already been "activated" in buffers such as Tris in a manner analogous to 

that achieved by light activation or protein phosphorylation. 

Malate sensitivity also varies greatly in different assay buffers (Fig. 2.6). The 

studies in this chapter show that the variations in Ki values reported in the literature 

could at least partly be attributed to the different assay buffers used in these studies. 

Evidently, it is important to use the "correct" buffer for studies of PEPC. The results 

here and elsewhere (Jiao and Chollet, 1988; 1989) indicate that Hepes may be more 

suitable than Tris (or Bis-tris) because light activation and malate inhibition can be 

more sensitively detected in the former. In addition to the type of buffer, PEP 

concentration and pH in the assay mixture should be carefully decided. Lower PEP 

concentration and lower pH lead to a more pronounced light activation 
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(Karaboumiotis et al., 1985; Jiao and Chollet, 1988) but a lower enzyme activity and, 

more importantly, higher malate sensitivity (Huber and Edwards, 1975; Gonzalez et 

al., 1984). It is therefore important to select in vitro assay conditions such as 2-3 mM 

PEP (Leegood, 1985) and pH 7.0-7.3 (Kurkdjian and Quem, 1989) which reflect the 

in vivo situations in any study on PEPC regulation. 



Chapter 3 

Regulation of PEP Carboxylase in Maize 

by Protein Phosphorylation and Metabolites 

3.1. Introduction 
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Both physiological and biochemical considerations suggest that the acti,·ity of 

C4 PEPC is regulated during light and dark transitions in order to coordinate the two 

photosynthetic pathways in the mesophyll and bundle sheath cells and to avoid 

uncontrolled utilisation of glycerate-3-phosphate in the dark which may drain the 

metabolic pathway (Furbank and Leegood, 1984). In CAM plants where carboxylation 

and decarboxylation occur in the same cells, PEPC has to be inactivated in the day to 

prevent futile carboxylation/ decarboxylation cycling (Jiao and Chollet, I 991 ) . 

The activity of PEPC in C4 is not regulated by protein turnover since it is stable 

during light/dark transition in normal maize leaves (Huber and Sugiyama, 1 986). even 

though the enzyme can be induced by light in etiolated seedlings (Hague and Sims. 

1980) or seedlings grown at very low light intensity (Hatch er a/., 1 969). Rather. the 

enzyme is subjected to post-translational regulation. Evidence indicates at least two 

different mechanisms of regulation. Firstly, the enzyme is strongly activated by 

metabolites such as glycine, G6P, F6P and triose phosphate (Uedan and Sugiyama. 

1976; Doncaster and Leegood, 1987; Bandarian et a/., 1992). These activators 

substantially reduce the Km (PEP) but glycine also increases V max (O'Leary. 1982). 

Secondly, the enzyme is reversibly phosphorylated on a serine residue near the .\"

terminal of the polypeptide in the light (Jiao and Chollet, 1990, 1 99 1 :  Jiao er a!. . 1 991  b: 

Vidal et al., 1 990). This protein phosphorylation increases enzyme activity by about 2 

fold (Jiao and Chollet, 1988; 1989) and protects the enzyme against feedback inhibition 
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by malate (Nimmo et a/., 1987; Jiao and Chollet, 1989; Terada et a/., 199 1 ;  Anio

Dupont et a!. , 1 992). 

The protection against malate inhibition is critical since malate concentration in 

mesophyll cells is high. However, phosphorylated enzyme or enzyme from light

adapted maize leaves had low Ki values (0.3-1 .0 mM) and is still strongly inhibited by 

malate (Nimmo et al., 1987; Jiao and Chollet, 1988; 1992). These K, values are more 

than an order of magnitude lower than the physiological malate concentration present in 

photosynthesising maize leaves (Stitt and Heldt, 1985; Leegood, 1985). Presumably, 

other elements besides protein phosphorylation are involved in the regulation of PEPC 

in vivo. Certain phosphorylated compounds, viz. triose phosphate, have been suggested 

to partially offset malate inhibition (Doncaster and Leegood, 1987; Jiao and Chollet, 

1 992), but their roles in the regulation of PEPC remain to be determined. 

In this study I have examined the effects of protein phosphorylation and 

metabolic activators on PEPC activity in partially purified and crude enzymes from 

maize leaves. The results show that both protein phosphorylation and the metabolites, 

glycine, alanine and G6P, stimulated PEPC activity and synergistically protected the 

enzyme against inhibition by high malate concentrations. Such a mechanism could 

support high rates of PEP carboxylation during photosynthesis. 

3.2. Materials and Methods 

3.2. 1. Materials 

PEP (tricyclohexylarnmonium salt) was supplied by Boehringer-Mannheirn. 

Radioactive [y-33P] A TP was purchased from Amersham. Other chemicals, plant growth 

and harvest, enzyme extraction and purification were described in Section 2.2. 
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3.2.2. In vitro Phosphorylation of PEPC 

The partially purified enzyme (200 )lg protein) was phosphorylated as described 

m Section 2.2.3. For analysis of 33Pi incorporation into PEPC (5-1  0 )lg protein), 

phosphorylation was carried out with 0.2 mM [ y-33P] A TP (containing 20 ).!Ci 

radioactivity) in a total volume of 20 ).!L The reaction mixture was then separated on 

10% SDS-PAGE. The gel was stained with Coomassie blue R-250 and autoradiography 

was performed using the dried gel. 

3.2.3. PEPC Activity Assay 

The activity of PEPC was assayed spectrophotometrically at 30°C as indicated 

in Section 2.2.4 except the assay buffer was 50 mM Hepes, pH 7.0, 1 0  mM MgCl2, 1 

mM NaHC03, 2 mM PEP, 0.2 mM NADH and 4 units of MDH, and the reaction was 

initiated by the addition of PEPC. Wherever applicable, metabolites of the indicated 

concentrations were also included in the reaction. All assays were done in duplicate. 

Enzyme kinetic parameters were determined by an enzyme kinetics computer 

program (Varian). Ka and Ki were calculated graphically. Gas exchange of 

photosynthesis was measured using a Li-Cor-6200 field system. 

3.3. Results 

3.3.1. Effect of Metabolites on PEPC Activity 

PEPC from maize leaves is activated by amino acids and phosphorylated sugars 

(Nishikido and Takanashi, 1973; Uedan and Sugiyama, 1976; Doncaster and Leegood, 

1987; Bandarian et al., 1992). Table 3 . 1  shows that glycine, alanine and G6P were the 

most effective activators. Moderate stimulation was observed for DHAP and F6P. The 

Ka value for glycine was -0.5 mM and the 3-fold maximal activation was saturated at 5-



Table 3.1. Effect of Amino Acid and phosphorylated sugars on PEPC activity. 

The activities were expressed as % of control activity which was 5.  78 U mg-1 

protein. Concentrations of metabolites used were 1 mM for aspartate and glutamate, 

2 mM for F6P. 3 mM for G6P and 5 mM for all others. The enzyme was partially 

purified from light-adapted leaves. 

Metabolite Activity Metabolite Activity Metabolite 

Glvcine 373 Proline 102 G6P 

Alanine 198 Cysteine 58 DHAP 

Serine 1 38 Methionine 1 1 9  F6P 

Valine 1 2 1  Lysine 95 Asparagine 

Threonine 1 1 8  Arginine 1 90 Glutamate 

Leucine 109 Glutamine 89 Aspartate 
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Fig. 3.1. Activation of maize PEPC by glycine(•). alanine (0) and G6P (\7). 
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1 0  mM (Fig. 3 . 1  ). Alanine had a higher Ka value (5 mM) and activation saturated above 

20 mM . As observed for triose phosphate (Coombs and Baldry, 1975), G6P was 

strongly stimulatory at low concentrations (�5 mM) but became inhibitory at higher 

concentrations (�0 mM). 

The magnitude of activation obtained with aliphatic amino acids was inversely 

related to the size of the side chain (Table 3.1); Glycine, which has only a hydrogen in 

the side chain, was most effective while leucine with a large side chain had little 

stimulatory effect. This suggests that these dipolar amino acids bind to the same site on 

the polypeptide and those with larger side chains are less accessible to the binding site. 

Proline, which has a cyclic structure, was ineffective but both of the acidic amino acids 

(glutamate and aspartate) and their amide derivatives (glutamine and asparagine) were 

inhibitory. Interestingly, the two basic amino acids, arginine and lysine, produced the 

opposite effect, so as the two sulfur-containing amino acids cysteine and methionine,. 

Doncaster and Leegood ( 1 987) reported that most amino acids were stimulatory with the 

crude maize enzyme. This was obviously not observed with the partially purified 

enzyme as shown in Table 3 . 1 .  

Fig. 3.2A shows that glycine and G6P decreased the K m  (PEP) from 3 . 3  mM to 

0.75 mM and 0.40 mM respectively. The presence of glycine and G6P further reduced 

Km to 0.06 mM, as was reported by Bandarian et al. ( 1 992). Hence, G6P and glycine 

reduced Km 4 and 8 fold respectively, and a mixture of both metabolites reduced it 55-

fold. Glycine, but not G6P, increased V max· The Hill coefficient (n) obtained in the 

presence of glycine, G6P or glycine and G6P were 2 . 1 2, 1 .3 9, 1 . 1 4  respectively 

compared to a value of 1 .5 8  in the control (Fig. 3.2B). 
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3.3.2. Effect of Metabolites on pH Response 

The activity of PEPC has been found to increase several-fold from pH 7 to 8 

(Winter, 1 980; Jiao and Chollet, 1988; Arrio-Dupont et at. , 1 992). Consequently, most 

reported studies were carried at relatively high pH even though the pH in the cytosol is 

likely to be about 7 in maize (Kurkdjian and Quem, 198Q). Fig. 3.3 shows that the 

activity of PEPC in the absence of metabolites increased l 0 fold from 1 .78 to 1 8.5 U 

mg-1 protein when the pH was increased from 6.8 to 8.0. However, glycine, alanine or 

G6P greatly stimulated PEPC activity at lower pH and consequently reduced the pH 

response dramatically. The changes obtained varied with metabolites; glycine was the 

most effective and alanine the least. In the presence of all three metabolites, PEPC 

activity at pH 6.8 and 8.0 was 24.9 and 3 1 .5 U mg-
1 

protein, respectively, giving an 

increase of only 26% at pH 8.0. 

� 
c 
(!) ....., 
0 
'-
Q_ 

-
I 

CJ· 
E 

:::J 
-.....---

>----
> 
u 
0 

u 
CL 
w 
CL 

3 5  

3 0  -

2 5  -

2 0  -

1 5 -

1 0  -

5 -

0 

I I I I I I I 
·-- · ...,.- .... - · - ·  ... ---. _ ..,. _ 

/ .... � 

• /-:o-"V_.'V-(3 -- 0 - 0 ---/'�/0 0 - o  
0 / ..---- 0 

0 T / 
0 

9 
/ 

I I I I I I 

-

-

-

-

-

-

6 . 6  6 . 8  7 . 0 7 . 2 7 . 4 7 . 6  7 . 8  8 . 0 8 . 2  
p H  

Fig. 3.3. Effect of metabolites on pH response of maize PEPC. Control (0); 
glycine (\7); G6P (T); alanine (D); alanine+glycine+G6P (•) .  The 

concentrations of glycine, alanine and G6P were 5 mM, 20 mM and 3 mM 

respectively. 
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3.3.3. In vitro Phosphorylation 

In vitro phosphorylation of PEPC was done using PEPC purified from dark

adapted leaves. Fig. 3.4 (lane b) shows that the partially purified PEPC was about 70% 

pure. Besides the top PEPC band, there was only one other protein band (the lowest 

band was the carrier protein from [y-33P] A TP). The molecular weight of PEPC subunit, 

as reported earlier, was about 100 kDa. Fig. 3.4 (lane c) shows that PEPC was heavily 

labelled with y-33P, indicating that the phosphorylation reaction had been successful. 

The other two proteins contained only minor radioactivity. 

Fig. 3.4. In vitro phosphorylation of maize PEPC by cAMP-dependent 

protein kinase and [y-33P] ATP. The phosphorylation mixture containing 10  

J.!g protein was separated on 10% SDS-PAGE. Lane a, molecular weight 

markers. Lane b, Coomassie R-250 stained gel. Lane c, autoradiography for 

1 5  h at -80°C. Arrow indicates PEPC band. 

3.3.4. Effect of Protein Phosphorylation on PEPC Activity 

PEPC from dark-adapted tissues was phosphorylated in vitro and the activity 

was assayed in the absence or presence of the metabolites. Table 3.2 shows that, in the 

absence of metabolites, protein phosphorylation increased the enzyme activity at 

subsaturating PEP concentration by 81 %, as reported by other researchers (Huber and 
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Sugiyama, 1986; Jiao and Chollet, 1989). This activation could primarily be attributed 

to a decrease in Km (PEP) while V max remained virtually unaffected (Fig. 3.5A). These 

results were similar to those obtained in crude light- and dark-adapted enzymes 

(Doncaster and Leegood, 1987) as well as purified enzyme (Terada et a!., 1 990) but 

different from the results of Jiao and Chollet (1 988) where dephosphorylation of a light

adapted enzyme affected the V max instead of Km (PEP). Activation by protein 

phosphorylation was strongly diminished by glycine or alanine, and to a lesser extent, 

by G6P at concentrations close to those reported to be in maize mesophyll cells 

(Leegood, 1985, Stitt and Heldt, 1985) (Table 3 .2). In the presence of all three 

metabolites, the effect of phosphorylation on PEPC activity was virtually abolished at 

all PEP concentrations examined as indicated by the activity ratio (Table 3.2) and the 

kinetics (Fig. 3.5A). The Hill coefficient was increased slightly by protein 

phosphorylation but decreased significantly by metabolites (Fig. 3.5B). 

Table 3.2. Effect of phosphorylation on PEPC activity in the absence 

or presence of metabolites. 

Partially purified dark-form ma1ze PEPC was phosphorylated. 

Concentrations for metabolites were the same as in Fig. 3.3.  

Activity (U mg"
1 protein) Activity ratio 

Metabolite Control Phospho (phospho/control) 

None 4.01 7.27 1 . 8 1  

Glycine 20.3 23.5 1 . 1 6 

Alanine 1 5.9 1 9. 1  1 . 1 9  

G6P 1 7 . 1  23.7 1.49 

Gl ycine+alanine 

+G6P 28.2 29.7 1 .05 
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3.3.5. Effect of Metabolites and Protein Phosphorylation on Malate Inhibition 

PEPC has K; (malate) values of less than 1 mM indicating that malate is a strong 

inhibitor of the enzyme in maize leaves (Huber and Edwards, 1975; Huber et al., 1986; 

Nimmo et a!., 1987; Jiao and Chollet, 1988). These low K; values are in sharp contrast 

to the high malate concentration present in mesophyll cells during photosynthesis 

(Leegood, 1985; Stitt and Heldt, 1985). Evidently, the enzyme is protected from malate 

inhibition in vivo and available evidence indicates that light-induced protein 

phosphorylation on a serine residue can partially offset malate inhibition (Jiao and 

Chollet, 1988; 1989; 1991 ;  Terada et a!., 1990; Vidal et al., 1 990). However, the 

phosphorylation of PEPC from dark-adapted maize leaves increased the K; only from 

0.25 mM to 0.70 mM (Fig. 3.6A). Similar values were obtained for purified (Jiao and 

Chollet, 1988; 1989; Terada et a!., 1 990) and crude (Huber and Sugiyama, 1986; Huber 

et a!. , 1986; Nimmo et al. , 1987) maize enzymes. These low K; values indicate that 

enzyme phosphorylation per se was unlikely to provide adequate protection for PEPC 

against malate inhibition during photosynthesis. 

The roles of glycine, alanine and G6P against malate inhibition were evaluated 

in the light-adapted enzyme. The K; (malate) value of the control enzyme in the absence 

of metabolites was 0.5 mM (Table 3.3.). G6P increased the K; value only marginally 

indicating that it conferred little protection against malate inhibition. Similar results 

were obtained with DHAP and F6P. On the other hand, alanine and glycine increased 

the K; value to 1 .4 and 2 . 1 mM respectively. G6P plus glycine was more effective than 

glycine alone. In the presence of all three metabolites the K; value increased 12-fold to 

6.0 mM. Similar results were obtained for aspartate inhibition (Table 3.3). 

Protein phosphorylation and metabolites greatly increased the K; value obtained 

in the dark-form enzyme (Fig. 3.68). The value obtained in the dephosphorylated 
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Table 3.3. Effect of metabolites on malate and aspartate inhibition 

ofPEPC. 

The enzyme was purified from light-adapted mruze leaves. 

Concentrations of metabolites were the same as in Table 3 . 1  except for 

20 mM alanine. 

Addition K;(mM ) (malate) K;(mM ) (aspartate) 

None 0.5 0.5 

G6P 0.6 0.6 

F6P 0.5 

DHAP 0.5 

Alanine 1.4 

Glycine 2 .1  1 . 1 3  

G6P + Glycine 4.0 2.17 

G6P + Glycine + Alanine 6.0 
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enzyme with metabolites is several fold greater than that of the phosphorylated enzyme 

without metabolites, indicating that the metabolites are more effective than protein 

phosphorylation in protecting PEPC from malate inhibition. However, the highest K, 

value was obtained in the phosphorylated enzyme with metabolites (Fig. 3.6B). This 

value (12.8 mM) is 50-fold greater than that obtained in the dephosphorylated control 

without metabolites. The results show that protein phosphorylation and metabolites 

interact synergistically to protect PEPC against malate inhibition. 

3.3. 6. Inhibition Mode of Dicarboxylic Acids in the Presence of Metabolites 

The nature of malate inhibition on maize PEPC varies with pH. In the absence of 

activators, the inhibition is competitive at pH 7, noncompetitive at pH 8 and mixed type 

inhibition at an intermediate pH (Gonzalez et a/., 1984). In the presence of metabolites 
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(glycine, alanine and G6P), malate and aspartate increased the Km and decreased the 

V IOiaX at pH 7.0 (Table 3.4). indicating that the inhibition was uncompetitive. 

Table 3.4. Inhibition of PEPC activity by malate and aspartate 

in tbe presence of metabolites. 

Metabolites were the same as in Table 3.2. 

Inhibitor K'" (PEP) (mM) v max (U mg-1protein) 

Control 0.041 26.0 

1 m�t malate 0.078 24.7 

2 mM malate 0. 1 26 18.2 

I mM aspartate 0. 1 09 23.5 

2 mM aspartate 0. 1 38 1 5  . I  

3.3. 7. PEPC Activity and Photosynthesis 

The acti,·it)" of PEPC determined at optimal assay conditions and in the absence 

of inhibitors such as malate often greatly exceeded the rate of photosynthesis in C4 

leaves (Huber and Edwards. 1975). But the activity determined at pH 7 and high malate 

concentration was only a fraction of that obtained under optimal conditions (Huber and 

Sugiyama 1 986). and considerably less than that required to support photosynthesis. 

Preswnably the enzyme was activated and protected against malate inhibition in vivo. 

The effects of metabolic activators and light-induced protein phosphorylation on PEPC 

activity were examined at pH 7.0 and at 20 mM malate in crude extracts from light- and 

dark-adapted maize leaves. Table 3.5 shows that the PEPC activity in light-adapted 

extract was much higher than that of the dark-adapted extract in the absence of 

metabolites and malate. The addition of metabolites greatly stimulated PEPC activity in 

both enzyme extracts. In contrast, the addition of 20 mM malate alone abolished the 



Table 3.5. PEPC activity in the crude extract of light- and dark

adapted maize leaves. 

Activities were determined at indicated concentrations of malate, with or 

without metabolites. The photosynthetic rate of maize leaf (at 1600 J.LmOl 

m-2 s-1 photon flux density) was 394±1 1 J.Lmol mg-1 Chi h-1 • Metabolites 

were the same as in Table 3.2. n.d., activity not detectable. n=4 

Malate 

(mM) 

0 

0.5 

20 

Control 

583±50 

392±30 

n.d. 

PEPC activity (J.Lmol mg-1 Chi h-
1
) 

Light -adapted 

+ Metabolites Control 

1 745±2 1 1  

1567±212 

278±26 

298±35 

89±7.4 

n.d. 

Dark -adapted 

+Metabolites 

1 387±235 

1 2 1 6±231 

37±2.6 
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activity completely. In the presence of metabolites and 20 mM malate, activity 

comparable to photosynthetic rate was observed only in the extract from light-adapted 

leaves; the activity of the dark-adapted enzyme in the presence of these metabolites and 

20 mM malate was a fraction of that of light-adapted leaves. Apparently, both light-

induced protein phosphorylation and metabolic activators were needed for the full 

activation and protection of PEPC against malate inhibition in order to support the high 

rate of photosynthesis in maize leaves. 

3.4. Discussion 

Previous studies have indicated that the PEPC activity determined at pH 7.0 was 

too low to support high rates of photosynthesis if the cytosolic pH is neutral (Huber and 

Edwards, 1975; Winter, 1980; Jiao and Chollet, 1988; A.rrio-Dupont et a!., 1 992). The 

cytesolic pH in the maize root, as measured by NMR and microelectrode techniques, is 
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in the vicinity of 7 (Kurkdjian and Quem, 1989). The pH in the mesophyll cytosol of C4 

leaves has been assumed to be between 7.3 and 7.5 (Doncaster and Leegood, 1987; Jiao 

and Chollet, 1988; Arrio-Dupont et al., 1992). More recently, evidence shows that the 

cytosolic pH of C4 leaves undergoes alkalisation during photosynthesis although the 

actual pH was not measured (Yin et al., 1993; Raghavendra et al., 1993). Such increase 

in pH could facilitate the modulation of enzyme activity during photosynthesis. The 

present study showed that physiological concentrations of metabolites such as glycine, 

G6P and alanine greatly activated PEPC at low pH; consequently, PEPC activity was 

quite stable between pH 6.8 and 8.0 (Fig. 3.3). High PEPC activity was determined at 

pH 7.0 in the presence of these metabolites even at high malate concentration (Table 

3.5). These metabolites thus ensure that PEP carboxylation is not greatly affected by 

moderate fluctuations in intracellular pH and that C02 fixation could proceed efficiently 

even if the pH is low. 

The central role of PEPC modulation is to stimulate catalytic activity under 

physiological conditions. Recent studies show that PEPC activity may be increased by 

protein phosphorylation on a serine residue near the N-terminal of the polypeptide (Jiao 

et al., 1991 b) and by a number of physiologically relevant metabolites such as glycine 

and G6P (Uedan and Sugiyama, 1976; Doncaster and Leegood, 1987; Bandarian et al., 

1992; Table 3.1) .  Since the enzyme is reversibly phosphorylated in the light and the 

concentrations of these metabolites increase upon illumination, both factors would 

probably act in concert to simultaneously regulate PEPC activity in the cell. However, 

the activation by protein phosphorylation was effectively annulled by metabolites (Table 

3.2), probably because the decrease in Km (PEP) observed with metabolites far exceeded 

that obtained with protein phosphorylation. The evidence indicates that light-induced 
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protein phosphorylation of PEPC per se might not contribute significantly to its activity 

in vivo. 

The primary role of protein phosphorylation is apparently to protect the enzyme 

against inhibition of high concentration of malate in mesophy II cell of C4 leaves. Protein 

phosphorylation increases the Ki value 1-2 fold (Jiao and Chollet, 1991;  Fig. 3.6). 

However, the KiCmalate) value of0.3-l.O mM obtained with the phosphorylated enzyme 

(Fig. 3 .6; Nimmo et a!., 1987; Jiao and Chollet, 1989; 1991;  1992; Vidal et a!., 1 990) is 

still more than an order of magnitude less than the cytosolic malate concentration in the 

mesophyll cells, indicating that phosphorylation could not adequately protect against 

malate inhibition. Evidently, some other mechanism(s) are involved. Triose-phosphate 

and G6P have been suggested to ameliorate malate inhibition (Doncaster and Leegood. 

1 987; Jiao and Chollet, 1 992) but the results in this study do not support this suggestion 

(Table 3.3). On the other hand, glycine, alanine and G6P together increased the Ki value 

to about 6 mM. A greater value (12.8 mM) was obtained with the phosphorylated 

enzyme in the presence of these metabolites (Fig. 3.6). This value is similar to the 

malate concentration in the cells but is probably still an under-estimate since other 

metabolites may also be involved. These results show that both protein phosphorylation 

and metabolic activators are essential for maximal protection against malate inhibition. 

This hypothesis is further supported by the results (Table 3.5) showing that both these 

factors are required to maintain high PEPC activity at 20 mM malate in order that 

normal rates of photosynthesis in maize leaves could proceed at physiological pH. Their 

synergistic interactions would provide an effective regulatory mechanism for PEPC 

activity and allow PEP carboxylation during photosynthesis. 

Metabolites which stimulate PEPC activity from monocotyledonous C4 plants 

can be divided into neutral amino acids (e.g. glycine) and phosphorylated sugars (e.g. 
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G6P). Their distinct structural differences suggest that they might bind to different sites 

on the PEPC polypeptide. This suggestion is supported by evidence showing that a 

mixture of glycine and G6P activates the enzyme by reducing the K, (PEP) beyond the 

levels observed in either activator alone (Fig. 3.2; Bandarian et a/., 1 992). Furthermore. 

amino acids, but not phosphorylated sugars, significantly reduced malate inhibition 

(Table 3.3). Little is known about the nature of these binding sites, although Wedding et 

a/. ( 1989) suggested that histidine and cysteine residues might be involved in G6P 

binding. 

Finally, C4 plants can be identified as malate- or aspartate-producers as indicated 

by the final product of C02 carboxylation (Hatch, 1 987). Studies show aspartate is a 

powerful inhibitor of PEPC (Huber and Edwards, 1975; Table 3 . 1 ). As with malate, the 

inhibitory effect of aspartate could be alleviated by enzyme phosphorylation, amino 

acids (glycine and alanine), but not by G6P, suggesting that these dicarboxylic inhibitors 

might share a common site on the polypeptide (Table 3.3). It would seem that the dual 

modulation system of metabolite activation and enzyme phosphorylation described 

above might also be pertinent to aspartate formers, and the mechanism of PEPC 

regulation in aspartate-producing c4 plants are probably similar to malate-producing 

species like maize and sorghum. 
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Chapter 4 

Regulation of PEP carboxylase in dicot Flaveria trinervia 

4.1. Introduction 

The studies in Chapter 3 indicate that PEPC regulation in the monocot C4 z. 

mays species is achieved by a synergistic interaction between protein phosphorylation 

and metabolite activation. PEPC phosphorylation has been well studied in monocot C4 

and CAM species (Nimmo et al., 1986; Kluge et al., 1988; Carter et al., 1 990; Nimmo, 

1 990; Vidal et al., 1 990; Jiao and Chollet, 1991 ). The phosphorylated and non

phosphorylated forms of the CAM enzyme have been separated by protein liquid 

chromatography on a Mono-Q column in acetate buffer (Weigend, 1 994). PEPC-serine 

kinase has been purified from maize leaves (Wang and Chollet, 1993b ), and like PEPC, 

is light-activated (Li and Chollet, 1993) by a mechanism yet to be identified (Chollet et 

a/., 1 996). Phosphorylation of C3 PEPC has also been reported in wheat (Duff and 

Chollet, 1 995), tobacco (Wang and Chollet, 1 992), soybean nodules (Schuller and 

Werner, 1993, Zhang et a!., 1 995) and Vicia faba (Schnabl et a!., 1 992). The 

consequences of phosphorylation appear similar to those in monocot C4 and CAM 

plants. However, the physiological significance of protein phosphorylation in C3 PEPC 

remains to be established. 

In contrast to this abundant information, there are only a few studies on the 

regulation of dicot C4 PEPC. Available evidence suggests that the enzyme in dicot C4 

plants such as Atriplex and Flaveria spp can be activated by light (Karabourniotis et al., 

1983; 1985; Chastain and Chollet, 1989). However, there is no evidence of in vivo or in 

vitro protein phosphorylation in these species. Moreover, metabolic activators such as 
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G6P and glycine which play an important regulatory role in the maize enzyme (Chapter 

3) appear to have little effect on the dicot C4 enzyme (O'Leary, 1 982; Chapter 6). 

This chapter examines light regulation of the C4 dicot F trinervia PEPC and the 

effect of phosphorylation and dephosphorylation on the enzyme under in vivo and in 

vitro conditions. 

4.2 .. Materials and Methods 

4.2.1. Material 

The reagents, PEP (tricyclohexylammoniwn salt), NADH, MDH, [y-33P] A TP, 

cAMP-dependent protein kinase and alkaline phosphatase, were described in Chapters 2 

and 3 .  Carrier-free 
32

Pi was purchased from Bresatec. Reagents for site-directed mutage

nesis are described in Section 5.2. Fully expanded young leaves from 4-week old plants 

were harvested at 1 2  pm and 1 2  am for light- and dark-adapted leaves respectively. 

4.2.2. PEPC Extraction, Purification and Activity Assay 

For the crude extraction, a single leaf (-D.6 g fresh weight) was homogenised in 

a pestle and mortar at 4°C in 2 mL extraction buffer (see Section 2.2.2) supplemented 

with 10 mM NaF to inhibit phosphatase activity. Addition ofNaF (10 mM) maintained 

the difference in malate sensitivity between light- and dark-adapted enzymes and 

obtained consistent results. For PEPC purification, 20 g frozen leaves were 

homogenized in a Waring blender in 5 volumes (v/w) of extraction buffer supplemented 

with 1 0  mM NaF and protease inhibitors (1  mM PMSF, 1 J..LM pepstatin A, 1 J..LM 

leupeptin). The crude extract was fractionated with 5-12% PEG-8000 and then purified 

on a Mono-Q column as described in Section 2.2.2. This procedure purified the enzyme 

to about 95% homogeneity as judged from SDS-PAGE. 
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PEPC activity was assayed in 50 mM Hepes, pH 7.3, 1 0  mM MgC12, 1 mM 

NaHC03, 2 mM PEP, 0.2 mM NADH and 4 U MDH. Reactions were initiated by the 

addition ofPEPC. Each assay was duplicated with excellent consistency. 

4.2.3. In vitro Dephosphorylation and Phosphorylation 

Dephosphorylation of purified PEPC from light adapted leaves was carried out 

as described in Section 2.2.3. In vitro phosphorylation was performed in 50 mM Iris, 

pH 7.4. 1 0  mM MgoAc, 1 mM OTT, 0.2 mM [y_33p] ATP, 20% glycerol, 1 f..ll cAMP

dependent protein kinase and 6-8 f..lg purified dark PEPC in a total volwne of 20-25 f..lL 

1 0  mM NaF was included to inhibit phosphatase activity. A control reaction was 

included using dark-form maize PEPC since this system works effectively with the 

maize enzyme (Chapter 3). The reaction mixture was incubated at 30°C for 90 min and 

the polypeptides were analysed by 10% SDS-PAGE. 

4.1.4. In vivo Labelling 

Plants were grown as described (Section 4.2.1 ), transplanted into nutrient-free 

soil 7-1 1  days before scheduled feeding and supplied with phosphate-free nutrients to 

deplete the phosphate pool in the leaves. Two different methods of 32Pi feeding were 

used. In each case the plants were kept in the dark for at least two hours to 

dephosphorylate the enzyme prior to 32Pi-labelling. 

Method 1 :  Each detached leaf was allowed to take up 1 50 f..lCi 32Pi (in a total of 

1 1 5  f..lL solution) from the petiole in the dark. As the solution became depleted due to 

transpiration. more water was added to the feeding tube and the leaves were left in the 

dark for 36 h. One leaf was immediately harvested after the darkness, another leaf after 

90 min illumination at 1 , 1 00 f..lE m"2s"1 photon flux density and a third leaf after 60 min 
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illumination and then 90 min in darkness. This procedure was used successfully for 32Pi 

uptake and labelling of PEPC in detached maize leaf portions and CAM Bryophyllum 

leaves (Nimmo et al., 1987; Nimmo et al. , 1984). 

Method 2: This method was slightly modified from Jiao et al. ( 1 991 b). The 

feeding was performed in the light for 4 h. The leaves were then transferred to darkness 

for 3 h, followed by 2 h illumination and finally in the dark overnight. Three leaves were 

harvested as in Method 2. All harvested leaves were frozen immediately in liquid 

nitrogen and then stored at -80°C for extraction the following day. The crude enzyme 

extract was fractionated with 5-12% PEG-8000 before SDS-PAGE analysis. 

4.2.5. SDS-PAGE and Autoradiography 

Ten percent separation gel with 5% stacking gel was prepared as described by 

Bollag and Edelstein (1991). Electrophoresis was run in a LKB system with water 

cooling apparatus at 200 volts for - 2 h 45 min. The gel was stained in Coomassie Blue 

R-250 ( 1  g of Coomassie dissolved in 450 rnL methanol, 450 H20 and l 00 rnL glacial 

acetic acid), then destained in the destaining solution (1 00 mL methanol, 100 glacial 

acetic acid, 800 rnL H20). The destained gel was dried in a KLB gel drier for X-ray 

autoradiography with intensifying screens for an appropriate length of time at -80°C. 

• 11 ll 4.2. 6. Convertmg Ser to Ala 

PEPC ofF trinervia, like most plant PEPCs, contains a conserved serine residue 

near the N-terminal (Ser
1 1

) in the motif K-X-X-S which can be recognised by protein 

serine kinase. The regulation of monocot C4 PEPC involves the reversible phosphoryla-

tion of this serine residue (Jiao and Chollet, 1991). The PEPC eDNA of dicot C4 F 

trinervia has been isolated in the laboratory. This eDNA encodes fully functional PEPC 
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in E. coli (for more details, see Section 5.2). The availability of this eDNA allows Ser1 1  

of the cloned enzyme to be converted to Ala 1 1  to study the importance of protein 

phosphorylation in this species. The EcoR I-Sal I fragment of the PEPC eDNA, which 

contains the Ser1 1  codon, was subcloned into the polycloning site of vector pAL TER-1 

for site-directed mutagenesis (see details Section 5.2.4). The sequence of wild-type F 

( K L A S1 1 I D )  
trinervia PEPC eDNA is G AAA IT A GCA TCG A TC GAT G, so the oligonucleotide 

( K L A A 1 1  
I D )  

used for introducing this mutation is G AAA IT A GCA GCG A TC GAT G. The 

substitution of T by G in the sequence was confirmed by double stranded plasmid 

sequencing, then the EcoR I-Sal I fragment was released from recombinant pAL TER-1 

and cloned back into the PEPC eDNA. Transformation of eDNA into ppc· E. coli strain 

PCR1 and the production and purification ofPEPC were as described in Section 5.2.5. 

4.3. Results 

4.3.1. Activity and Malate Sensitivity of Light- and Dark-adapted PEPC 

PEPCs from monocot C4 plants are activated by light in vivo. This activation 

occurs .when assayed at sub-optimal but physiological PEP concentration and relatively 

low pH. More importantly, light decreases malate inhibition of the enzyme (Jiao and 

Chollet, 1991; Nimmo, 1990). Evidence from in vivo studies shows that PEPC of 

several dicot C4 such as Sa/sola soda and F trinervia also responds to light activation 

(Karabourniotis et al., 1983; 1985; Chastain and Chollet, 1989). 

Fig. 4.1 A shows that the kinetic properties of crude extract ofF trinervia PEPC 

from light- and dark-adapted leaves was quite similar. The V max was Uflchanged, as 

reported for other C4 species (Doncaster and Leegood, 1987), while the Km (PEP) was 

decreased marginally by light. The insert in Fig. 4 .1A shows that the kinetics were 
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sigmoidal, and light activation was observed at low PEP concentration. It was 30% at 1 

rnM PEP and 1 0% at 2 rnM PEP (Table 4.1). The magnitude of this activation is smaller 

than in maize and the dicot S. soda (Jiao and Chollet, 1988; Karaboumiotis et a!., 1983; 

1985). However, the light-adapted enzyme was significantly less sensitive to malate 

inhibition than the dark-adapted enzyme (Fig. 4. 1 B). The K; value of the former was 

twice that of the latter (Table 4.1). Consequently, the activity of the light-adapted 

enzyme was twice that of the dark -adapted at 1 5  rnM malate. The data indicate that light 

regulation of PEPC of F. trinervia primarily decreases malate inhibition of the enzyme. 

Table 4.1. PEPC activity and K; (malate) values of light- and dark-adapted 

F. trinervia leaves. 

n.d., not determined. n=5 

1 mM PEP 

2 mM PEP 

Activity ().!mol mg chl-1h-1) 

light dark 

871±105 

1526 ±87 

670±46 

1352 ±53 

K; (mM) 

light dark 

n.d. 

9.2 ±0.32 

n.d. 

4.9±0.19 

4.3.2. Activity and Malate Sensitivity of Dephosphory/ated PEPC 

Further studies were done with enzyme purified from light-adapted leaves. 

Treatment with alkaline phosphatase, which was expected to dephosphorylate the 

enzyme (Jiao and Chollet, 1988; Chapter 2), had no effect on V max of F. trinervia PEPC 

but slightly decreased the activity at low PEP concentrations (Fig. 4.2A). Dephosphory

lation increased malate sensitivity and the K;(malate) value decreased from 12.0 rnM in 

the control to 6.4 mM in the dephosphorylated enzyme (Fig. 4.2B). The results indicate 

that the dephosphorylated enzyme was similar to the dark-adapted enzyme both in 

kinetics and malate sensitivity, suggesting that the light regulation of the F. trinervia 
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enzyme also involves protein phosphorylation as for monocot C4 and CAM PEPCs. 

4.3.3. pH and Dephosphorylated PEPC 

The assay pH has a significant effect on the light/phosphorylation activation of 

the enzyme. High pH tends to reduce or even totally abolish the activation 

(Karabourniotis et al .. 1985; Jiao and Chollet, 1988). Fig. 4.3 shows PEPC activity 

increased sharply between pH 6.8 and pH 7.3, and then stabilized above pH 7.3. This 

pH profile differed from that of the maize enzyme shown in Fig. 3 .3 .  

Dephosphorylation strongly decreased the activity at low pH. At pH 6.8 and pH 7.0, 

the activity of the control light enzyme was 3- and 1 .6-fold that of the 

dephosphorylated enzyme respectively. Above pH 7.0, dephosphorylation decreased 

the activity by less than 10%. When the pH curves were done at limiting PEP 

concentration (0.5 mM), similar trends were obtained (data not shown). 
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Fig. 4.3. Effect of pH on the activity of dephosphorylated F trinervia PEPC. 

(0). control enzyme (light-adapted); (•).  dephosphorylated enzyme: (V'). 
activity ratio between control and dephosphorylated enzyme. 
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4.3.4. In vitro Phosphorylation 

F trinervia leaf or cloned PEPC were treated with protein kinase and [y-33P] 

A TP and maize PEPC was included as a control. Despite precautions taken to protect 

the enzyme against proteolytic degradation during protein purification (see Section 

4.2.2), repeated attempts failed to phosphorylate the enzymes. PEPC from dark-

adapted F trinervia leaves, the cloned F trinervia enzyme in E. coli were not labelled 

1 1 
during the in vitro phosphorylation in the presence of NaF because the mutant Ala 

PEPC, which can not be phosphorylated, contained similar radioactivity to the cloned 

wild-type or the leaf enzyme (Fig. 4.4). In contrast, the maize enzyme was distinctly 

labelled. Attempts to phosphorylate the 5-12% PEG-8000 fractionated enzyme was 

also unsuccessful (data not shown). 

KD 

205-

I I 6-
97- -

66-

45-

29- ., 
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A 

3 4 

-
-

B 

5 _1 _____ 2 __ 3 ___ � 5 

Fig. 4.4. In vitro phosphorylation F trinervia PEPC by cAMP-dependent protein 

kinase and [y-33P] ATP. A, Coomassie Blue R-250 staining. B, Autoradiography. 

Lane 1 ,  molecular marker; lane 2, maize PEPC; lane 3 ,  F trinervia leaf PEPC; 

lane 4, cloned wild-type PEPC; lane 5, cloned mutant Ala 11 PEPC. 
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4.3.5. In vivo labelling 

Attempts to label the enzyme in vivo by feeding radioactive 
32Pi to detached 

leaves using two different labelling methods which have been used successfully with 

other species (Nimmo et al., 1987; Nimmo et al., 1984; Jiao et al., 1991b) were 

unsuccessful. Fig. 4.5 shows the results obtained in Method 2 (see Section 4.2.4). The 

detached leaves had certainly taken up 32Pi, but PEPC was not labelled in any of the 

light/dark treatments. 

I( I) 

205-

1 16-
97-

66-

45-

29-

A B 

� 
I 

Fig. 4.5. In vivo labelling of F. trinervia PEPC. A, Coomassie Blue R-250 

staining. B, Autoradiography. Lane 1 ,  molecular weight marker; lane 2, purified 

leaf PEPC; lane 3, PEPC of sample immediately harvested after overnight 

darkness; lane 4, PEPC of sample harvested after 90 min illumination; lane 5, 

PEPC form sample harvested after 90 min illumination and 90 min in the 

darkness. Proteins in lane 3, 4 and 5 were fractionated by 5-12% PEG-8000. 

Arrow indicates position of PEPC band. 
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Fig. 4.6 shows that the enzyme following 90 mm illumination was 

significantly less sensitive to malate inhibition compared to either of the enzymes 

following dark treatment. These results indicate that light modulation of PEPC 

occurred in the detached leaves during light/dark treatments and the light-form 

enzyme was phosphorylated in vivo. Apparently, the PEG-8000 fractionated light-form 

enzyme retained its in vivo property and it was therefore the N-terminal serine residue 

was not hydrolysed during extraction and PEG fractionation. Nevertheless, the protein 

was not radioactively labelled (Fig. 4.5). The Ki values obtained in Fig. 4.6 are 1-fold 

greater than those in Fig. 4.1  B and Fig. 4.2B. The reason for this variation is not 
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Fig. 4.6. Malate inhibition of PEPC activity (PEG-8000 fraction) in 

detached leaves after in vivo 
32

Pi feeding. (0), the sample harvested 

immediately after the overnight darkness; (V), sample harvested after 90 

min illumination; (0), sample harvested after 90 min illumination and 90 

min in the darkness. 



78 

11 
4.3.6. Mutant Ala PEPC 

Ser1 1  in the polypeptide of cloned F trinervia PEPC, which corresponds the 

phosphorylation serine residue in monocot C4 PEPC, was converted to Ala
1 1

. Mutant 

Ala 
1 1  

PEPC showed similar malate sensitivity to that of the wild-type enzyme ( data not 

shown). This indicates that the cloned wild-type PEPC was not phosphorylated in E. 

coli host cells, an observation consistent with the results for cloned sorghum PEPC 

(Cretin et al., 1991 a). 

4.4. Discussion 

The N-moiety of the polypeptide has been proposed to be primarily 

responsible for regulatory processes whereas the C-terminal half is related to catalytic 

activity (Izui et a!., 1986; Jiao and Chollet, 1991).  The presence of a structural motif 

of Lys(Arg)-X-X-Ser near the end of the N-terminus in all known PEPCs of C4 and 

CAM plants, including F trinervia, is consistent with this hypothesis (Lepiniec et a!., 

1 993). This motif can be recognised by a cAMP-dependent protein kinase which 

phosphorylates the hydroxyl group of the serine residue (Creighton, 1993). This 

phosphorylation can be mimicked by the introduction of negatively charged amino 

acid residue by site-directed mutagensis (Wang et a!., 1 992). In monocot C4 and CAM 

species, the reversible phosphorylation of this serine residue in light/dark transition 

reduces malate inhibition of the enzyme during C02 assimilation (Nimmo, 1990; 

Vidal et al., 1 990; Jiao and Chollet, 1 99 1 ;  Bakrim et a!., 1993). 

Light modulation of F trinervia PEPC primarily decreases malate sensitivity 

without greatly affecting catalytic activity (Fig. 4.1  ). Treatment of PEPC with alkaline 

phosphatase increased malate sensitivity in the light-adapted enzyme to essentially the 

same level of the dark-adapted enzyme (Fig. 4.2). These data are similar to those 
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observed in PEPCs from monocot C4 species and strongly suggest that the light 

regulation of dicot PEPC also involves protein phosphorylation. 

Attempts in this chapter to phosphorylate this dicot enzyme in vitro or to label 

it with 32Pi in vivo were, however, unsuccessful (Fig. 4.4 and Fig. 4.5). These results 

and the absence of in vitro or in vivo labelling of dicot C4 PEPC in the literature are 

clearly at odds with the overwhelming evidence obtained for monocot C3 and C4, 

dicot C3 and CAM PEPCs (Nimmo et al., 1984; Nimmo et al., 1987; Jiao and Chollet, 

1991;  Weigend, 1 994). This failure could not be attributed to the phosphorylation 

system used in my studies because success was always obtained with the maize 

enzyme (Fig. 4.4) or to phosphatase activity because NaF was present in the reaction 

mixture. Nor could it be attributed to loss of N-terminal region during enzyme 

purification because the purified light enzyme can be dephosphorylated (Fig. 4.2; Fig. 

4.3) and the isolated light and dark enzymes showed distinct differences in malate 

sensitivity (Fig. 4.6). On the other hand, changes in the conformation of the isolated 

enzyme could conceivably alter the phosphorylation motif thereby preventing protein 

phosphorylation by exogenous cAMP-protein kinase. It would be interesting to see 

whether the maize PEPC-kinase, which is capable of phosphorylating the tobacco 

enzyme (Wang and Chollet, 1 992; 1 993b), is effective with F. trinervia PEPC. 

I am aware that another research group has had similar difficulty in trying to 

phosphorylate the F. trinervia enzyme. If this failure is not related to experimental 

techniques then the evidence presented in this chapter raises questions about the 

nature and mechanism of light activation of PEPC in dicot C4 species in general and 

F. trinervia in particular. At present one can only speculate what this mechanism 

might be. One hypothesis is that the regulatory mechanism of F. trinervia PEPC is 
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simply not by protein phosphorylation, but protein nucleotidylation as observed for 

glutamine synthetase (Creighton, 1 993). 

Finally, monocot C4 PEPC is regulated in concert by protein phosphorylation and 

metabolite activation (see Chapter 3). But PEPC of dicot C4 F trinervia is not activated 

by these metabolites (O'Leary, 1982; Chapters 5 and 6). Post-translational modification 

seems to be the only mechanism involved. In this context, it is worthwhile to note the 

intrinsic malate sensitivity difference between the monocot and dicot enzymes. The K; 

(malate) value for the maize enzyme is generally < 1 mM in Hepes buffer at pH 7.0 to 

7.3 (Chapters 2 and 3; Nimmo et al., 1987; Jiao and Chollet, 1988), but protein 

phosphorylation and metabolite activation synergistically increase it to over I 0 mM 

(Chapter 3). Interestingly, the K; (malate) value observed for the light-adapted F 

trinervia enzyme is comparable to this value (Fig. 4.1B and Fig. 4.2B). It would seem 

that the lack of metabolic activation in F trinervia PEPC is compensated by its low 

malate sensitivity. 



Chapter 5 

Site-directed M utagenesis of Conserved Lysine and Arginine 

Residues in PEP Carboxylase of Flaveria trinervia 

5.1. Introduction 

The eDNA and/or gene encoding PEPC have been isolated from a variety of 

organisms, including monocot C4 (maize, sorghum), dicot C4 (F trinervia), C3 (F 

pringlii, tobacco, soybean, M crystallinum-C3 form), CAM (M crystal/inurn) and 

prokaryotes such as E. coli. Eighteen different nucleotide sequences and their 

deduced protein sequences are available now (Hermans and Westhoff, 1 992; Lepiniec 

et al., 1993, Toh et al. , 1993 and references therein). All polypeptides contain 1 1  

absolutely conserved arginine residues, two lysine residues and two histidine 

residues. These conserved positively-charged amino acids residues are particularly 

important since both the substrates, PEP and HC03- are anions at physiological pH. 

Some of these residues (in bold) are located in highly conserved regions 

(k.LDIRQES, GYSDSgKDAGr, LRAIPWifsWtQtR and EMVfAKgnp) which may 

be associated with substrate binding and/or catalytic functions (Lepiniec et a/., 1993). 

Chemical modifications with phenylglyoxal and 2,3-butanedione show that 

one arginine residue per subunit is essential for catalytic activity (Iglesias et al. , 1 984, 

Rustin et al., 1988), but the position of this arginine residue remains to be identified. 

Selective modifications of lysine residues by pyridoxal 5'-phosphate (Podesta et a/. , 

1 986), eosin isothiocyanate (Andreo et al., 1 986), dansyl chloride (Wagner et a/. , 

1988) and fluorescein isothiocyanate (Wu and Wedding, 1 994) suggest that 1 or 2 

lysine residues per subunit can be modified with one being essential for the activity 

(Podesta et al., 1986). The loss of enzyme activity upon lysine modification is both 

8 1  



time- and concentration-dependent, and PEP, especially with Mg2+, prevents the 

modifications of lysine residues by these reagents. Significant residual activity is 

observed after modification by pyridoxal 5'-phosphate and the activity can be 

completely restored after the reagent is diluted (Podesta et al., 1986) suggesting that 

these modifying reagents compete with substrate PEP for the active domain. Lys606 of 

maize PEPC has been suggested to be involved in PEP-Ml+ binding (Jiao et a!. , 

1990). Modification with diethylpyrocarbonate suggests that two histidines are 

essential for the enzyme function (Iglesias and Andreo, 1983). Studies of site-directed 

mutagenesis have identified one of the two conserved histidine residues is essential 

for catalytic activity and the other one associated with PEP binding (Terada and Izui, 

1991; Terada et a/, 1991). 

. . . 'd Ar 450 d Ar 767 d th 1 . In this chapter, the arguune res1 ues, g an g , an e ysme 

residues, Lys600 and Lys829 in conserved regions of F trinervia PEPC were mutated 

in two separate experiments to assess their roles in enzyme function. In the first, 

Lys600 was changed to arginine or threonine. In the second experiment, conserved 

Lys829, Arg450 and Arg767 residues were all changed to glycine. 

5.2. Materials and Methods 

5.2.1. Materials 

All DNA restrictive endonucleases, T4 DNA ligase, T4 polynucleotide kinase 

and the Altered Sites II in vitro mutagenesis system were supplied by Promega. RF-

purified oligonucleotides were purchased from the Macromolecular Resources, 

Colorado State University and phosphorylated in the laboratory.  The DNA molecular 

marker used was A. DNA digested by EcoR I and Hind III. 
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5.2.2. Bacterial Strains and Plasmids 

E. coli strains PCR1 , JM 1 09 and ES1301 (repair minus) were used in this 

work. PCR 1 was defective in PEPC gene (ppc) and served as the host for cloned 

PEPC. ES 1 30 I and JM 1 09 were used in the first and second round of transformations 

after mutagenic reaction. JM 1 09 was also used as the host for recombinant pALTER-

1 for the production of single-stranded DNA (ssDNA). Plasmid pALTER-1(5680 bp) 

was used for the subcloning of PEPC eDNA fragments and production of ssDNA. 

This vector, which is shown in Appendix 1 ,  carries a tetracycline resistant gene and a 

defective ampicillin resistant gene which can be restored during mutagenic reaction. 

Synthesis and cloning of PEPC eDNA of F. trinervia were done as described 

previously for the maize enzyme (lzui et al., 1986). The entire eDNA was carried in 

plasmid pSI400 1 which had an open reading frame and an ampicillin resistant gene 

(Shigesada et al. , 1987). Sequence and restriction map of the eDNA clone with 1 2  

restriction enzyme were almost identical to the published PEPC eDNA sequence of 

this species (Paetsch er a!., 1991 ), except there was one extra Pvu II site. Notably, a 

Pvu II site is present in the maize PEPC eDNA which corresponds to this extra site in 

F. trinervia PEPC eDNA. It is likely that the published sequence has an error. The 

restriction map of F. trinervia PEPC eDNA is shown in Appendix 2. 

5.2.3. Amino Acid Residues to be Mutated 

The four conserved lysine (Lys600 and Lys829) or arginine (Arg450 and Arg767) 

residues are located in highly conserved/conservative regions (Fig. 5.1).  These 

.d d b . d. d . L 600 d Ar 600 res1 ues were mutate y s1te- 1recte mutagenesiS. ys was converte to g 

or Thr600, Lys829 to Gll29, Arg450 to Gl/50 and Arg767 to Gly767 in separate reactions. 
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Fig. 5.1 .  Four conservative regions of all known sequences of PEPC (Lepiniec et a!., 

1993; Toh et a!., 1994). The numbers denote the positions of conserved arginine or 

lysine residues in PEPC of F. trinervia. 
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5.2.4. Site-directed Mutagenesis 

5.2. 4.1. Subcloning of eDNA Fragments into pALTER-1 

The 1 .3 kb Sal I -BamH I fragment of the PEPC eDNA, which contained the 

Arg450, Lys600, Arg767 and Lys829 codons, was purified from low-melting point 

agarose gel and subcloned into the multicloning site of pALTER-1 .  After 

transformation into JM 1 09, the colonies containing recombinant plasmid appeared 

white in a blue background on LB plates containing X-gal, IPTG and 12.5 �g/mL 

tetracycline. The recombinant plasmid was verified by restriction analysis (Fig. 

5.2A). Digestion of pAL TER-1 with EcoR I linearized the vector of 5.68 kb (lane 2), 

and Pvu n digestion produced three fragments of 3.05, 2.25 and 0.38 kb (lane 3). 

Insertion of a 1 .3 kb fragment into the multicloning site increased the size of the 

plasmid to 7.0 kb, as evident by Sal I and BamH I digestions (lane 4 and 5). 

Accordingly, double digestion of the recombinant plasmid with Sal I and BamH I 

resulted in two fragments, the vector and the insert (lane 6). Digestion of the 

recombinant plasmid with Apa I and Nco I, both of which cut once in the insert, 

linearized the plasmid to the expected size (lane 7 and 8). Digestion of the 

recombinant plasmid with Pvu II resulted in three fragments (lane 9), one of which 

was larger than the corresponding one in lane 3. These digestion patterns were 

expected and indicated that the desired insert was subcloned into the multicloning 

site. 

The 1 .4 kb EcoR I-Sal I fragment of PEPC eDNA plasmid was similarly 

subcloned into the polycloning site of this vector. This recombinant plasmid was used 

in studies described in Chapters 4 and 6. Fig. 5.28 shows the restriction analysis of 

this recombinant plasmid. EcoR I or Sal I digestion produced a single fragment of 

-7.1 kb (lane 4 and 5) which was larger than the linearise pALTER-1 plasmid (lane 



2). Double digestion with EcoR I and Sal I released the insert from the recombinant 

DNA (lane 6). Hind Ill, which cut twice in the insert and once in the vector, produced 

three fragments (the smallest one was not visible from the gel). Xba I, which does not 

cut the insert and the vector (the unique site in the multicloning region of pAL TER-1 

was removed during subcloning), did not digest the recombinant plasmid (lane 9). 

A B 

1 2 3 4 5 6 7  8 9  1 2 3 4 5 6 7  8 9  

Fig. 5.2. Restriction analysis of subcloning of Sal I-BamH I (a) and EcoR 1-

Sal I (b) fragments of F trinervia PEPC eDNA into pALTER-1 .  (A). 1 ,  

marker; 2, EcoR I ;  3 ,  Pvu II; 4, Sal I ;  5,  BamH I ;  6, Sal I +  BamH I ;  7, Apa I; 

8, Nco I; 9, Pvu II. (B). 1 .  marker; 2, EcoR I; 3, Pvu II; 4, EcoR I; 5, Sal I; 6, 

EcoR I + Sal I; 7, Hind III; 8, Pvu II; 9, Xba I. DNA in lane 2 and 3 was 

vector pAL TER-1 ,  in lane 4-9 was recombinant plasmid. Faint bands are 

indicated by white arrows. 

5.2.4.2. Production ofssDNA 

Protocol for procedure of ssDNA production is shown in Appendix 3. Briefly, 

JM109 cells transformed with the recombinant plasmid were infected with helper 

phage R408 to produce ssDNA. The 7.0 kb ssDNA from the recombinant plasmid 
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ran faster than the 6.4 kb phage DNA, presumably due to ssDNA secondary structure 

under the non-denaturing gel electrophoretic conditions (Fig. 5.3). 

Fig. 5.3. Agarose gel electrophoresis of ssDNA from recombinant 

plasmid pAL TER-1 under non-denaturing conditions. 

The Sal I-Bam HI insert cloned into vector pALTER-1 was inverted and the 

ssDNA produced was the non-coding strand for the insert region. Hence, sequences 

of the mutagenic oligonucleotides used would correspond to the coding strand 

reading in the 5'-73' direction as shown in Fig. 5.4. 

GAT TCA GGA MA GAT GCA GG 
D S G /t00 D  A 

CC TGC ATC TCT TCC TGA ATC 
CC TGC ATC TGf TCC TGA ATC 

G TIT GCT AAA GGT AAC CC 
F A K29 G N 

GG GTI ACCATI AGC AAA C 

GTI GAT ATAAGA CAA GAA TCT 
L D I R450 Q E S 

AGA TIC TIG TCC TAT ATC AAG 

GAA TCA CTC AGA GCC A TI C 
E S L R767 A I 

G AA T GGC TCC GAG TGA TIC 

600 (w.t. sequence around Lys ) 

(oligonucleotide introducing Arg600) 
(oligonucleotide introducing Thr600) 

829 (w.t. sequence around Lys ) 

(oligonucleotide introducing Gll29) 

450 (w.t.sequence around Arg ) 

(oligonucleotide introducing Gly 450) 

767 (w.t. sequence around Arg ) 

(oligonucleotide introducing Gly767) 

Fig. 5.4. Oligonucleotide sequences to introduce designed mutations. 
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5. 2. 4. 3. Site-directed Mutagenesis 

Mutagenesis was performed as described by Promega (see Appendix 4). 

Briefly, one of the mutagenic primers plus the primer which would restore the 

ampicillin gene of pAL TER-1 were used to initiate DNA synthesis from the ssDNA 

template. The reaction mixture was used to transform ES 1301 from which plasm ids 

were isolated and subsequently used for transformation into JM 109 and the colonies 

were selected on LB containing 125 11g/mL ampicillin. In the control reaction, the 

plasmid DNA would be converted from AmpsTetr to AmprTd. The efficiency in the 

control reaction was generally very high (>90%), and in the mutagenic reactions it 

was -60-70%. Colonies growing on ampicillin plates would contain the putative 

mutagenic clones. Their plasmid DNA was purified by PEG precipitation (Sambrook 

et a/., 1989) and the mutation was verified by double-stranded DNA sequencing 

(Dept. of Microbiology and Immunology, University of Adelaide). The mutated 

fragment was finally cloned back into pSI4001 to produce a mutated full length PEPC 

eDNA. 

5.2.5. Growth of PCRJ Cells and Production of PEPC 

The wild-type and mutant F. trinervia PEPC cDNAs were transformed into 

PEPC-deficient E. coli PCR1 cells which were grown overnight in LB medium 

(containing 60 11g/mL ampicillin) at 37°C (250-300 rpm). An aliquot of this 

overnight culture was inoculated to 2 litre of the minimal mediwn containing 60 

!-tg/mL ampicillin and 0.1  mM IPTG. The composition of the minimal mediwn was 

the same as in Terada et a/. ( 1 991)  except that glycerol substituted glucose as the 

carbon source (see Appendix 5). For cells carrying mutant cDNAs encoding non

functional PEPC, the minimal medium was supplemented with glutamate 
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(monosodiwn salt, l g/L). The cells were cultured at 30°C (250 rpm) for -22 hours, 

spun down at 4°C at the end of the incubation, washed once in extraction buffer (100 

mM Tris, pH 7.6, 10 mM MgCI2, 5 mM DTT, 1 mM EDTA, 20% glycerol) and used 

for partial purification of PEPC. 

Partial purification was carried out on ice or at 4 °C. The washed cells were 

resuspended in 5-l 0 mL extraction buffer and disrupted by ultrasonication or by 

grinding with acid-washed sand and liquid N2 (Bollag and Edelstein, 1991 ). The 

lysate was fractionated with 5-12% PEG-8000 and chromatographed on a Mono-Q 

column as described in Section 2.2. The fractions containing high PEPC activity were 

pooled, desalted on a Sephadex-G-25 column and the enzyme was stored in 50% 

glycerol at -20°C. This purification procedure increased the specific activity -70-fold. 

5.2.6. Assay of PEPC Activity 

Activity was determined as described in Chapter 2. Unless stated otherwise, 

the assay buffer consisted of 50 mM Hepes, pH 7.3, 10  mM MgCl2, 5 NaHC03, 2 

mM PEP, 0.2 mM NADH, 4 U MDH. The reaction was initiated by the addition of 

PEPC, or by the addition of NaHC03 in studying HC03- response in the experiment 

with Gll
29 mutation. Each assay was duplicated. 

C02-free assay buffer was prepared by sparging with high purity N2 for 4-

1 6  h at room temperature. The buffer was then sealed in a layer of AR grade silicon 

oil and used immediately. A N2-flushed pipette was used to transfer the buffer to 

cuvettes which was sealed immediately with silicon oil. In one experiment (Lys600 

mutations), the HC03- kinetics was done when the reaction was initiated by the 

addition of PEPC and the trace amount of HC03- present in the PEPC solution was 

corrected by asswning that it contained I mM HC03- at pH 8 (the pH of PEPC 
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solution). In the second experiment (Lys829 mutation), PEPC was added initially to 

conswne the last traces of HC03" present in the reaction mixture. Once the 

absorbance at 340 run had stabilised (after 2-3 min), the required concentration of 

NaHC03 was added to initiate the reaction. The Km (HC03 ') values of the wild-type 

enzyme obtained from these two methods are very similar. 

5.3. Results 

5.3.1. Growth of PCRJ Cells 

5.3. 1 . 1  Phenotypic Complementation of PCRJ Cells 

The plasrnids encoding wild-type or mutant PEPCs were transformed into 

ppc- E. coli PCRI which requires glutamate supplementation in order to grow in a 

minimal mediwn containing one sugar (glucose or glycerol) as the sole carbon 

source (Sabe et a!., 1 984). Transformation of the cells \Vith eDNA expressing 

functional PEPC converts the phenotype from ppc· to ppc + and complements the 

glutamate requirement (Terada et a!., 1991 ). Cells which grow in this minimal 

medium can be regarded as producing active PEPC as represented by cells 

transformed by the wild-type PEPC eDNA. 

- 450 767 ).3.1 .2. Mutant Gly and Gly PEPCs 

When the cells transformed with mutant plasrnids expressing Gly 450 and 

Gly 767 PEPCs were cultured in the minimal mediwn, no gro-wth was observed over a 

period of24 h or more. In contrast, the cells containing wild-type PEPC eDNA grew 

well under the same conditions (Table 5 . 1 ). It was likely that the expressed Gly450 

and Gly767 PEPCs were non-functional or no PEPC proteins were expressed from 

the two mutant plasmids in the host cells. 
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Table 5.1 .  Absorbance of PCRl cultures containing wild

type or mutant PEPCs. 

200 J.LL overnight LB culture was inoculated to 100 mL 

minimal mediwn (plus 60 f.!g/mL ampicillin and 0. 1 mM 

IPTG). Cells were grown at 30°C (250 rpm). 

A600 at time (h) 

14.5 1 8  20 22 24 

Wild-type 0.36 1 .02 1 .23 1 .39 1 .54 

Arg600 0.40 1 .07 1 .26 1.44 

Thr600 
0.05 0 . 12 0.25 0.53 

Gll29 0.35 0.65 1 .07 1 .22 

Gly4so 0.00 0.00 0.00 0.00 

Gly767 0.00 0.00 0.00 0.00 

In order to distinguish between these two possibilities, the cells carrying the 

mutant plasmid were grown in minimal mediwn supplemented with glutamate and 

the mutant PEPCs were partially purified. Both mutant PEPCs were eluted from the 

Mono-Q column at 220 mM NaCl as the wild type protein. SDS-PAGE showed that 

both Gll50 and Gl/67 enzymes were as efficiently expressed as the wild-type (Fig. 

5.5) and their subunits had the same molecular weight ( � 100 k.D). The purity of these 

preparations was about 40%. The cloned PEPC from leaves of F trinervia was 

slightly larger than the PEPC purified directly from the leaves. Clearly, the 5'-

flanking region of the eDNA had been translated in the cloned enzyme. 

No catalytic activity of the partially purified mutant PEPCs was detected at 

pH 7.3 or pH 8.0, at 2.0 or 1 2  mM PEP even at high protein concentrations (data not 

450 767 shown). These results show that the expressed Gly and Gly PEPCs were 

. . Th b h Ar 450 d Ar 767 b . 1 fi al . . . mactlve. us, ot g an g appear to e essent1a or cat yt1c act1v1ty. 
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Fig. 5.5. SDS-PAGE of partially purified wild-type or mutant PEPC. Lane 

1,  molecular marker; lane 2, w.t.; lane 3 ,  Gl/50 PEPC; lane 4, Gly767 

PEPC; lane 5, purified PEPC from F trinervia leaves. The amount of total 

protein loaded was 1 2  J..Lg for lanes 2-4 and 5 J.lg for lane 5.  Arrow indicates 

PEPC bands. 

6oo 6oo G 829 5.3.1.3. Mutant Arg , Thr and ly PEPCs 

PCRl cells transformed with plasrnids encoding mutant Arg600, Thr600 and 

Gll29 PEPCs were able to grow in the minimal medium suggesting that active PEPC 

is produced in the host cells. However, the cells transformed with mutant Thr600 and 

Gll29 PEPC grew significantly slower than those containing wild-type or mutant 

Arg600 PEPC, as indicated by the absorbance changes of the cultures (Table 5 . 1  ). It 

has been observed that E. coli cells containing low PEPC activity grow poorly in 

minimal medium (Coomes et a/., 1985). This decreased growth of cells containing 

mutant Thr600 and Gll29 PEPCs indicated decreased PEPC activity in these mutants 

compared to the wild-type enzyme or mutant Arg600 PEPC. Consistent '.J.ith this 

expectation, the PEPC activity determined in the crude enzyme extract was 0. 182. 

0.283, 0.076 U mg·1 protein for the wild-type, Arg600 and Thr600 PEPC respectiYely. 

The activity of Gll29 PEPC in the crude extract was not determined. 



5.3.2. Kinetics of Mutant Arg6()(J, Thr
6()(J 

and Gl/19 PEPCs 

Fig. 5 .6 shows the response curves of the wild-type enzyme, Arg600 and 

Thr600 c 2+ - 600 PEP s to PEP, Mg and HC03 at pH 7.3 and 2 mM PEP. In al1 cases, Thr 

PEPC showed the lowest activity and Arg600 PEPC had the highest activity under 

optimal conditions. The kinetic parameters of Arg600 and Thr600 PEPCs were 

surrunarised in Table 5.2. Compared to the wild-type, the Km (PEP) increased 46% 

and 3-fold in mutant Arg600 and Thr600 PEPC respectively. At pH 8.0, the Km (PEP) 

was increased from 0.41 mM in the wild-type to 0.57 mM and 1 .47 mM in mutants 

Arg600 and Thr600 PEPC respectively (graph not shown). The magnitudes of changes 

were therefore similar at both pHs. The Km (HC03) in the wild-type enzyme was 

similar to reported values (O'Leary, 1 982) but increased by 2 and 9 fold by Arg600 

and Thr600 mutations respectively. The Km (Mg2+) was increased 2 fold in Arg600 

PEPC and 2 fold in Thr600 PEPC. The results show that Lys600 is likely to be 

associated with bicarbonate binding but is not obligatory for cataly1ic activity. 

Table 5.2. Summary of kinetic properties of the wild-type, Arg600 and 

Thr600 PEPCs. 

w.t. Arg600 PEPC Thr600 PEPC 

V max (U mg"1 protein) 13.05 17.06 9.44 
Km (PEP)(mM) 0.74 1 .08 2.54 

Km (HC03 )(mM) 0.061 0. 1 14 0.602 

Km (Mg2+)(mM) 1 .5 8  3.04 4.41 
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Fig. 5.6. Kinetic curves of wild-type (•), Arg600 (V') and Thr600 (0) 
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The mutant Gll29 PEPC had lower activity and affinity for PEP and Mg1-

compared to the wild-type enzyme at pH 7.3 (Fig. 5.7). But the mutation had little 

effect on the affinity for HC03-. The kinetic parameters ofGll29 PEPC at pH 7.3 and 

pH 8.0 are summarised in Table 5.3. Conversion of Lys829 to Gll29 affected Y mar and 

the affinity for PEP to the same extent at both pH 7.3 and pH 8.0. The K'" for HC03. 

was not affected at either pH. The mutation had the most significant effect on the K, 

(Mg2+) at pH 8.0. This value increased 12  fold at pH 8.0 compared to only 2 fold at 

pH 7.3. The differential effects observed here and in other studies (Terada er a/ .. 

1991) suggest that PEP, rather than PEP-Mg2+ co�plex, is the active substrate for the 

enzyme at least at pH 8.0 or pH 8.5. In the presence of the activator F l P, the K'" 

(PEP) increased 5 fold by the mutation at pH 7.3 (Table 5.3). The results indicate 

Lys829 may be associated with the binding domain of PEP and/or Mg2+, but is not 

obligatory for catalytic activity. 

Table 5.3. Summary of kinetic Properties of mutant Gll29 PEPC. 

Assays were with 4 mM PEP at pH 7.3 or 2 mM PEP at pH 8.0. 

Parameters w.t. Gll29 w.t. Gll29 w.t. Gll29 

95 

pH 7.3 pH 8.0 pH 7.3 (with 5 mM FlP)  

vmax 1 1 .36 7.43 1 1 .98 7.40 1 1 .38 8.93 

Km(PEP) 0.76 1 .67 0.44 1 .35 0.30 1 .53 

Km(Mg2+) 0.95 2 . 1 7  0. 1 8  2.22 1 .03 1 .32 

Km(HC03) 0.072 0.054 0.081 0.070 
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Fig. 5.7. Kinetic curves of wild-type ( •) and mutant Gll29 PEPC (0) 
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5.3.3. Metabolite Effects 

Dicarboxylic acids such as malate and citric acid are strong inhibitors of 

PEPC from different types of plants. The mutant Arg600 and Thr600 PEPCs were more 

sensitive to inhibition than the wild-type. The K; (malate) value decreased from 7.6 

mM in the wild-type enzyme to 4.4 mM in Arg600 PEPC and 2.6 mM in Thr600 PEPC 

(Fig. 5.8). Mutant Gll29 PEPC showed similar sensitivity to malate inhibition as the 

wild type enzyme (data not shown). Glycine and G6P, which are strong activators in 

monocot C4 PEPC. had no effect on the wild-type enzyme as well as all the three 

mutant PEPCs in Hepes buffer at pH 7.3 (data not shown). 
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Fig. 5.8. Inhibition of mutant PEPC activity by malate. Wild-type, (•); 
Arg600, (V'): Thr600, (C). 

5.3.4. pH Effect 

Activity of PEPC from monocot C4 and CAM plants increases up to I 0-fold 

when pH is increased from 7 to 8 (Winter, 1980; Jiao and Chollet, 1988; Arrio-
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Dupond et a/., 1992; Chapter 3 ). PEPC from dicot C4 F trinen·iu \vas also 

responsive to pH changes. The activity increased greatly between pH 6.8 and 7.3 but 

remained relatively stable between 7.3 and 8.0 (Fig. 5.9) as observed for the leaf 

enzyme (Fig. 4.3). The pH profile was altered by Arg
600 

mutation. This mutant had 

lower activity than the wild-type at pH 7 or below but higher activity at pH 7. 3 or 

b Thr600 · d d 
. . h 

. 
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Fig. 5.9. The pH response curves of wild-type and mutant PEPCs. Wild-
600 600 [] type, (•); Arg , ('v); Thr , ( ). 

5.4. Discussion 

Chemical modification studies of amino acid residues of  PEPC. which can 

not determine the precise location of these residues. indicate that histidine. lysine and 

arginine residues are essential for catalytic activity (Iglesias and And reo. 1 98 3 :  

Iglesias et a/., 1 984: Podesta et a! . .  1 986: Rustin er a! . .  1 988� Functional sites may be 

associated with conserved positively charged amino acid residues. Sequence analysis 
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reveals that 2 histidine, 2 lysine and 1 1  arginine residues are conserved in PEPC 

(Lepiniec et a!., 1993; Toh et al., 1994). More recently, studies of site-directed 

mutagenesis have confirmed that conserved His579 is related to substrate PEP binding 

and conserved His138 is essential for the catalytic activity in E. coli PEPC (Terada et 

a/., 1991; Terada and Izui, 1991 ). 

Lys600 in F trinervia PEPC 1s invariant m all known eucaryotic and 

procaryotic PEPCs, and is located in a conserved region (Fig. 5 . 1  ). Modification 

studies of the enzyme with pyridoxal 5'-phosphate suggests that this lysine (Lys606 in 

maize) is associated with PEP binding (Podesta et a/., 1986; Jiao et a/. , 1990). But 

changing this lysine residue in F trinervia PEPC to threonine increases the Km for 

HC03• most significantly (Table 5.2) indicating that this lysine residue is associated 

with bicarbonate binding. Dwing catalysis the phosphate group (of PEP) is 

transferred to bicarbonate to form carboxyphosphate and then enzyme-bound C02 is 

formed to react with the enolate (Fig. 1 .2; Chollet et a/., 1996). Under normal 

conditions, a small but significant proportion (5%) of the enzyme-bound C02 escapes 

from the active domain (Ausenhus and O'Leary, 1992). At present it is not known in 

hi h .al . L 600 'd . . 
1 d . h th . ( f L 600 w c part1 reaction ys res1 ue 1s mvo ve m or ow e mutat10n o ys to 

Thr600) would affect the leakage of enzyme-bound C02 during catalysis. This is an 

important problem which warrants further study. 

Converting this lysine to arginine increases enzyme activity under optimal 

assay conditions. The charge, not the structure, of the residue therefore seems to be 

important for enzyme function. However, compared to Arg600 PEPC, the wild type 

exhibits greater activity around pH 7 and also has a higher K; for malate. Apparently, 

modifying Lys600 to Arg600 reduced the enzyme's capacity to function under 

intracellular conditions of around neutral pH (Kurkdjian and Quem, 1989) and high 
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malate concentration m mesophyll cells of C4 plants during photosynthesis 

(Leegood, 1985). 
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Converting Lys829 of F trinervia PEPC to Gll29 increased the Km for PEP 

and Mg2+ only moderately. It is unlikely that this residue is directly involved in the 

binding of PEP or Mg2+, but the possibility that it is associated with the binding 

domain of PEP or Mg2+ can not be excluded. 

The results presented in this chapter show that both of the conserved lysine 

residues are not obligatory for PEPC function, a result at variance with the findings 

of chemical modifications which show that one lysine residue per subunit is essential 

for the activity (Podesta et al, 1986; Jiao et al., 1 990). The reason for this 

discrepancy is not known, but it seems unlikely that one other variant lysine would 

exert such a vital role in enzyme function. There are at least two possible 

explanations. Firstly, modification studies suggest that only one lysine residue reacts 

with pyridoxal 5'  -phosphate (Podesta et al., 1 986). However, after reaction with 

pyridoxal 5 '-phosphate, subsequent 3H labelling and complete digestion with trypsin, 

about 10  radioactively-labelled peptides are detected (Jiao et al., 1990). This may 

imply that the loss of activity is a result of several residues being modified 

simultaneously. Secondly, the reagents used to modify lysine residues of PEPC, e.g. 

eosin isothiocyanate (C21H7Br4N05S) (Andrea et al., 1986), pyridoxal 5'-phosphate 

(C8H10N06P) (Podesta et al., 1986; Jiao et a!., 1990) and dansyl chloride 

(C12H 12ClN02S) (Wagner et a!., 1988), are large cyclic molecules which could 

sterically interfere with substrate binding. On the other hand, substitution of lysine 

by threonine or glycine is specific and non-obstructive, and allows a direct 

assessment of the roles of the residues. My results indicate that neither of the two 

conserved lysine residues in PEPC is obligatory to enzyme function. 



Mutations of Arg450 or Arg767 to glycine abolishes PEPC activity indicating 

that both these residues are essential for the catalytic activity. Chemical modification 

studies indicate that only one arginine residue is essential for catalytic activity 

(Iglesias et a/., 1984; Rustin et al., 1988). Thls now seems an underestimation. 

Different results between chemical modification and site-directed mutagenesis were 

reported for studies of histidine residues of PEPC. Modification with 

diethylpyrocarbonate suggested two histidine residues per subunit are essential 

(Iglesias and Andreo, 1 983) which is in direct contrast to site-directed mutagenesis 

studies that showed only one is essential (Terada et al., 1991; Terada and Izui, 1991). 

The findings from chemical modifications can be imprecise and ought to be treated 

with some reservation. 
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Chapter 6 

Identification of a Region Associated with 

Glucose-6-Phosphate Activation in PEP Carboxylase in Maize 

6.1. Introduction 

10� 

The allosteric properties of PEPC differ greatly depending upon the source of the 

enzyme. While malate seems to be a general feedback inhibitor of PEPC from different 

sources, the enzyme from different groups of organisms may respond to different 

activators. PEPC of E. coli can be activated by four kinds of activators vi=. acetyl-CoA. 

fructose 1 ,6-biphosphate, GTP and long-chain fatty acids (Terada er a/.. 1991 ). The 

maize enzyme can be activated by G6P and glycine (Uedan and Sugiyama. 1976: 

O'Leary 1982; Doncaster and Leegood, 1 987; Gao and Woo. I 996) but PEPCs from 

dicot C4 and C3 do not respond to glycine activation (O'Leary, 1982). These diverse 

allosteric properties may reflect the different evolutionary pathways of monocot and 

dicot C4 species and minor differences in conformational structures of PEPC (Lepiniec 

et a/., 1993, 1 994; Toh et al. , 1994) 

Apart from the glycine activation site in monocot C.l PEPC. there are at least fi,·e 

different sites associated with protein phosphorylation, G6P activation. malate 

inhibition, PEP and HC03- binding. Some of the an1ino acid residues associated \\ith 

PEP and HC03- binding sites have been identified by selective chemical modification 

(Andreo et a!., 1987) and site-directed mutagenesis using PEPC eDNA (Terada et a/ . .  

1991,  Terada and Izui, 1991, Chapter 5).  The phosphorylation site has been well 

established in monocot C4 and CAM plants (Jiao and Chollet, 1991 ). 

There is no information on the binding regions or sites for G6P. glycine or 

malate although it has been suggested that histidine and cysteine residues might be 
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involved in G6P binding (Wedding et a!. , 1989). In this chapter I have examined the 

role of a conserved histidine (His1 19 in maize PEPC) in G6P binding by converting the 

corresponding Tyr1 1 5  residue in F. trinervia PEPC, which is not activated by G6P 

(Albertson and Woo, personal communication), to histidine. 

Since G6P and glycine strongly activate maize but not F. trinervia PEPC 

(Chapter 3 and 5), chimeric proteins of these two PEPCs could potentially identify the 

region(s) associated with the activation of these metabolites in the maize enzyme. I have 

therefore constructed chimeric cDNAs between F. trinervia and maize eDNA and 

expressed the corresponding chimeric PEPCs in E. coli to identify the regions associated 

with G6P and glycine activation in maize PEPC. 

6.2. Materials and Methods 

6.2.1. Materials 

All chemicals, bacterial strains, plasmids, DNA restriction enzymes and 

modifying enzymes, oligonucleotides, site-directed mutagenesis kit, F. trinervia PEPC 

eDNA are as described in Chapter 5. The maize PEPC eDNA used in this study is a gift 

from Professor K. Izui. The full length maize PEPC eDNA, like the F. trinervia PEPC 

eDNA, was cloned into the expression vector pSI4001 but produced a non-functional 

PEPC in E. coli strain PCRI (Yanagisawa et a!., 1988; Yanagisawa and Izui, 1 992). 

6.2.2. Construction of chimeric eDNA 

6.2.2. 1. Creation and deletion of restriction sites in F. trinervia PEPC eDNA. 

Maize PEPC eDNA contains unique BamH I (at position 575), EcoR I ( 1 078), 

Nco I ( 1 604), and Apa I ( 1 948) sites and the F trinervia PEPC eDNA only one common 

Apa I ( 1 930) site (see Appendix 2 for restriction maps of maize and F. trinervia PEPC 
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eDNA) (Fig. 6.1) .  The other three sites, BamH I (560), EcoR I(1 060) and Nco I ( 1 586). 

can be created in the F trinervia eDNA by site-directed mutagenesis. The Mlu I ( 1 659) 

site in the F trinervia eDNA was deleted to facilitate the subsequent construction of 

chimeric cDNAs. 

Maize: ATGCCAGGATCCGAAA ITG 
I I I  I I I I I I I I I I I I 

F trinervia A TGGAAGGATTCGT AA ITG 

(Bam HI, 575) 

Maize G TATTACATAGAATTCTGGAAGCAA (Eco Rl, 1 078) 

I I I I I I I I I I I I I I I I I I 
F trinervia GCACTACA TAGAGTTITGGAAACGG 

Maize CATCA TCTCCATGGCGACGGC 
I I I I I I  I I I I I I I I I I I 

F trinervia CA TCA TCTCAA TGGCCACA TC 

Maire GGTGGCGGGCCCACGCACC 
I I I I I I I I I I I I I I I I I 

F trinervia GGTGGTGGGCCCACACA TC 

F trinervia CCGIT ACGCGTGGTCCC 

(Nea l, 1 604) 

(Apa I, 1 948) 

(Mlu I, 1659) 

Fig. 6.1. DNA sequence around the restriction sites of maire PEPC eDNA 

and the corresponding regions in F. trinervia PEPC eDNA. Restriction 

enzyme recognition sequences are in bold and the nucleotides targeted for 

mutagenesis are underlined. 

The EcoR 1-Sal I and Sal 1-BamH I fragments of F. trinervia PEPC eDNA 

plasmids were subcloned separately into the multicloning site of pAL TER-1 for site-

directed mutagenesis to create or delete restriction sites (see Section 5.2.4.1 ). Since both 

the potential BamH I (560) and EcoR I ( 1 060) sites lay within the EcoR I -Sal I 

fragment, oligonucleotides GGAAGGA TCCGT AA ITGTC and GCACT ACA T A 

GAATTCTGG-AAACGG were used simultaneously to introduce the BamH I and £coR 

I sites respectively in one reaction. The Nco I ( 1 586) to be created and Mlu I ( 1659) to 
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be deleted both lay in the Sal 1-BamH I region of the eDNA. Tills Sal I-BamH I insert 

was inverted in the recombinant pAL TER-1 thus the ssDNA produced for this insert 

region after infection with helper phage was the coding strand. Oligonucleotide GTGG 

CCATGGAGATGATG was used to introduce a Nco I (1 586) site and GGGACC 

ACCCGTAACGG was used to remove Mlu I (1659) in another reaction. The deletion of 

the Mlu I site did not alter the encoded amino acid. The creations or deletion of these 

sites in the recombinant pAL TER-1 were confirmed by restriction analyses. 

The two mutated fragments (EcoR I -Sal I and Sal 1-BamH I) were released from 

the recombinant pAL TER-1 vector and isolated from low-melting point agarose gel. 

They were subsequently cloned back into the F. trinervia PEPC plasmid EcoR I -BamH 

I vector in a three-fragment DNA ligation reaction to produce a full-length F trinervia 

PEPC eDNA. Restriction analyses confirmed that the modified F trinervia PEPC 

eDNA contained one EcoR I, BamH I, Nco I and Apa I site corresponding to the sites 

present in the maize PEPC eDNA (Fig. 6.2). The original Nco I (2308) and BamH I 

(2714) sites in F trinervia eDNA would not affect any subsequent subcloning reactions 

during the construction of the chimeric PEPC cDNAs. The restriction maps of the F. 

trinervia and maize cDNAs used for the generation of chimerics are shown in Fig. 6.3. 
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Fig. 6.2. Restriction analyses of PEPC eDNA in pS1400 l .  A: Native F 

rrinervia PEPC eDNA. B: Modified F trinervia PEPC eDNA vvith new or 

deleted restriction sites (as indicated in Fig. 6.3). C: Native maize PEPC 

c O  A .  I ,  marker; 2 ,  EcoR I ;  3,  BamH J ;  4 ,  Sa/ 1; S ,  EcoR 1-Sal I ;  6, BamH 1-

Sa/ l; 7, Apa I; 8, Nco I;  9, Sea I ;  10,  Mlu l; 1 1 , Pst I .  Faint bands are indicated 

by white arrows. 
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F. trine,ia PEPC eDNA ' '  I 

E B* E* s N*MI A N B 
560 1060 1311 1586,1659,1930 230& 2714 

--i II  � 
Maize PEPC eDNA 

EN A B E N A M 
160 515 1078 1604 1948 

II I 

Fig. 6.3. Restriction maps of the modified F. trinervia and native maize PEPC 

cDNAs. Both cD?'JAs are cloned into the expression vector pSI4001 (3.0 kb). 

Letters represent restriction enzyme sites: E, EcoR I; B. BamH I; N, Nco I; M, 

Mlu 1: A. Apa I. Numbers indicate the positions of the restriction sites. * and # 

denote restriction sites created or deleted respectively. -. vector pSI400 1 .  

6. 2.2. 2. Construction n,(Chimeric eDNA 

107 

The F. trinervia and maize PEPC eDNA plasmids were each digested with the 

appropriate restriction enzymes and the appropriate restriction fragments were 

subsequently isolated from low-melting point agarose gel and re-ligated to fonn a 

chimeric full-length PEPC eDNA (Fig. 6.4). 

The structure of all five chimeric cDNAs which were in the correct reading 

frame are brieOy described below: 

1 .  ZFB: the 5 '  region upstream from the BamH I site (560) consisted of F. 

trinervia eDNA and 3 '  region of maize eDNA. This chimera was constructed 

by ligating the Mlu 1-BamH I (560) vector fragment of F. trinervia eDNA 

plasmid to the maize BamH I (575)-Mlu I eDNA insert. 



108 

2. ZFE: the 5' region upstream from the EcoR I site ( 1 060) was derived from F. 

trinervia eDNA and 3 '  region from maize eDNA. Since there were two EcoR I 

restriction sites on the F. trinervia PEPC eDNA plasmid, this plasmid was 

completely digested with Mlu I and then partially digested with EcoR I .  The 

Mlu l- £coR I ( I  060) vector fragment was ligated to the EcoR I ( I  078)-M/u I 

insert of maize eDNA. 

3.  FZN: the 5 '  region upstream from the Nco I site ( 1 586) consisted of F. 

trinervia eDNA and the 3 '  region maize eDNA. The presence of the other Nco 

I site in both the F. trinervia and maize eDNAs did not interfere with the 

isolation of the desired DNA fragments, because both lay outside the required 

fragments. 

4. FZA: the 5' reg10n upstream from the Apa I site ( 1 930) consisted of F. 

trinervia eDNA and the 3 · region maize eDNA. The Mlu I-Apa I vector 

fragment of F. trinervia eDNA was ligated to the Apa l-Miu I insert of maize 

eDNA. 

5 .  FZBE: only the 500 bp BamH l- £coR I fragment was derived from the maize 

eDNA. The chimeric ZFB was initially digested with Mlu I and then partially 

digested with EcoR I .  The resultant Mlu I- EcoR I( I 060) vector fragment was 

isolated and ligated to the EcoR I ( 1 060)-Mlu I fragment of F. trinervia eDNA. 

F.coRI BunHI Mlul 

ZFB --fc:::=: 
F.ceRJ F.coRJ Mlul 

ZFE c====·---------+---1 
F.ceRJ Nco I Mlul 

FZN --f1 -----t-

F.coRJ Apal Mlul 

FZA c=========�-----+-
F.coRJ BamHI F.coRI Mlul 

�[ -+c===--�============�� 
Fig. 6.4. Structure of 5 chimeric F. trinervialmaize PEPC eDNA. 0 and • 

denote regions from F. trinervia and maize respectively;-, pSI400 I vector. 



The 5 chimeric cO A were transformed into £. coli stram PCR 1 . Cells 

transformed with wild-type F 1rine1Tia PEPC cD\."A. ZFB and FZBE gre'' ''ell m the 

minimal medium indicating that functional PEPC was expressed by thee' clon�d cO'\.� in 

the host cells (data not shov�n). Hovvever. no gr0\\1h was obser•ed in cells transti..)rmcJ 

with ZFE. FZN and FZA chimeric eDNA. Since these chimeric cD'\As are in correct 

reading frame, the failure to complement the phenotypic deficiency of PCR I cells might 

be attributed to the failure of the expressed PEPC polypeptides to fom1 functwnal 

enzymes. Restriction analyses of ZFB and FZBE cD. A con finned the structure or thL·:;l' 

rvvo chimerics (Fig. 6.5). 
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Fig. 6.5. Restriction analyses of chimeric cO\." A ZFB (A) and FZBE ( B ). A: 

1 .  marker; 2, uncut: 3. Xba L 4. Sal I: 5. Apa I: 6 . .Yeo I: 7 . . \rllu 1: 8. BamH 1 :  

9, Mlu I-BamH I:  10.  EcoR I :  I L Pst I .  B : .  1 .  marker: �- Apa 1 : 3 .  BamH 1 :  -L 

£coR 1: 5.  A11u I: 6. Sai l: 7. Psi l :  8. Xba 1 : 9 . .\flu I - Ps1 I: 1 0  . .  \oa I - Ps1 l .  
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6.2.3. Site-directed Mutagenesis of Putative G6P Sites 

6.2.3. 1. Selection of Amino Acid Residues 

Subsequent analysis shows that chimeric ZFB and FZBE PEPCs are activated by 

G6P (Section 6.3.2) indicating that the region associated with G6P activation of maize 

PEPC is probably located within amino acid residues 193-359 (encoded by the maize 

BamH I-EcoR I segment of the chimeric eDNA). The amino acid sequence of F. 

trinervia and maize PEPC in this region is highly homologous but also contains some 

important differences (Fig. 6.6; Hermans and Westhoff, 1992). The Q (Gln234• also in 

sorghwn and CAM PEPCs) and R (Arg284, also in sorghum PEPC) residues in this 

segment of the chimeric ZFB PEPC were converted to their respective counterparts in F. 

trinervia PEPC, viz. Q to P (Pro) and R to Q (Gln). These 2 residues were selected 

because the cyclic structure of proline might affect local conformation and abolish G6P 

binding in F trinervia PEPC, and Arg is often involved in anionic substrate binding. 

F trinervia LLQKHGRIRNCLAQLYAKDITPDDKQELDEALHREIQAAFRTDE 
Maize * *  * *NA *** - * *  T * *N* * ***D* * * * ** ** **Q *** * ** * ** ** 

IRRTPPTPQDEMRAGMSY FHET JWKGVPKFLRRVDT ALK.NlGINERFPY 
* * *A Q* * * * A* * * Y * * * *I * * * V* * * * * * * * * * * * * * * * * * * * * * * L * * 

NAPLIQFSSWMGGDRDGKHPRVTPEVTRDVCLLARMMTSNMY FS 
* VS * * R * * * * * * * * * * * * N* * * * * * * * * * * * * * * * * * AA * L * ID 

QIEDLMIEMSMWRCNSELRVRAEELYRTA- -RKDVKHYIEF 
***E * *F*L * * * * * *D*** ** * * **HSSSGSK* VT * Y **** 

Fig. 6.6. Comparison of amino acid sequence between F trinervia and maize 

PEPC in the 193-359 residue region. * denotes conserved amino acids. 

6.2.3.2. Subcloning and Site-directed Mutagenesis 

The BamH I -Sal I fragment of the chimeric FZBE, which contained the amino 

acid codons to be mutated, was subcloned into pALTER-1 in a similar manner as 



I l l  

described in Section 5.2.4. 1 .  The recombinant plasmid \·vas isolated and \·erified by 

restriction digestions (Fig. 6. 7). 

" 3 4 5 6 7  8 

• • I 
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-
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Fig. 6.7. Restriction analysis of pALTER-! plasmid containing the BamH 

l-Sal I fragment of the chimeric ZFB. I ,  marker; 2, EcoR I ;  3. Pvu II: 4. 
Pvu II; 5, BamH I; 6, Sal I ;  7, BamH I and Sal I ;  8. EcoR I .  The D. A in 

lanes 2-3 was p . .t\L TER-1 and in lanes 4-8 was recombinant pAL TER- 1 .  

Faint bands are indicated by white arrows. 

Oligonucleotides C AGG AGG GCA CCA CCC ACC CC and CT CTC A TT 

CAG TTC TCT TC were used to introduce Pro234 
and Gln

284 
respectively (the wild-type 

maize PEPC eDNA sequences at these regions are C AGG AGG GCA CAA CCC ACC 

CC and CT CTC ATT CGG TTC TCT TC respectively) by the method described in 

Section 5.2.4. The 0.5 kb BamH I- EcoR I mutated fragments were then released from 

the recombinant pAL TER-1 plasmid. ZFB was digested \"-·ith BamH I and EcoR I and 

the 5.0 kb (£coR I-EcoR I) and 0.6 kb (£coR l-BamH I)  fragments were isolated on 

1 .5% agarose gel and the 5.0 kb vector was dephosphorylated by calf intestinal 

phosphatase. The three-fragments of DNA (0.5. 0.6. 5.0 kb) were ligated together in a 

single step to produce a plasmid containing full-length mutated ZFB cOJ'.:A. The 

ligation mixture was transformed into PCRl and selected on the minimal medium plates 

and the plasmid was prepared and confirmed by restriction analysis . 
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6.2.4. Site-directed Mutagenesis of Tyr115 in PEPC of F. trinervia 

Wedding et al. (1 989) have suggested that histidine and cysteine residues might 

be involved in G6P binding. Examination of the amino acid sequences of 8 plant PEPCs 

(Hermans and Westhoff, 1992) shows that only one histidine residue, positioned 1 1 9  in 

maize PEPC, is conserved in monocot C4 species which show strong G6P activation. 

The corresponding residues in C3, CAM and dicot C4 plants are shown below: 

F trinervia (dicot C4): Tyr Maize (monocot C4): His 
F pringlii (C3): Tyr Sorghum (monocot C4): His 
Tobacco (C3): Tyr M cryst. (CAM): Arg 

Sorghum (C3): Gln M cryst. (C3): Tyr 

This Tyr1 15 ofF trinervia PEPC was converted to histidine using the EcoR 1-Sal 

I fragment of PEPC cDN A subcloned into pALTER - 1  as outlined in Section 5 .2.4 . 1 .  

( Q I A H115 R 

The oligonucleotide used to convert Tyr
1 1 5  

to His1 1 5  was CAG A TI GCT CAC CGC 

R ) ( Q I A Y15 
R R ) 

CGA AG (the wild-type sequence is CAG ATT GCT TAC CGC CGA AG). After 

confirmation of nucleotide substitution, the EcoR 1-Sal I fragment was cloned back into 

the original plasmid to produce a full-length PEPC eDNA. 

6.2.5. PEPC production and activity assay 

The production and partial purification of PEPC from transformed PCRI cells 

were described in Section 5.2.5. PEPC activity was determined as described in Section 

3.2.4. Unless stated otherwise, the assay buffer consisted of 50 mM Hepes pH 7.3, l 0 

rnM MgC12, 1 mM NaHC03, 0.2 mM NADH, 4 U MDH and the indicated 

concentrations of PEP. Wherever applicable, specified concentrations of G6P or other 

metabolites were also included in the assay buffer. 
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6.3. Results 

6.3.1. Mutant His115 PEPC: Effect of MelilboliJes 

T 1 15 . F 
. . PEPC ed H. 1 1 5 .  

G6P yr m . trmervza was convert to 1s m an anempt to restore 

activation in the enzyme. However, the mutation had linle effect on PEPC actiYity. 

compared to the wild-type enzyme, in the presence of a range of metabolites. at pH 7.3 

ar�d 8.0 (Table 6.1) .  

Table 6.1.  Effect of metabolites on mutant (His11� PEPC and wild-type 

(Tyr11) PEPC activity of F. trinervia. 

PEP concentration used was 2 mM. 

Activity (% of control) 

No effectors 

5 mM G6P 

3 mM F6P 

5 mM glycine 

10 mM malate 

20 mM malate 

pH 7.3 

w.t. Mutant 

100 

97 

1 04 

1 01 

52 

100 

107 

104 

99 

64 

6.3.2. Chimeric ZFB and FZBE PEPCs 

6. 3. 2.1. Kinetic Properties 

pH 8.0 

w.t. Mutant 

100 

120 

104 

104 

82 

100 

122 

103 

104 

86 

The properties of the two functional chimeric PEPCs. ZFB and FZBE. were 

examined. Fig. 6.8A shows that the V max of both the ZFB and FZBE were slightly 

smaller thar1 that of the wild type. Their Km (PEP) values were quite variable; 0. 76 mM 

for the wild type, 1 .60 mM for ZFB and 0.42 mM for FZBE PEPC. 

G6P had little effect on the kinetics of \1.-lld type F. trinervia PEPC over the 

entire range of PEP concentrations examined (Fig. 6.88). However. G6P strongly 
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activated ZFB and FZBE PEPC at subsaturating PEP concentrations, decreasing the Km 

(PEP) value to 0. I 6 mM in ZFB and 0. 15  mM in FZBE PEPC. These changes represent 

a I 0- and 3-fold decrease respectively. G6P did not increase the Vmax in any of the three 

proteins. 
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Fig. 6.8. Kinetic response the F. trinervia and chimeric PEPC to PEP i n  the 

absence (A) and presence (B) of  2 mM G6P. (0), F. trinervia PEPC; (\?), 

ZFB; (D). FZBE. 
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6.3.2.2. G6P Activation 

G6P at low concentration had no effect on the activity ofF trinervia PEPC but 

activated both the chimeric enzymes and the maize leaf enzyme (Fig. 6.9). Maximal 

activation was achieved at 2 mM G6P and exceeded 2 fold in the ZFB PEPC and 60% 

in the FZBE PEPC. The activation of chimeric FZB was very similar to that of the 

maize leaf enzyme. These results indicate that the amino acid 193-359 residue region 

(BamH 1-EcoR I segment of the maize eDNA) is directly involved in G6P activation. 
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Fig. 6.9. Activation of F trinervia (0), ZFB (V'), FZBE (0) and the maize 

leaf (6) PEPCs by G6P. PEP concentrations of their respective Km values 

were used in the standard assays (viz. 0.75 mM, 1 .5  mM, 0.4 mM and 1 .90 

mM for the F trinervia, ZFB, FZBE and the maize leaf enzyme respectively). 

G6P activation was found to vary with pH (Fig. 6.1 0). No activation was 

observed at pH 7.3 but 30% at higher pH in the F trinervia PEPC. G6P activation of the 

FZBE enzyme increased with increasing pH, being 34% at pH 6.8 and 80% at pH 8.0. In 

contrast, the maximal activation of ZFB PEPC was 2.8 fold at pH 6.8 and decreased 
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rapidly to about I fold at pH 7.5. This response of ZFB PEPC was similar to that of the 

homologous maize enzyme. This similarity is consistent with the fact that 80% of the 

chimeric ZFB polypeptide is derived from maize PEPC, and indicates that the region 

associated with G6P activation is located after the first 1 93 amino acid residues. 
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Fig. 6.1 0. Effect of pH on G6P activation of F. trinervia (0), chimeric ZFB 

('V), FZBE (0) and the maize leaf (.0.) PEPCs. PEP concentrations used were 

as in Fig. 6.9 and 2 mM for the maize enzyme. Concentration of G6P used 

was 2 mM for F. trinervia PEPC and the chimeric proteins and 3 mM for 

maize PEPC. Activity of F. trinervia PEPC was very low at pH 6.8 and 7.0 

both in the presence and absence ofG6P. 

6.3.2.3. Other Metabolites 

The effect of other metabolites on ZFB and FZBE activity was examined at pH 

7.3 and pH 8.0 (Table 6.2). F6P stimulated only the ZFB PEPC activity while G I P and 

F l P  had only a slight stimulatory effect on the F. trinervia enzyme at pH 7.3. Glycine. a 

strong activator of maize PEPC (Uedan and Sugiyama, 1976; Gao and Woo. 1 996), had 

no effect on F. trinervia PEPC or the two chimeric enzymes. 
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Table 6.2. Effect of hexose-phosphate and glycine on the activity of F. 

trinervia and chimeric PEPCs at pH 7.3 and pH 8.0. 

Concentration of metabolites used was 2 mM for phosphorylated sugars 

and 5 mM for glycine. Concentrations of PEP used were as in Fig. 6.9. 

Activity (% of control) 

F trinervia ZFB FZBE 

Metabolites pH 7.3 pH 8.0 pH 7.3 pH 8.0 pH 7.3 pH 8.0 

Non� 100 100 100 100 100 100 

+G6P 99 120 197 198 150 1 82 

+F6P 103 104 145 142 102 108 

+G1P 125 1 12 1 1 8  1 1 0  105 1 14 

+F1P 139 1 1 6  120 109 107 1 1 5  

+Glycine 98 103 103 99 99 100 

6.3.2.4. Malate Inhibition 

Malate, a potent inhibitor of PEPC from different sources, inhibited the cloned 

F trinervia, ZFB and the maize leaf enzymes to a similar extent (Fig. 6. 1 1  ). The Ki 

values obtained were 2.8 mM, 4.3 mM and 2.5 mM respectively. FZBE PEPC was 

considerably less sensitive to malate inhibition with a Ki value of 1 5  mM. 

The properties of F. trinervia and chimeric PEPCs are surrunarised in Table 6.3. 

Table 6.3. Summary of properties of F. trinervia, 

chimeric ZFB, FZBE and maize leaf PEPCs at pH 7.3. 

Parameters 

Km (PEP) 

Km (PEP) (with G6P) 

F trinervia ZFB 

0.76 1.60 

0.75 0 . 1 6  

G6P activation (% of control) l 00 197 

4.3 K; (malate) (mM) 2.8 

FZBE 

0.42 

0. 1 5  

1 5 0  

1 5  

Maiz leaf 

1 .90 

0 . 1 5  

200 

2.5 
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Fig. 6. 1  J .  Inhibition of F. trinervia (0), ZFB (V'), FZBE (0)  and maize leaf 

(�) PEPCs by malate. The concentrations of PEP used were the same as in 

Fig. 6.9. 

lJ.I ZB-1 6.3.3. Mulant ZFB-Pro and ZFB-Gin PEPCs 

1 1 8 

The above evidence indicates that the region responsible for G6P activation in 

matze PEPC is located at least partly between the amino acid residues 1 93-353. 

C · Gl 234 d 284 . h. 
. ZFB h . .d . 

F 
. . onvertmg n an Arg m c tmenc · to t e ammo act s present m . lnnervta 

PEPC (Pro and Gin respectively) had little effect on G6P activation (Table 6.4). Other 

hexose-phosphate activated the mutant enzymes to essentially the same extent as the 

chimeric ZFB control. Changing Arg284 to glutamine decreased the K, (malate) by 35%. 

No other significant differences in the biochemical properties were observed between 

the mutant and ZFB enzymes. The results indicate that Gln234 and Arg284 are unlikely to 

be involved in the activation of maize PEPC by G6P. 



Table 6.4. Properties of mutant ZFB-Pro234 and ZFB

Gin284 PEPC. 

Activity was determined at 1 .5 mM PEP at pH 7.3. The 

concentration of metabolites used was 2 mM. 

Addition/parameters ZFB ZFB-Pro234 
ZFB-Gln

284 

Control 100 1 00 100 

+G6P 2 1 5  232 270 

+G1P 1 1 8  1 2 1  1 14 

+F6P 145 1 6 1  1 55 

+F1P 120 122 1 1 1  

fei(malate)(� 4.3 4.0 2.8 

fem (PEP)(mM) 1.6 1 .5 1 .9 

6.4. Discussion 

1 19 

The regulation of monocot C4 PEPC is achieved by interaction with positive ( eg. 

phosphorylated sugars and glycine) and negative (eg. malate or aspartate) effectors 

whose levels increase with the onset of photosynthesis (Chapter 3). Glycine and G6P 

strongly stimulate C4 PEPC activity in maize but not F. trinervia. These differences 

have formed the bases for using chimeric proteins of maize and F trinervia PEPC to 

identify regions associated with their activation in the maize enzyme. In this chapter, 

five chimeric PEPCs have been generated, three of them non-functional, presumably 

due to conformational incompatibility. The other two, ZFB and FZBE, are functional 

and activated by G6P. ZFB is activated by G6P in a manner similar to maize PEPC (Fig. 

6.1  0), indicating that the putative binding domain for G6P is located beyond the first 

193 amino acid residues of the primary sequence. Substitution of a 166 amino acid 

region ( 1 93-359) of F trinervia PEPC with the corresponding fragment from maize 
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PEPC retains some features of this activation. Two reasons may account for this small 

activation in FZBE. ( 1 )  the entire activation domain was located '"ithin this region of 

the maize enzyme but slight changes in the conformation of chimeric FEBE enzyme 

caused a decrease in G6P activation; (2) only part of the domain for G6P activation lay 

within this region and other elements outside might also be involved because pH 

response of the activation was quite different between ZFB and FZBE PEPCs. 

This region is highly conserved in maize and F trinervia PEPC (Fig. 6.6) but 

some of the variant amino acids present in monocot C4 and dicot C4 PEPC have 

different structural and chemical properties. Presumably, one or more of these variant 

amino acid residues, particularly positively charged ones, could be associated with G6P 

binding. Converting an arginine residue (Arg284), which is often involved in the binding 

of anionic substrates, to Glutamine in chimeric ZFB PEPC had little effect on G6P 

activation of this protein (Table 6.4). One glutamine residue is conserved in monocot C4 

and CAM PEPCs within the region. The corresponding residue is a proline in F 

trinervia PEPC (Fig. 6.6). Proline is believed to destabilise the ordered secondary 

structures because of its cyclic structure. Changing this glutamine residue to proline in 

the chimeric ZFB PEPC did not abolish G6P activation. More site-directed mutagenesis 

is in progress by another researcher to study the roles of some other variant amino acid. 

Histidine and cysteine residues are thought to be involved in G6P binding 

(Wedding et a/., 1 989). Converting Tyr11 5 in dicot F trinervia PEPC to a uniquely 

conserved histidine residue in monocot C4 PEPC did not lead to G6P activation. 

Moreover, this histidine residue is absent in the chimeric ZFB PEPC which is activated 

by G6P activation in a similar manner to the maize enzyme. Evidently. this conserved 

histidine is not responsible for G6P activation in maize PEPC. 
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Because of their structural differences and synergistic effect in enhancing the 

enzyme's affinity for PEP, glycine and G6P are likely to bind at distinct sites on the 

enzyme (Bandarian et a/., 1992; Gao and Woo, 1 996; Chapter 3). The results here 

further reinforce this view. The chimeric ZFB PEPC, which is predominantly derived 

from maize with the first 192 amino acid residues from F trinervia, exhibits G6P but 

not glycine activation, indicating that these two metabolites bind to different domains. It 

is tempting to speculate that the first 200 or so amino acid residues in the maize enzyme 

is involved in glycine activation. Equally likely, the lack of glycine activation in 

chimeric ZFB could be attributed to slight conformational changes. 

The N-terminal half of the PEPC polypeptide is thought to be involved in the 

regulation of the enzyme while the C-terminal mosaic is associated with catalytic 

activity (Izui et a/., 1986; Jiao and Chollet, 1991). The identification of putative region 

associated with G6P and glycine activation in the N-terrninal region of the polypeptide 

is consistent with this hypothesis. Similarly, the identification of two essential arginine 

residues (Chapter 5), one histidine for PEP binding (Terada et al., 1991)  and one lysine 

for bicarbonate binding (Gao and Woo, 1995; Chapter 5) in the C-half of the 

polypeptide further supports this hypothesis. But one essential histidine residue (His138 

in E. coli PEPC) is located within the N-half (Terada and Izui, 1991)  suggesting that 

some of these domains may involve both the C- and N-terminal regions of the 

polypeptide. 

Malate is a competitive inhibitor at pH 7.0 and non-competitive inhibitor at pH 8 

(Gonzalez et a!. , 1984; Wedding et a/. , 1 990) suggesting that it can bind to at least two 

sites on the enzyme. Searching for the malate binding sites may be further impeded by 

the fact that malate is a general inhibitor of PEPC from any source although the Ki may 

differ from one species to another. Chimeric proteins, therefore, might not provide an 
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unambiguous identification of the sites or regions involved. Interestingly, the chimeric 

FZBE PEPC has a K; (malate) value significantly higher than that of F trinervia, maize 

and chimeric ZFB PEPCs (Fig. 6. 1 1 ;  Chapter 3). While it is possible that this region or 

part of it may be associated with malate binding, it is also probable that the observed 

malate insensitivity might be attributed to conformational perturbations in the chimeric 

FZBE PEPC. 

Finally, the maize PEPC eDNA (pM500) generously provided by Professor Izui 

is a full-length eDNA cloned into the open reading frame of the expression vector 

pSI400 1 (Y anagisawa et a!., 1988) and the gene product exhibits little catalytic activity 

(Y anagisawa and Izui, 1 990). However, the chimeric ZFB eDNA, which contains the 

segment of the pM500 after the BamH I site (position 575), encodes a functional 

protein. At least two possible reasons may exist for the production of non-functional 

PEPC from pM500. Firstly, since the entire eDNA has not been sequenced, it is possible 

that base substitution(s) before the BamH I site has occurred during synthesis of the 

eDNA and the mutation(s) has involved essential amino acid residue(s) in the first 192 

amino acids of the PEPC polypeptide. Secondly, the extra amino acid residues in the N

terminus translated from the 5'  flanking region may have interfered with the 

conformation of the enzyme needed for full functional activity. 



Chapter 7 

General Discussion 

7.1. Regulation of Monocot C4 PEPC 
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Malate, the end product of PEP carboxylation during C4 photosynthesis, is 

synthesised in the cytoplasm of mesophyll cells and moves by passive diffusion to the 

bundle sheath cells for decarboxylation. A high malate concentration is needed in 

mesophyll cells to maintain a sufficient gradient for diffusion-concentrations of over 

30  mM in the mesophyll cells or a gradient of20 mM between mesophyll and bundle 

sheath cells have been determined (Leegood, 1 985; Stitt and Heldt, 1985). Being a 

potent feedback inhibitor of PEPC, such high concentration of malate would seriously 

impede PEPC function. Any regulatory mechanisms must overcome and/or protect the 

enzyme against its inhibition during photosynthesis. Furthermore, PEPC activity must 

be regulated during light/dark transitions to co-ordinate c4 and c3 photosynthetic 

carbon metabolism in response to varying light intensities and to minimise 

uncontrolled utilisation of glycolytic PEP in the dark in these species. 

Light activates the enzyme and reduces malate inhibition in C4 plants. The 

mechanism of light regulation of maize PEPC is mediated by protein phosphorylation 

(Jiao and Chollet, 1991)  which is a major mechanism for post-translational enzyme 

modification and plays a ubiquitous role in regulating cellular metabolism (Krebs and 

Beavo, 1 979; Walton and Dixon, 1993). Two criteria are needed to ascertain the 

physiological importance of the covalent phosphorylation of a particular target 

enzyme or protein. First, the biological function (e.g. enzyme activity, regulatory 

properties) of the target protein must be altered by reversible phosphorylation status in 

response to external and/or internal stimuli. Second, the relationship between the 
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phosphorylation status and biological function of the target protein must be 

demonstrated both in vitro and particularly, in vivo. In the specific case of C4 leaf 

PEPC, in vivo evidence indicates that the degree of phosphorylation of this 

cytoplasmic enzyme is greater in the light than in the dark (Jiao and Chollet, 1988), 

and this increase is correlated with concomitant increases in the target enzyme's 

activity and, more importantly, decreases in its sensitivity to malate inhibition both in 

vivo (Nimmo et a/., 1987; Jiao and Chollet, 1988; Chapter 3) and in vitro 

phosphorylation studies (Jiao and Chollet, 1989, 1 990; Terada et a/., 1 990). 

Phosphorylation of PEPC occurs exclusively on serine residue(s)(Budde and Chollet, 

1986; Jiao and Chollet, 1 988; Terada et a/., 1990) and a single N-terrninal serine 

residue. Ser
15

, is responsible for the regulatory phosphorylation of maize PEPC (Jiao 

et a/., 1 99 1 b). This serine residue is located in a conserved motifof Lys/Arg-X-X-Ser 

(Lepiniec et a/., 1993) which can be recognised by protein serine-kinase (Craighton, 

1993). Phosphorylation of this position, which introduces negative charges, can be 

mimicked by mutating the serine residue to negatively charged glutamic acid with 

similar effect on the properties of the enzyme (Wang et a/., 1 993). 

PEPC is phosphorylated/activated in vitro by either a partially purified maize 

leaf protein-serine kinase or mammalian protein kinase. To account for the reversible, 

light-induced increases in phosphorylation status of Ser
15  

in maize PEPC, in vivo 

regulation of the PEPC protein-serine kinase and/or type 2A protein phosphatase must 

be inferred. Whereas no information is available concerning C4 leaf phosphatase, this 

enzyme in CAM plant has been identified (Carter et a/., 1 990). A C4 leaf protein 

serine-kinase has been purified from maize (Wang and Chollet, 1 993b) and is 

reversibly light-activated (Echevarria et al., 1 990; McNaughton et al., 1991 ). These 

findings imply that the light signal and ensuing activation/ phosphorylation of c4 
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PEPC involves a bicyclic regulatory cascade. The signal transduction pathway of light 

to activate PEPC-kinase has been extensively studied recently. Light activation of 

PEPC-kinase requires electron transport in both PSI! and PSI. Calvin cycle and 

protein synthesis (Karabourniotis et a/., 1 983; Jiao et a!., 1 99 1 a; Jiao and Chollet, 

1 992; Bakrim et a/., 1 992; Pierre et a/., 1 992). [ncreases in mesophyll cytosolic pH 

during photosynthesis (Raghavendra et a! . . 1 993: Yin et a!., 1993) and Ca2+ are also 

believed to be involved in the upstream modulation of the protein kinase (Duff et al., 

1 996: Giglioli-Guivarc 'h et a! .. 1 996) (Fig. 7.1  ). 
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Fig. 7.1. Proposed molecular mechanism for the light/dark regulation of 

maize PEPC activity in vivo by reversible serine phosphorylation. The 

circle and square represent two putative conformational status of the 

enzyme induced by phosphorylation/dephosphorylation of a single serine 

residue of the subunit. PEPC-kinase is reversibly light-activated by a 

mechanism yet to be identified. PP. type 2A protein phosphatase. 

Reproduced from Chollet er al. ( 1 996). 
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It is important to note that the light-induced regulatory phosphorylation of 

maize PEPC is not an on-off switch for this cytoplasmic target enzyme. Indeed, the 

dark-adapted enzyme is still significantly phosphorylated (40%) and displays about 

50% of the catalytic activity of light-activated enzyme (Huber et al., 1 986; Doncaster 

and Leegood, 1 987; Jiao and Chollet, 1988), and protein phosphorylation probably 

does not contribute significantly to catalytic activity in vivo when high levels of 

activators are present (Chapter 3). Rather, this mechanism is primarily a means to 

overcome malate inhibition during photosynthesis. In this regard, the resultant 

increase in K; value induced by light or protein phosphorylation is quite small ( 1 -2 

fold), and is still more than an order of magnitude lower than the malate concentration 

present in the mesophyll cells. Evidently, protein phosphorylation alone is unable to 

provide adequate protection against malate inhibition. Metabolites (glycine, alanine 

and G6P) play an equally important role in activating the enzyme and protecting it 

from malate inhibition (Doncaster and Leegood, 1987; Bandarian et al., 1992; Gao 

and Woo, 1 996). The K; increase induced by metabolites is more than an order of 

magnitude and the synergistic interaction between protein phosphorylation and 

activators increases the K; value to over 10 mM (Chapter 3). The concurrent rise in 

these metabolite levels with photosynthesis means that the maize enzyme is regulated 

by a duel system of protein phosphorylation and metabolite activation. The Calvin 

cycle is probably the common link between these two interactive modes of light 

regulation of C4 PEPC activity. This metabolic pathway not only supplies mesophyll 

cells with a putative signal that interacts with the protein synthesis event to affect the 

light activation of PEPC-PK and thus, its target enzyme, but also with millimolar 

levels of phosphorylated sugars and amino acid that interact directly with light

activated PEPC to increase its catalytic activity and K; value for malate (Fig. 7.2). 
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Fig. 7.2. Interaction of protein phosphorylation and metabolites m the 

regulation of C4 PEPC. A putative signal (e.g. phosphorylated metabolite, 

amino acid [x]) interacts with the cytoplasmic protein synthesis event to 

activate PEPC-PK and the concomitant phosphorylation of Ser1 5  in maize 

PEPC. High level of metabolites (i.e. G6P, glycine, alanine) interact directly 

with light-activated PEPC to further decrease its sensitivity to malate 

inhibition. PP. type 2A protein phosphatase. Mal, malate, Pyr. pyruvate. 

(Modified from Jiao and Chollet, 1 992). 

7 .2. Regulation of Dicot C4 PEPC 

Light enhances PEPC activity of the dicot C4 F. trinervia marginally but protects 

the enzyme against malate inhibition (Chapter 4 ). Treatment of the light-adapted 

enzyme with phosphatase decreases the activity at limiting PEP concentrations and 

increases malate sensitivity of the enzyme to the same level of the dark-adapted enzyme. 

Presumably light/dark regulation of F. trinervia PEPC may also involve protein 

phosphorylation. However. unlike monocot maize PEPC, the dicot enzyme could not be 

phosphorylated by a cAMP-dependent protein kinase nor could it be labelled by in vivo 

feeding of 32P; to detached leaves. The lack of positive results reported in Chapter 4 is 

consistent with the absence of evidence in the literature for in vitro phosphorylation and 
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32Pi labelling of any dicot C4 PEPC. It is not inconceivable that the regulation may relate 

to a different but yet unidentified mechanism. 

F. trinervia PEPC was not activated significantly nor protected from malate 

inhibition by any physiological metabolites examined. The post-translational 

modification seems to be the sole mechanism for regulation. Notably, its malate 

sensitivity is considerably lower than that of the maize enzyme. The K1 of the maize 

enzyme is generally under 1 mM in Hepes buffer at pH 7.0 or 7.3 (Chapters 2 and 3� 

Nimmo et al., 1987; Jiao and Chollet, 1988, 1989) but protein phosphorylation and 

metabolites synergistically increase it to over 10 mM (Chapter 3). The K1 (malate) value 

for the light-adapted F. trinervia enzyme is already equivalent to this value (Chapter 4). 

It seems that metabolite activation is not essential in F. trinervia. Apparently, the 

evolution of maize PEPC involves the development of metabolite (glycine and G6P) 

activation domains while that of F. trinervia involves the development of low malate 

sensitivity in response to high cellular malate level. 

7.2. Functional Sites of PEPC 

All available PEPC sequences from different groups of organisms contain 

some highly conserved regions and residues. Since both the substrates, PEP and 

bicarbonate, are anions at neutral pH, positively charged amino acid residues, i.e. 

histidine, lysine and arginine, are probably involved in substrate binding. The 

functional roles of some of these absolutely conserved residues have been studied by 

chemical modification and site-directed mutagenesis. 

Arginine: Arginine residues have long been known to function as anionic 

binding sites due to their positive charges. Eleven arginine residues, some of them in 

conserved regions, are conserved in all known PEPC sequences suggest that they may 
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be functionally or structurally important. Modification of arginine residues by 

phenylglyoxal inactivates the maize enzyme, which can be reversed by PEP, or PEP 

and Mg2+, suggesting the modification may have occurred at or near the substrate

binding site. Calculations show that one arginine residue per subunit is essential for 

the catalytic activity (Iglesias et a!., 1984). The results in Chapter 5 are at variance 

with this observation-two conserved arginine residues within the conserved regions 

(LDIRQES and ESLRAI ) are essential for catalytic activity because converting them 

to glycine produced totally inactive enzyme. The precise roles of these two arginine 

residues are not known. Presumably they are essential for substrate binding, catalysis 

(the first partial or the second partial reaction) and/or for the maintenance of 

conformation. Other conserved arginines have not been studied and may also be 

important for enzyme function. 

Lysine: Only two lysine residues are absolutely conserved in all PEPC sequences 

examined. One is in a highly conserved region while the other one is in a conservative 

region of plant species (Lepiniec et a!., 1993). The functional roles of lysine residues 

have been extensively studied by modifications with pyridoxal 5 '-phosphate, dansyl 

chloride, eosin isothiocyanate and fluorescein isothiocyanate which preferentially 

reacts with R-NH2 groups (Podesta et a!., 1986; Andreo et a!., 1986; Wagner et a!., 

1988; Wu and Wedding, 1 994). Modification of lysine residues results in inactivation 

but can be prevented by PEP plus Mg2+ suggesting that binding residues are involved. 

Studies with pyridoxal 5 '-phosphate modification show that one 1 ysine residue is 

essential for the catalytic activity (Podesta et a!., 1986), and further isolation and 

sequencing of a peptide has designated that conserved Lys606 of maize enzyme 1s 

essential for enzyme activity (Jiao et a!., 1990). 
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The function of this lysine residue has been examined by mutating it to threonine 

m the F trinervia PEPC (Chapter 5). The mutation decreases the affinity for 

bicarbonate more significantly than for PEP or Mg2+, suggesting this residue is more 

likely to be associated with bicarbonate binding. Converting the other conserved lysine 

residue (Lys829 in F trinervia) to glycine decreases the affinity of PEP and Mg2+. Thus 

this lysine residue might be associated with PEP or Mg2+ binding domain. In contrast 

with findings from chemical modification studies, neither of the two conserved lysines 

was essential for catalytic activity. The known important amino acid residues are 

summaried using F trinervia PEPC as an example (Fig. 7.3). 
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Phosphory Iation? Essential 
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Fig. 7.3. Functional sites of F trinervia PEPC. His138 and His579 of E. coli PEPC 

(Terada et a!., 1 99 1 ;  Terada and Izui, 1991) correspond to His162 and His633 respectively 

in F. trinervia PEPC. Phosphorylation of Ser11 (indicated by ?) in this dicot enzyme 

remains to be demonstrated. 

The above evidence, together with the studies of histidine residues (Iglesias and 

Arldreo, 1 983; Terada et a/., 1 99 1 ;  Terada and Izui, 1991), indicates consistent 

discrepancies regarding essential amino acid residues between chemical modification 

studies and site-directed mutagenesis. The findings of chemical modification studies 

should be treated with reservation. Firstly, the chemicals used may not be specific in 

reacting with particular group of amino acid side chains; Secondly, the decrease in 

activity observed upon modification of"essential" residues could be a secondary effect 
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and the modified residues are in fact not directly involved in the catalytic process 

(Wagner et a/., 1988); and thirdly, the calculations used to determine the mole of 

residue involved may not truly represent the number of modified residues-calculations 

indicate that a single lysine residue is modified by pyridoxal 5 '-phosphate (Podesta et 

a/., 1986) but several radioactively labelled peptides are detected chromatographically 

(Jiao et a/., 1990). 

7.4. Domains of Metabolite Activation in Maize PEPC 

Metabolite activation by amino acids and phosphorylated sugars is vital in the 

regulation of maize enzyme, but is not observed in dicot F. trinervia PEPC. The 

binding domains or sites for these metabolites are likely to be different on the maize 

enzyme because of their contrasting structures and their synergistic interaction in 

reducing the Km (PEP) (Bandarian et al., 1992; Gao and Woo, 1 996; Chapter 3). 

The contrasting metabolic response of maize and F. trinervia PEPC to G6P 

and glycine activation is used to identify the binding domains of these metabolites by 

constructing chimeric PEPC proteins between the two species. The region between 

193-259 amino acid residues from the N-terminal is likely to be responsible for G6P 

activation in maize PEPC (Chapter 6). This region contains a number of variable 

arnino acid residues, but an arginine (Arg284), which is often involved in binding of 

anionic substrates or activators, and a glutamine (Gln234) residue of the maize enzyme 

are not related to G6P activation (Rustin et al., 1988; Chapter 6). The study also 

shows that glycine binding domain may be located within the first 192 N-terminal 

amino acid residues of the maize enzyme because glycine activation is lost when this 

region is replaced by its F. trinervia counterpart. 
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The alignment of maize and procaryotic PEPC shows that the N-terminal is 

very variable while the C-terminal is  more conserved. It has been proposed that the N-

terminal is associated with regulation while the C-terminal with activity (Izui et a!., 

1 986). The identification of putative G6P and glycine activation domains in the N-half 

further support this concept and the suggestion that the two binding sites are spatially 

separated (Fig. 7.4). 

Glycine domain? G6P domain 
1.-------------�1.-------------�1 

N !+----�-+-.....,..-....._ ________________ C970 

S 1 5  er 

Phosho 

(His' ' s Gln234 Arg284) 

(not G6P activation) 

Fig. 7.4. Putative metabolite (glycine and G6P) activation domains of maize PEPC. 

In conclusion. while exciting progress has been achieved in identifying some 

functional sites and regions of PEPC, we are still a long way from understanding the 

relationship between structure and function of the enzyme. X-ray crystallography of 

the monocot and dicot enzyme should be one of the priorities in the research. 

Elucidation of the three-dimensional structure will shed new light on PEPC 

mechanism. regulation, allosteric effect, and other areas. In addition, the emerging 

pictures of the highly regulated PEPC-kinase, together with its requisite signal-

transduction pathway, must be fully understood. With the generation of transgenic 

plants and mutant enzymes (Chollet et al., 1996), it is anticipated the next few years 

in PEPC research will be as exciting as in the past decade. 
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� I 
TCTAG AGTCG ACCTG CAGGC ATGCA AGCTI GAGTA TICTA TAGTG TCACC TAAAT · · · 3' 
I I I I I I I  I I I SP6 Promoter 

Xba I Sail Pst I Sph I Hmd Ill 

Appendix I .  pAL TER-1 plasmid promoter and multiple cloning site 

sequence The Sal l-BamH I fragment of F trinervia PEPC eDNA was subcloned 

into the multicloning site of this vector for site-directed mutagenesis. The sequence 

shown is complementary to the ssDNA produced upon infection with helper phage. 

This sequence corresponds to RNA synthesised by T7 RNA polymerase and is 

complementary to RNA synthesised by SP6 RNA polymerase. (Adopted from 

Pro mega). 

Note: Pvu I I  cuts this vector at three positions (269, 2523 and 5570), Apa I and Nco I 

have no sites in this vector. 
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Flaveria trinervia PEPC eDNA 
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Appendix 2. Restriction Map of F. trinervia and Maize PEPC 
eDNA. 

Both cDNAs are cloned into expression vector pSI400 1 .  Open box denotes the 

eDNA and the horizontal line denotes the vector. Pst I, Sea I have no restriction sites 

in F. trinervia eDNA. 



Appendix 3. Production of ssDNA for Site-directed Mutagenesis 

1 .  Prepare an overnight culture of cells containing recombinant pALTER -1 DNA by 

picking one tetracycline resistant colony from afresh plate. Inoculate 1 -2 mL 

of TYP broth containing 12.5 �g/mL tetracycline and shake overnight at 

3 7°C, 250 rpm. 

2.  The next morning, inoculate 10 mL of TYP broth containing 12.5 �g/mL 

tetracycline with 200 �I of the overnight culture. Shake vigorously at 37°C 

for 30 minutes in a 250 mL flask. 

3. Infect with 80 J.Ll of helper phage R408 (this gives a multiplicity of infection of 

1 0). Continue to shake for 6 hours to overnight with vigorous agitation. 

Shake overnight may help increase yields of ssDNA. 

4. Pellet the cells by centrifuging at 1 2,000 g for 1 5  minutes. Pour the supernatant 

into a fresh tube and spin again for 1 5  minutes. Transfer the supernatant into 

a new tube, add DNase I and RNase to the final concentration of 1 0  )lg/mL 

each. incubate at 3 7°C for 1 5  minutes. This increases the purity of ssDNA. 

5.  Precipitate the phage by adding 0.25 volume of phage precipitation solution (3.75 

mM ammonium acetate and 20% PEG-8000) to the supernatant. Leave on 

ice for 30 minutes, then centrifuge for 1 5  min at 1 2,000 g. Thoroughly drain 

the supernatant. 

6. Resuspend the pellet in 400 Jll of TE, pH 8.0 and transfer the sample to a 

rnicrotube. 

7. Add 0.4 mL of chloroform:isoamyl alcohol (24: 1)  to lyse the phage, vortex for 1 

full minute, and centrifuge at top speed in a microcentrifuge for 5 minutes. 

This step removes excess PEG. 

8. Transfer the upper, aqueous phase (containing phagemid DNA) to a fresh tube, 

leaving the interface behind. Add 0.4 mL of TE (pH 8.0) saturated 

phenol:chloroforrn:isoamyl alcohol to the aqueous phase, vortex for 1 full 

minute, and centrifuge again as in step 7. It may be necessary to do this 

extraction several times until there is no visible material at the interface. 

9. Transfer the upper, aqueous phase to a fresh tube and add 0.5 volume of 7.5 M 

ammonium acetate, add 2.25 volumes of absolute ethanol. Mix and store at -

20°C for 30 minutes to precipitate ssDNA. 
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10. Centrifuge at 1 2,000 g for 10-15 minutes, remove the supernatant, carefully rinse 

the pellet with 70% ethanol. If the pellet is disturbed, centrifuge again for 2 

minutes. Remove as much supernatant as possible, dry the tube on a bench or 

under vacuum. The pellet may be difficult to see. A typical yield of ssDNA is 

0.5 J..Lg per mL of culture. 

1 1 .  Resuspend the DNA in 20 J..LL of TE (pH 8.0) or H20. The amount of ssDNA can 

be checked by agarose gel electrophoresis of a 2 J..Ll sample. Two major bands 

are usually seen on 1% agarose gel in TAE buffer: helper phage DNA and 

ssDNA. The helper phage R408 band is stronger than the ssDNA. The 

presence of the helper phage DNA does not interfere with the mutagenesis 

reaction. 
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Appendix 4. Procedure of Site-directed Mutagenesis 

(A schematic diagram of the procedure is presented on page 140) 

l .  Prepare the mutagenesis or control annealing reactions as described below. Note 

that the oligonucleotides have to be phosphorylated first. 

Mutagenesis annealing reaction 

Recombinant pAL TER-1 ssDNA 
Ampicillin repair oligonucleotide 
Mutagenic oligonucleotide 
Annealing buffer, 1 OX 

0.05 pmol ( 1  00 ng) 
1 Jll (0.25 pmol) 
1.25 pmol 
2 Ill 

Sterile H20 To final volume of 20 Jll 

Control annealing reaction 

Recombinant pAL TER-1 ssDNA 
Ampicillin repair oligonucleotide 
Tetracycline knockout oligonucleotide 

0.05 pmol ( 100 ng) 
1 Jll (0.25 pmol) 
5 Jll ( 1 .25pmol) 
2 Jll Annealing buffer 1 Ox 

Sterile H20 To final volume of 20 Jll 

2. Heat the annealing reaction to 70°C for 5 minutes and allow it to cool down to 

room temperature slowly by removing the dry heating block with the 

annealing tubes onto a bench at room temperature. It would take about 45 

minutes to cool dov.m to 25°C. 

3.  Place the annealing reaction on ice and add the following: 

synthesis 1 Ox buffer 3 Jll 
T4 DNA polymerase ( IOu/Jll) 1 Jl} 
T4 DNA ligase (2u/Jll) 1 J.!l 
sterile H20 5 J.!l 

4. Incubate the reaction at 37°C for 90 minutes to perform mutant strand synthesis 

and ligation. 

5. Transform the reaction into repair minus strain ES1301 according to Sambrook et 

al., 1989. 

6. Add 5 rnL LB and ampicillin to the final concentration of 125 Jlg/rnL to the 

transformation mixture, incubate overnight at 37°C with shaking at 250 rpm. 

7. Isolate plasmid DNA from the overnight cultures. Since the amount of DNA is 

very small, no phenol:chloroform extraction or RNA digestion are 
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performed. Most of the RNA in the preparation is removed by precipitation 

with 2.5 M ammonium acetate. Resuspend the DNA in 20 J.Ll TE (pH 8.0). 

8. Rilll agarose gel to check the quantity of DNA of2 J.Ll sample. 
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9. Transform JM109 with an appropriate amoWlt of plasmid DNA. Plate an 

appropriate volume on LB plates containing 125 J.lg/mL ampicillin. Incubate 

for about 20 h at 3 7°C. 

10. Transfer 50-100 colonies of the control reaction to LB plates containing 12.5 

J.lg/mL tetracycline and incubate at 37°C overnight. The mutant DNA can not 

grow on tetracycline plates. This is used to calculate the efficiency of 

mutagenesis ((Ampr colonies-Te{ colonies)/Ampr colonies = % mutants] . 

The efficiency in the control reaction is generally over 90%. 

1 1 .  Pick up 6 colonies (from step 8) for each mutagenic reaction and inoculate into 5 

mL LB medium (125 J.lg/mL ampicillin). Culture overnight at 37°C with 

shaking at 250 rpm. 

12. Store 0.5 mL culture in 10- 1 5% glycerol at -80°C. Use the rest for DNA 

preparation. Check the DNA on agarose gel. If necessary, the DNA can be 

digested with restriction enzymes. 

13. Prepare DNA of 50 mL culture inoculated with the stock solution of step 12. 

Purify the DNA by PEG precipitation as described by Sambrock et al. 

( 1 989). Perform double-stranded plasmid DNA sequencing using a primer 

50-100 bp upstream from the point of mutation. 

14. Once the mutation is confirmed by sequencing, the insert is removed from the 

recombinant pAL TER-1 and cloned back to the PEPC plasmid eDNA giving 

rise to a full length mutagenic PEPC eDNA. 
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Schematic diagram of the Altered Site II in vitro mutagenesis procedure. 

(Reproduced from Promega) 
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Appendix 5. Composition of the PCRl Minimal Medium 

Medium E (50x, 1 L): 10 g MgS04.7H20, 100 g citric acid; 500 g K2HP04; 

175 g NaNH4HP04.4H20. 

Amino acid medium (SOx, 200 mL): 1 g L-leucine; 1 g L-threonine; 1 g L-arginine; 

0.003 g thiamine-HCL 

Mineral medium ( lOOOx, 1 L): 0.48 g FeC13.6H20; 0.28 g MnC12.4H20; 

0.357 g CaC12.2H20; 2.0 g ZnCl2; 0.29 g H3B03; 0. 13  g CoS04. 

To make I litre minimal medium, mix 20 mL medium E, 20 mL amino acid medium, 

1 mL mineral medium and 5 rnL 80% glycerol, make to 1 L. Autoclave, cool 

to room temperature before adding IPTG and ampicillin to final 

concentrations ofO.l mM and 60 J.lg/mL resepctively. 
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