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ABBREVIATIONS

BCIP = 5-bromo-4-chloro-3-indolyl phosphate

CAM = crassulacean acid metabolism

CD = circular dichroism

CDPK = cdmodulinlike-domain  protein kinase or Ca*-dependent
protein kinase

FBPase = fructose 1,6-phosphate

FPLC = fast-protein liquid chromatography

Glc-6-P = glucosc-6-phosphate

HAP = hydroxylapatite

MDH = NAD mdic dehydrogenase

NBT = nitro blue tetrazolium

OAA = oxaloacetate

PEP = phosphoenol pyruvate

PEPC = PEP carboxylase

PEPC-PK = PEPC-protein kinase

PMSF = phenylmethylsulphonyl fluoride

PPDK = pyruvate Pi dikinase

PEG = polyethylene glycol

All the remaining abbreviations are al standard ones, and as per Plant Physiology

issue, 2003, Instructions for contributors, website:http://mww.aspb.org
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Chapter /
Introduction and Review of Literature
Phosphoenolpyruvate carboxylase (PEPC)

Phosphoenol pyruvate carboxylase (PEPC, EC 4.1.1.31) is a very important
enzyme, involved in the primary carbon fixation in leaves of C, and CAM plants
(Andreo ¢ al., 1987). The enzyme plays an important role dso in leaves of C;
plants, and tissues other than leaves (e.g. root nodules, fruit pods, seeds and cotton
fibers), snce PEPC is responsble for channding of carbon into keto-acids
required for amino acid synthess and ensuing protein synthesis.

Stupendous progress has been made in our knowledge of biochemistry and
molecular biology of PEPC in not only C, plants, but dso C; species and legume
root nodules. Severa authors have periodically reviewed the literature on the
properties, regulation and functions of C, PEPC particularly in the past decade.
The properties and regulation of PEPC are summarized in severd recent reviews
(Lepiniec e d., 1994; Rgagopdan et d., 1994; Toh et a., 1994; Chollet et al.,
1996; Vidal and Chollet. 1997; Nimmo, 2000; Matsuoka et al., 2001; Chinthapalli
et al., 2002; Viddl et al., 2002; Kai et a., 2003; Svensson et d., 2003). The earlier
literature can be found in two excellent reviews (O'Leary, 1982; Andreo et d.,
1987).

Occurrence
PEPC is ubiquitous and is distributed widdly in photosynthetic and non-

photosynthetic tissues of higher plants, green agee, bacteria and legume root
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nodules and is believed to be absent in anima tissues, yeast or fungi (Andreo et
al., 1987; Vance and Gantt, 1992; Lepiniec et al., 1994; Ka e al., 2003). The
activities of PEPC levels in leaves of C; plants are about 2 to 5% of that found in
C4 plants (Edwards-and Walker, 1983; Latzko and Kely, 1983).

PEPC congtitutes about 15% of total soluble protein in maize (Hague and
Sims, 1980). The enzyme is confined to the cytoplasm of mesophyll cdls in C,
and CAM plants. In C; plants, PEPC may be locdized in both cytosol and
chloroplasts of the leaves (Perrot-Rechenmann et al., 1982, Latzko and Kelly.
1983). Thus, PEPC is consdered as a typicd marker enzyme for cytosol and for
C4 mesophyll cells.

There is a significant evolutionary divergence between green dgd, higher
plant and prokaryotic PEPCs. Studies on immunoblot analysis usng anti-PEPC
(green dgd or higher plant) antibodies suggested that PEPC from different
sources of green algae (Chlamydomonas, Selenastrum), higher plants (maize,
banana fruit, tobacco) and prokaryotes (Synechococcus leopoliensis, E. coli) has
very little or no immunological relatedness. Further, the N-terminal amino acid
sequences and CNBr cleavage patterns suggest that prokaryotic or green dgd
PEPC is distinct from higher plant PEPC (Rivod et al., 1998).

Purification

Since the partid purification for the fird time from spinach leaves

(Bandurski and Greiner. 1953), PEPC has been purified from a wide variety of

sources. cotton, Penniserum, Sorghum and maize (dl leaves), lupin and soybean
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root nodules, maize root tips, Vicia faba guard cells and epidermis of Commelina
communis (O'Leary, 1982; Rgagopdan et al., 1994). Among the recent reports
are the purification of PEPC from Amaranthus hypochondriacus (Gayathri et a.,
2000), Brassica napus (Moraes and Plaxton. 2000), Selenastrum minutum (Rivoa
et al., 2002) and castor oilseed (Blonde and Plaxton, 2003).

The native structure and recombinant forms of PEPC are highly susceptible
to limited proteolysis and as a result their N-terminus is frequently lost during
extraction and purification (Chollet et a., 1996). The integrity of the enzyme can
be maintained during isolation of PEPC by the inclusion of glycerol, L-malate and
protease inhibitors (especially chymogtatin) and by the use of rapid purification
protocols using FPLC, HPLC or immunoaffinity chromatography (Wang and
Chollet, 1993; Duff et a., 1995; Zhang et d.. 1995). With proper precautions and
suitable protocols of rapid purification, the preparation of PEPC with an intact N-
terminal region is possible from leaves (C4, CAM and C;) and root nodules.

The cloning and expression of recombinant PEPC in E. coli has been
successfully employed with the enzyme from Sorghum (Cretin et a., 1991) or
maize (Yanagisawa and Izui, 1990) or Flaveria (Westhoff et al., 1997). The
recombinant DNA technology made it possible to produce large amounts of C4-
type or Cs-type PEPC in E. coli (Pacquit et a., 1993; Svenson et a.. 1997,

Biasing et al., 2000).
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PEPC Isoforms and Molecular Evolution

In higher plants, four types of PEPC isoforms have been reported so far,
namely, C4-, C3-, CAM- and dark/non-autotrophic forms. Chromatographic,
immunological and kinetic properties of PEPC can be used to distinguish these
isoforms (O'Leary, 1982: Andreo et al., 1987; Rajagopalan et al., 1994).

Etiolated Sorghum leaves contain only one form (C3 form) of the enzyme
and a new isoform of enzyme appears on illumination upon greening (Cs form)
(Vidal and Gadal, 1983). C, specific gene expression occurs only in illuminated
(greening) leaves (Shaffner and Sheen, 1992). The expression of PEPC-gene
encoding the C4 isozyme was not leaf specific, since high accumulation of its
transcripts was observed in also other parts of maize plant, i.e., inner leaf sheaths,
tassels and husks (Hudspeth and Grula, 1989). There is a possibility that a small
amount of etiolated form of the enzyme may exist also in green tissue, which
could explain the detection of the two major isozymes of PEPC in leaves of maize
(Ting and Osmond, 1973a, b; Mukerji, 1977). However, C4-type is the maor form
in maize leaves and is the most abundant protein in mesophyll cells.

There is a lot of variation in the number of PEPC isoforms reported from
the leaves of C; plants and CAM species. Four mgjor isoforms of PEPC were
reported in leaves of a C; plant Flaveria conquistii, C3-C4 intermediate Flaveria
floridana and a C; performing Mesembryanthemum crystallinum (Adams et al..
1986; Slocombe et al., 1993). Three isoforms were noticed in leaves of two C3

species: Gossypium hirsutum and Vicia faba (Mukerji and Ting. 1971; Schulz et
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al.,, 1992). Two kineticaly and immunologicaly digtinct isoforms of PEPC were
identified in castor oilseeds (Blonde and Plaxton, 2003).

The four isoforms of PEPC are encoded by different genes in C, plants
(Hermans and Wesgthoff, 1990). Genomic, cDNA sequences and Southern
hybridizations showed that both F. trinervia (C,) and F. pringlei (C3) contain four
digtinct classes of ppc genes which are named ppcA to ppcD. The cdasses of ppe
genes identified in F. trinervia and F. pringlei relate to one another by gene-to-
gene relationship (Hermans and Westhoff, 1990). Recently, Biasing et d. (2002).
has shown the existence of four PEPC gene class in grasses. The hypothesis that
the grass C4 PEPC gene could have derived fram root pre-existing PEPC gene was
further substantiated by analyzing the amino acid sequence of PEPC from
different plant families (Biasing et a., 2002).

Ca plants have evolved severd times independently from ancestrd C3
plants due to selective environmenta conditions during the evolution of higher
plants (Monson, 1999). According to Sanchez and Cguda (2003) that both plant-
type and bacterial-type PEPCs diverged early during the evolution of plants from a
common ancestor, probably the PEPC from gammaprotecbacteria  The
dicotyledonous genus Flaveria, comprises not only C; and C, species but also a
large number of C3-C4 intermediates which makes Flaveria a good modd system
for the studying evolution of PEPC (Westhoff et a., 1997; Biasing et d., 2000;

Svensson et al., 2003).
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Protein Structure

PEPC is a homotetrameric enzyme of about 400-kD with four identical
subunits, each with a molecular mass of 95 to 110-kD (Andreo et a., 1987).
However, its quarternary structure depends on protein and effector concentrations.

The primary structure of PEPC was first deduced from a cloned DNA of E.
coli in 1984 (Fugita et al.. 1984). Since then. more than 75 molecular species of
PEPC have been edtablished from their primary structure, including the enzymes
from maize (Matsumura et a., 2002; Ka et a., 2003), Anacystis nidulans. a
cyanobacterium (Katagiri et al., 1985), and Thermus ., an extreme thermophilic
bacterium (Nakamura et al., 1995; Chen et d., 2002). A lig of sdected plant
sources for which the amino acid sequences of PEPC are available is presented in
Table 1.

The alignment of dl the deduced amino acdd sequences and the
construction of related phylogenetic trees showed that severa PEPCs had evolved
from the same ancestrdl origin. The amino acid similarities between various pairs
of enzyme forms were more than 50% (Lepiniec et a., 1994; Toh et a., 1994; Kai
et al., 2003; Svensson et ., 2003). The C-terminus of PEPC is quite conserved in
prokaryotes and eukaryotes and may be involved in catalytic activity (Toh et al..
1994; Dong et d., 1999).

Chemicd modification of amino acid resdues have shown that Arg, His.
and Lys residues are essentid for the catalytic activity of PEPC (Podesta e dl..

1986; Wagner ct al.. 1988). Some of these conserved residues or regions are



Table 1. A list of selected plant sources for which the amino acid sequences of

PEP carboxylase are available

Form of No. of | Reference
Plant species PEPC amino
acids

Amaranthus hypochondriacus | C,4 (leaf) 964 Rydzik and Berry, 1996
Zea mays C, (leaf) 970 Hudspeth and Grula, 1989
Sorghum vulgare C, (leaf) 952 Cretin et al., 1990
Flaveria trinervia C, (leaf) 966 Poetsch et al., 1991
Solatium tuberosum C; (leaf) 956 Merkelback et al., 1993
Nicotiana tabacum Cs(Ccr) | 964 Koizumi et al., 1991
Flaveriapr inglei Cs (leaf) 966 Hermans and Westhoff, 1992
Glycine max C; (seed) 967 Sugimoto et al., 1992
Aloe arborescens CAM (lesf) | 964 Honda et al., 1996
Anacystis nidulans Prokaryote | 1016 Katagiri et al., 1985
Escherichia coli Prokaryote | 883 Fugita ct al., 1984
Corynebacterium glutamicum | Prokaryote | 919 O'Regan et al., 1989
Anacystis variabilis Prokaryote | 1025 Luinenberg and Coleman, 1992

* Culture cells .
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expected to be associated with substrate binding and catalytic function. The
conserved positively-charged amino acid residues (11 arginine, 2 histidine and 2
lysine) may be particularly important, since both the substrates, PEP and HCOs',
are anions at physiological pH (Toh et al.. 1994). Using site-directed mutagenesis
and PEPC of Flaveria trinervia, Gao and Woo (1996b) observed that Arg*° and
Arg ’ were essential for PEPC function.

The structural elements that give the Cs PEPC its specific kinetic and
regulatory properties were examined by following the strategy of domain
swapping and making C;-C, chimerical enzymes (Westhoff et al., 1997; Biasing et
al., 2000; Svensson et a., 2003). The C3 enzyme (FP966) was progressively
interchanged with corresponding parts of the C4; enzyme (FT966) starting from the
amino terminus, while the reciprocal strategy was applied, i.e. regions of the C4
enzyme were swapped with corresponding segments of the C; PEPC. Detailed
studies on these chimeric C;/C, enzymes indicated that region 2 (position 296 to
437) and region 5 (position 645 to 966) contain the mgor determinants for Ca
specific kinetic and regulatory properties. Region 2 was essential for the allosteric
regulation by Glc-6-P, where as Region 5 was the key factor for Km PEP of the
nonactivated enzymes. The centra determinant in this region was amino acid
position 774, which held a serine in dl C, enzymes but an alanine in C; or CAM

enzyme (Biasing et al., 2000; Svensson et a.. 2003).
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Further, studies on molecular sructure of PEPC can provide clues for the
development of innovative strategies for the augmentation of productivity of
photosynthetic organisms.

Crystallization and Three-Dimensional Structure

Plant PEPC is similar to the E. coli enzyme in primary structure except that
the E. coli enzyme lacks the part of N-terminus region, that is involved in
regulatory phosphorylation of plant enzyme. Thus E. coli PEPC can be a good
model to study the three-dimensional structure and can be con-elated with plant
PEPC. Kai et al. (1999a) have successfully crystallized the PEPC from E. coli.
The X-ray diffraction study revedled “dimer-of-dimer” form with respect to
subunit contact. Despite the continious efforts, the progress in crystallization of
C4 plant PEPC has been slow (Matsumura et a., 1999a, 2002) but recently the
maize PEPC has been crystallized and characterized (Ka et a., 2003).

Dynamic movements were observed in several loops due to the binding of
an alosteric inhibitor, a metal cofactor, and a PEP analogue or a sulfate anion.
indicating the functional significance of these loops in carboxylation and
regulation. Detailed comparison of E. coli PEPC with maize PEPC implicates an
alosteric transition. Based on these studies, models are proposed for the reaction
mechanism and allosteric regulation of PEPC (Kai et al., 2003).

Properties of PEPC
PEPC, a cytosolic enzyme located in mesophyll cells of C4 and CAM

plants, catalyzes the carboxylation of PEP to yield oxaloacctate (OAA) and
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inorganic phosphate (Pi). B-Carboxylation of PEP by PEPC occurs in a two step
mechanism (O'Leary, 1982; Andreo et al.. 1987). The first step involves the
reversible, rate-limiting formation of carboxyphosphate and the enolate of
pyruvate from the substrates. The second step would be the carboxylation of the
enolate with the formation of oxaloacetate and Pi (Andreo et al.. 1987,
Rajagopalan et al., 1994; Chollet et al., 1996: Vidal and Chollet, 1997). First
Mg™* binds to PEPC, and when this Mg-Enzyme complex is a equilibrium;
phosphoenolpyruvate (PEP) binds onto it followed by HCOj;" binding. Mg, PEP
and HCOj;™ have to be present on PEPC before the enzyme reaction begins (Chollet
et al., 1996).

A serious problem with many of these studies on PEPC is the uncertain
state of protein phosphorylation and concomitant malate sensitivity. Frank et al.
(2001) have studied the reaction of PEPC by stopped flow iluorometry and
suggested that the binding of PEP to PEPC is biphasic. Tovar-Mendez et al.
(1998) reported the effects of PEP and Me® on the activity of the non-
phosphorylated and phosphorylated forms of PEPC from Zea mays leaves. At pH
7.3, Mg-PEP binds to the active site and the free PEP to an activating allosteric
site.

PEPC is subjected to feedback inhibition by oxaloacetate, malate and
aspartate (Rajagopalan et al., 1994; Chollet et al., 1996; Vida and Chollet, 1997).

Both OAA and malate are competitive inhibitors while aspartate may exert non-
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competitive inhibition (Figure 1). PEPC is an alosteric enzyme and exhibits a
hyperbolic response to the increasing concentration of PEP and Mg”.

The optima pH for the activity of PEPC is around 8.0. The activity of
PEPC therefore depends on the cytosolic pH (Andreo et al., 1987; Rajagopalan et
al., 1993). Changes in cytosolic pH may modulate the catalytic activity of PEPC
either directly or indirectly through regulation of PEPC-PK or PEPC-protein
phosphatase or both (Rajagopalan et al., 1993).
Regulation of PEPC

PEPC is regulated by external environmental factors (such as light, high
temperature, and photoperiod) as well as internal factors (metabolites, P, and
cytosolic pH). Nutrition. particularly nitrogen, can mediate long-term regulation
of PEPC. Nitrate, ammonium ions, glutamine and amino acids (i.e. glycine and
alanine) promote the biosynthesis of PEPC protein, and lead to an increase in
PEPC activity.
Light

The kinetic and regulatory properties of C4-PEPC in leaves are modulated
markedly by light/dark transitions in vivo (Andreo et a., 1987; Jiao and Chollet,
1991; Rajagopalan et al.. 1994; Chollet et al., 1996; Vidal and Chollet, 1997). On
illumination, the activity of PEPC in leaves of C, plants is enhanced by 2-3 fold
along with a marked decrease in the malate sensitivity of the enzyme (Huber and
Sugiyama, 1986; Rajagopalan et al., 1993; Parvathi et al., 2000b). These changes

during the light activation are due to the phosphorylation of the enzyme by PEp(.-

10
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Figure 1. The regulation of PEPC by effectors at the enzyme or gene
level. PEPC catalyses the carboxyiation of PEP to yield OAA and Pi.
Among the effectors. which can regulate the enzyme are those which
can either inhibit the reaction (-) or simulate (+) the reaction. The
levels of enzyme can be modulaed dso by dimulaing (+) the
expression of Ppc (gene for PEPC) and biosynthesis of PEPC.
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protein kinase and dephosphorylation in dark by a type 2A protein phosphatase
(Chollet et al., 1996, Vidal and Chollet, 1997; Parvathi et al., 2000b). The light
activation of PEPC is distinct from light-induced synthesis of PEPC-protein.
which is observed typically during greening of Sorghum or maize leaves (Sims
and Hague, 1981; Vidal and Gadal, 1983).

The response of PEPC in Cs leaves to light is much less than that in Cs
plants. The activation of PEPC on exposure to light is marginal (about 10-15%) in
Csspecies (Rajagopalan et al., 1993). A marginal increase on exposure to light
activation was reported in mesophyll protoplasts of maize (Devi and Raghavendra,
1992).

Light induces an increase in cytosolic calcium and pH in mesophyll
protoplasts of Sorghum, which can result in the phosphorylation of PEPC (Pierre
et a., 1992). Light induced phosphorylation also was observed in guard cell
protoplasts of Viciafaba L. (Schnabl et al., 1992), although no light activation of
PEPC could be detected in guard cel protoplasts of Commelina communis L.
(Willmer et a., 1990).

Cytosolic pH in mesophyll cells may be an important factor during light
activation of PEPC. Illumination induces the marked cytosolic alkalization in
mesophyll cells of Csplants (Raghavendra et al., 1993). The increase in cytosolic
pH can rise cytosolic calcium and lead to an increase in the activity of PEPC and
PEPC-PK or both. This has been shown in “cytosol enriched” cell sap of

Alternanthera pungens, a NAD-ME type plant (Rajagopalan et al., 1993. 1998).
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Light is also known to induce marked akalization of cytosol in mesophyll cells of
C,4 plants, as documented by the use of pH-dependent fluorescent probes
(Raghavendraet al., 1993:Yin et al., 1993).

Temperature

The effects of temperature on growth are often correlated to corresponding
changes in activity of several enzymes, including PEPC in C; plants (Selinioti et
al., 1986). Attempts have been made to correlate the poor rate of C,
photosynthesis at low temperature with cold liability of PPDK (Shirahashi et al.,
1978) and thermal response of PEPC (Selinioti et al., 1986). Cold inactivation of
PEPC was observed at higher pH in Cvnodon dactylon, Atriplex halinus and Zea
mays (Angelopoulos et a., 1990).

The temperature optimum of the C, PEPC is around 40-45°C and its activity
sharply drops below the optimal temperature. At low temperature, the sensitivity
of PEPC to malate was very high in maize (Wu and Wedding. 1987) and
Amaranthus hypochondriacus (Chinthapali et al., 2003). Lowering the
temperature from 25°C to 3°C not only reduced the catalytic cativity of PEPC but
also caused a considerable reduction in the sensitivity of PEPC to malate (Carter et
al., 1995). The temperature dependent regulation of PEPC was shown to be
independent of phosphorylation, particularly a warm temperature (Chinthapalli et
al., 2003). Further experiments are needed to establish if other possibilities like
changes in conformational status are involved during temperature regulation in Ca

PEPC.
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Inhibitors and Activators

PEPC is modulated by metabolites such as malate, aspartate, glycine and
Glc-6-P (Andreo et al.. 1987; Chollet et al., 1996; Vidal and Chollet, 1997).
L-malate, a product of carboxylation, is a competitive inhibitor of PEPC (Huber
and Edwards, 1975). Malate inhibits not only Ca-PEPC, but also the C; and CAM
forms (Kluge et al.. 1988; Echevarria et al., 1990; Jaio and Chollet, 1990).
Aspartate inhibits the enzyme (lglesias et al., 1986), and can also protect PEPC
against thermal inactivation (Mares and Leblova, 1980). Several other analogues
of PEP/pyruvale are powerful inhibitors of C4 enzyme and are used to study the
reaction mechanism of the enzyme (Gonzalez and Andreo, 1989; Janc et al..

1992).

Glc-6-P is an alosteric activator of PEPC, decreases Km for PEP (Uedan
and Sugiyama, 1976), protects the enzyme from malate inhibition (Gupta et al..
1994). and can induce aggregation of PEPC into the tetrameric form (Willeford
and Wedding, 1992; Wu and Wedding, 1994). Phosphorylation of PEPC has no
effect on its response to Glc-6-P, therefore it is likely that the activation of PEPC
by Glc-6-P involves a more complex path than the inhibition by malate. A list of
selected inhibitors and activators of PEPC is given in Table 2.

Glycine activates the PEPC of C, monocots (Bandarian et al., 1992; Gillinta
and Grover, 1995; Gao and Woo, 199a Tovar-Mendez et al., 1998).
Surprisingly, glycine has no effect on PEPC from C, dicots. The reason for such

specific response of glycine on PEPC from monocots is not known.
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Table 2. A list of selected inhibitors and activators of C4-PEP carboxylase. Most
of these studies were done using the PEPC from either maize or Amaranthus.

Inhibitors/Activators K; /K, | Reference

(mM)
Inhibitors K,
L-malate 0.07 Parvathi et al., 2000a
Oxal acetate 10 O'Leary, 1982
1-Hydroxycyclopropane 0.01 O'Leary, 1982
DCDP 0.04 Jenkins et al., 1987
E-Methyl phosphoenolpyruvate 01 Gonzalez and Andreo, 1988
Z-bromoPEP 0.26 Diaz eta., 1988
Z-3-fluroPEP 0.09 Diazetal., 1988
Z-Phosphoenolbutyrate 0.02 Gonzalez and Andreo, 1988
E-Phosphoenolbutyrate 0.11 Gonzalez and Andreo, 1988
Z-3-ChloroPEP 0.06 Liu et al., 1990
Methyl PEP 0.02 Gonzalez and Andreo, 1988
Phosphoenol 3-fluropyruvate 0.004 Gonzalez and Andreo, 1988
Activators Ka
Phenylphosphate 0.2 O'Leary et a., 1982
Glucose-6-phosphate 0.4 Parvathi et al., 1998
Dihydroxyacetone phosphate 20 Doncaster and Lcegood, 198769
Glycine 31 Tovar-Mendez et al., 2000
Inorganic phosphate 04 Podesta et al., 1990
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Apart from the above, other known activators of PEPC that could be
physiologically important, are: fructose 2,6-bisphosphate, fructose 6-phosphate
and dihydroxyacetone phosphate (Doncaster and Leegood, 1987), Pi (Podesta et
al., 1990), AMP (Rustin et al.. 1988), carbamyl phosphate (Gonzalez et al.. 1987)
and ribulose 1,5-bisphosphate (Leblova et d.. 1991).

Nitrogen Source

The biosynthesis of PEPC in leaves of C3. C4 and CAM plants is highly
regulated by the availability and source of nitrogen (Foyer et al., 1994; Murchie et
al., 2000). The rise in level of PEPC-mRNA and PEPC protein was more
pronounced in maize plants supplemented with NH4 or glutaminc than those with
NO;. Ammonium salts induced a 2-fold greater PEPC biosynthesis than that by
nitrate ions (Sugiyama and Sakakibara, 2002). Recent studies have demonstrated
that roots may sense nitrogen signals, by producing cytokinins, which are
transported to leaves to activate gene expression in C,; plants (Sakakibara € al..
1997; Sugiyama 1998).

Ammonium ions aso stimulate activity in vitro (Gayathri and
Raghavendra. 1994). The extent of light activation of PEPC is increased in
presence of ammonium and this is probably due to implication of PEPC-PK
activities (Duff and Chollet, 1995; Giglioli-Guivarc'h et a., 1996; Murchie et al.,
2000). The effect of ammonium on PEPC was at the regulatory allosteric site on
the enzyme. Where as the modulation of PEPC by glutamine is duc to increase in

phosphorylation of PEPC protein kinase (Manh et al., 1993).
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Induction of PEPC

Submerged aquatic macrophytes employ a CO, concentrating mechanisms
s0 as to use effectively dissolved HCOs  (Raven, 1970; Bowes and Salvucci,
1989). An appreciable shift from C3 photosynthesis to a Kranz-less Cj4 acid
metabolism has been observed in at least three members of the Hydrocharitaceae.
Hydrilla verticillata, Elodea canadensis and Egeria densa, when plants were
grown with air levels CO-, high temperature, and long photoperiods (Bowes and
Salvucci, 1989; Reiskind et al., 1997; Casati et al., 2000; Rao et al., 2002). Two
isoforms of PEFC were highly expressed under high temperature and high light.
Under these conditions, an increase in tota PEPC activity was due to the
expression of lower molecular weight isoform that was strongly phosphorylated in
the light. The changes in kinetic and regulatory properties of PEPC were

correlated with changes in the phosphorylation state of enzyme (Lara et al., 2001).

In another interesting instance, the amphibious leafless sedge Eleocharis
vivipara developed Kranz anatomy and shifted to C, photosynthesis (including
high activity of PEPC) under terrestrial conditions, but retained C;-like traits and
operated C; photosynthesis when submerged in water (Ueno, 1996, 1998). The
transition from water to land could signal a water-deficient condition, therefore
anatomical development and new gene expression could represent an adaptational
response to water stress. Abscisic acid (ABA), induced Kranz anatomy. a new

form of C4-PEPC and expression of other C4 genes in Eleocharis vivipara (Uchino
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et al., 1998). This observed transition is unique because normally ABA represses
the expression of genes involved in C4 photosynthesis (Sheen, 1999).

ABA aso promotes the induction of PEPC, along with CAM in succulent
plants (Dai et al., 1994; Taybi et al., 1995). The patterns of accumulation of these
photosynthetic enzymes in ABA induced plants were similar to those after
temperature induction (Casati et a., 2000). Another pattern of induction was
noticed in Portulaca oleracea, a succulent C4 plant during the exposure to short
photoperiods or water-stress, which induce CAM. During such induction, a new
form of CAM-form of PEPC was synthesized, besides the origina CVform of
PEPC. These two forms of PEPC (C4 and CAM) were quite distinct in their
kinetic and regulatory properties (Mazen, 2000).

Posttranslational Modification

The characteristics of PEPC are modulated by posttranslational
modification of the enzyme. One of the strongest modes is the reversible
phosphoiylation of single Ser residue near the N terminus resulting in a striking
up- or down-regulation of the enzyme's alosteric properties (Chollet et al.. 1996:
Vidal and Choilet, 1997; Nimmo, 2000). The second type of posttranslational
modification is the change in oligomeric state of the enzyme, studied mostly in
vitro (Jiao and Choilet. 1991; Rajagopalan et a., 1994; Choilet et al., 1996). A
third possibility is the regulation by modulation of redox states of the enzyme. and
reduction in cysteine residues. However, the significance of the latter two in vivo

isnot yet clear.
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Phosphorylation

PEPC is phosphorylated in light by a PEPC-protein kinase (PEPC-PK) and
dephosphorylated in dark by a type 2A PEPC-proten phosphatase (Vidal and
Chollet, 1997). The regulatory phosphorylation occurs on serine residue of the
enzyme, for eg. Serl5 in maize and Ser8 in Sorghum. In PEPC of Amarantims
hypochondriacushe serine residue located at 11" position (Rydzik and Berry,
1996). The phosphorylation state of PEPC is largely determined by the action of a
Ca®'- independent protein kinase (Vidal and Chollet, 1997; Tsuchida et al., 2001;
Garcia-Maurino et al., 2003), although regulation by other Ca*- dependent protein
kinase has also been demonstrated (Zhang and Chollet, 1997, Ogawa et al., 1998;

Parvathi et al., 2000a).

PEPC-PK seems to be synthesized de novo on illumination, as pretreatment
of leaves with cycloheximide suppressed the synthesis of PEPC-PK and prevented
light activation of PEPC (Parvathi et al., 2000b). The modulation by light of
PEPC-PK is further mediated through changes in the level of metabolites of
photosynthesis and/or energy charge. For example, 3-PGA formed in the bundle
sheath cells, during C4 photosynthesis could activate PEPC-PK and PEPC (Chollet
et a., 1996; Giglioli-Guivarc'h et a., 1996). Illumination induced the cytosolic
alkalization in mesophyll cells of C, plants (Raghavendra et al., 1993; Rajagopalan
et a.. 1998) and such increase in cytosolic pH could raise cytosolic calcium and
increase the activity of PEPC-PK or an upstream protein kinase which modulates

PEPC-PK. Light presumably provides ATP and/or NADPH via photosynthesis
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for some step(s) in the transduction pathway. particularly for protein synthesis
related to PEPC protein kinase (Vidal and Chollet, 1997). A model is presented in
Figure 2 showing the likely events during the transduction of light signal to
control C4-PEPC-PK and subsequently PEPC phosphorylation.

Parvathi et al. (2000a) reported that the regulation by Ca®' or CAM could
be al an upstream level of regulation of PEPC-PK. For example, a CDPK-like
protein kinase may modulate the Ca*'-independent PEPC-PK. In a recent study, a
Caz*-dependent phosphoinositide-specific phospholipase C (PI-PLC) has been
found to participate in the light dependent cascade leading to C4-PEPC
phosphorylation in mesophyll cell protoplasts of Digitaria sanguinalis (Coursol et
al., 2000).

The transcription of the PEPC kinase gene and the abundance of PEp(
kinase mRNA responds to photosynthesis in C3 and C4 plants (Hartwell et al..
1996) and metabolic triggers in maize (Hartwell et al., 1999). Intense efforts were
made to isolate, purify and clone the C4-PEPC-PK from maize, Sorghum, Flaveria
and two CAM plants: Kalanchoe fedischenkoi and Mesembryanthemum
crystallinum (Tsuchida et al., 2001; Vida et al., 2002; Nimmo, 2003). Ogawa et
al. (1998) suggested that at least four types of protein kinases could be detected in
their PEPC-PK preparation, of which two of them were calcium-dependent. It has
been suggested that multiple forms of PEPC-PK (both Caz'-dependcm and Ca®'-
independent) are involved in the regulation of PEPC phosphorylation (Bakrim et

al.. 1992: Giglioli-Guivarc'h et al.. 1996: Nhiri et a.. 1998).
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Figure 2. An over view of the transduction of light signa by a series of
secondary messengers during activation of PEPC. Cytosolic free Ca?*
is a key factor, which can stimulate CDPK and/or PEPC-PK and
enhance the phosphorylation status of PEPC. Besides the modulation
of cytosolic pH, ATP and NADPH generated by chloroplasts may
mediate the activation of CDPK or PEPC-PK or both.
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The molecular masses of PEPC-protein kinases from maize, Sorghum,
Mesembryanthemum crystallinum were in the range of 30 to 39-kD (Saze et al.,
2001; Vidal et al.. 2002; Garcia-Maurino et a., 2003) and these PEPC-PK were
largely calcium-independent. In contrast, Ca’‘-dependent PEPC-PK also was
detected in maize with a molecular weight of 50 to 60-kD. These PEPC-PK were
inhibited by the calmodulin antagonist W7 and KT5926 (lzui et al., 1995). The
light activation of PEPC was insensitive to type 2A protein phosphatase inhibitor,
okadaic acid and microcystin-LR, which suggested that the phosphorylation of
PEPC is modulated by PEPC-PK more effectively than by the phosphatase
(Bakrim et al., 1992). Compared to the extensive literature in PEPC-PK, the
studies on PEPC-protein phosphatase are very few (Dong et al., 2001).
Oligomerization

PEPC is a homotetramer. The oligomerization/dissociation of PEPC has
been shown to regulate PEPC in vitro, but so far, experimental evidence in vivo is
lacking.

The active form of PEPC is tetramer. PEPC is very active when it is in
tetrameric shape, while the activity and malate sensitivity decreases when the
enzyme dissociated into monomer or dimer (Walker et al., 1986; Willeford et al..
1990). But the enzyme can exist as a dimer or monomer depending on several
factors: pH. ionic strength (Wagner et al., 1987), temperature (Wu and Wedding,
1987) and concentration of PEPC (Willeford and Wedding, 1992). The presence

of PEP, Mg*", Glc-6-P, malate or compatible solutes likc PEG-6000 or glycerol
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promoted the aggregation of the PEPC (Podesta and Andreo, 1989; Manetas,
1990; Wedding et al., 1994). It is suggested that Pi can shift the dimer/tetramer
equilibrium towards tetramer (Salahas and Gavalas, 1997).

Regulatory phosphorylation may not aways be involved during the
increase in PEPC activity and subsequent decrease in malate sensitivity of the
enzyme. The temperature dependent changes in PEPC activity and malate
sensitivity are independent of phosphorylation, and possibly due to changes in
aggregation status of PEPC (Wu and Wedding, 1987; Chinthapalli et al., 2003).
There are also reports that reversible dissociation/association PEPC is not the
reason for the diurnal variation of PEPC activity (Weigend and Hincha, 19921-
Reduction of-SH Groups

The regulation of cytosolic C4 PEPC may be under the control of the redox
state of certain critical cysteine residues (Iglesias and Andreo, 1984; Chardot and
Wedding. 1992). Five to seven cysteine residues are present in plant PEPC that
are absent in microbial enzymes (Vidal and Chollet, 1997). It is not known which
of these residues are involved in regulation of activity or malate sensitivity. In
contrast, reduced cytosolic thioredoxin had no effect on the properties of C4 PEPC
in vitro, when the dephosphorylated maize enzyme was used (Jiao and Chollet,
1989). Cysteine residues may be involved aso in the maintenance of enzyme

quaternary structure.
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Conformational Changes

The activity of enzymes depends on conformational status of the protein,
which can be monitored, by diverse techniques such as intrinsic/extrinsic
fluorescence, circular dichroism spectra, limited proteolysis (Maralihalli and
Bhagwat, 2001; Nakamura et al., 2002). However, studies on conformational
changes in PEPC are very few. Change in temperature or presence of allosteric
effectors or compatible solutes can cause conformational changes in the protein
and regulate the PEPC activity. Recently, Alvarez et al. (2003) reported that the
native C4, PEPC could be in two different conformational states, as indicated by
the binding of antibodies raised against peptide C19.
Some of the Points to be Resolved

In the past decade, a significant progress has been made on the
biochemistry and molecular biology of PEPC. however. there is till scope for
further studies on C4-PEPC. For example, there are only a few reports on the
regulation on PEPC by temperature. PEPC being a characteristic feature of
tropical plants (which are exposed to not only high light, but also to warm
temperature), the enzyme is bound to be modulated by temperature. The
modulation of PEPC by temperature at the level of leaf and purified enzyme needs
urgent attention. Further, the effect of temperature on PEPC seems to be quite
different in C; and CAM, thus, examination of this phenomenon would be able to
offer a logical explanation of contrasting difference in temperature response in

PEPC in C4 and CAM plants.
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In tropical climates there is usualy a huge fluctuation of both light and
temperature along with changes in nutrient availability. It is therefore important
and study of these interactions between light, temperature and nitrogen nutrition
on PEPC. For e.g. the nitrogen requirements may differ among Cs monocots and
C4 dicots particularly in relation to the sub-classification of C4 plants, namely
NADP-ME, NAD-ME and PEP-CK. An attempt was made to study the effect of
temperature during light activation of PEPC in leaves of Egeria densa (Casati et
a., 2000; Lara et a., 2001). Experiments are essential to examine such
interactions in a diverse range of C4 plants.

The extent of carbon fixation is very high during the day. It is, however,
not clear if the activity of PEPC follows a strong diurnal rhythm. It is possible
that the levels of PEPC change (protein and mRNA) during day/night cycles. In a
related study, Hartwell et al. (1996) found that the mRNA levels of PEPC-protein
kinase start increasing well before the sunrise in leaves of maize. Further, studies
are needed to determine mRNA and protein levels of PEPC as well as the post-
translational modification of PEPC, if any.

The cloning and expression of PEPC in E. coli is a simple. elegant and
extremely versatile system. Production of recombinant PEPC in E. coli has
already been achieved using the cDNA from Sorghum (Cretin et al., 1991). maize
(Dong et a.. 1997) and Flaveria (Westhoff et a.. 1997). This system was also
used to study the properties of chimeric PEPC made from C; and C; PEPC and

also to analyze the importance of different amino acids using site directed
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mutagenesis (Biasing et al., 2000). Such studies can be extended to probe the
properties of PEPC from interesting plant sysems like C5-C, intermediates or
transgenic plants.
Present work

The present investigation focuses on the temperature effects of PEPC in
leaves as wdll as purified PEPC from Amaranthus hypochondriacus, aNAD-mdic
enzyme type C4 plant. The approach and objectives are further elaborated in the

next chapter.
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Amaranthus hypochondriacus.a NAD-ME type of C4 plant, is an important
grain crop and leafy vegetable, grown in semi-arid, sub-tropical and tropical
regions. Our laboratory has been using A. hypochondriacus as a model system to
study the properties and regulation of C4-PEPC (Parvathi et al., 2000a, b; Gayathri
et al., 2000). The present study is undertaken with A. hypochondriacus, for studies
on PEPC using leaf discs, and purified enzyme. Pea (Pisum sativum) is a typical
C3plant, is used for the comparison.

Among the environmental factors. light and temperature modulate
dramatically the activity and properties of PEpLC. Compared to the extensive
literature on the properties and mechanism of light activation of PEPC, in Cy
plants, the literature on the regulation by temperature of PEPC is quite limited
(Rajagopalan et al.. 1994). The present study is an attempt to characterize the
temperature responses of PEPC from typical C4 plant, A. hypochondriacus and
compare with that of a C; plant pea (P. sativum). Experiments were conducted on
leaf discs so as to stimulate physiological situation in vivo. Studies were extended
to a few more species to establish if the nature of PEPC responses is similar in a
range of C3 and C4 plants.

Phosphorylation of PEPC is regulated by light/dark transitions in vivo
(Rajagopalan et al.. 1994; Chollet et al.. 1996: Vidal and Chollet. 1997: Parvathi et
al., 2000b). On illumination. the phosphorylation of PEPC on a serine residue is

catalyzed by protein kinase and dephosphorylation occurs during darkness by type
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2A protein phosphatases. De nove synthess of PEPC-PK is an important
component during PEPC phosphorylation. Attempts were therefore made to
examine if variation in temperature caused any modulation of either the
phosphorylation status or the protein levels of PEPC legf discs.

The organic cosolutes. such as glyceral and PEG, stabilize the activity and
integrity of several enzymes. including PEPC, during the dilution of enzyme,
which occurs during extraction medium (Podesta and Plaxton, 1994; Law and
Plaxton, 1995). Although the reaction media containing organic cosolutes are not
exactly physiological. they resemble an environment closer to the conditions in
vivo, than those during extraction and assay. The organic cosolutes promote self
association of proteins and dabilize their dructure by being preferentialy
excluded from contact with the protein surface (Timasheff, 1992). Under such a
high protein concentration, the stability of oligomeric enzymes is enhanced. The
interaction of compatible solutes on the oligomeric status and conformational
changes of the purified Ca~PEPC with temperature were studied in presence of
PEG-6000.

Studies were extended with purified PEPC of A. hypochondriacus (C,) to
assess the changes induced by temperature of PEPC in vitro compared to those in
vivo. Purification of PI:PC was done from leaves of A. hypochondriacus by
conventional techniques. using the protocol described aready (Gayathri et al..
2000).

Polyclona antibodies were raised in rabhits against the purified PEPC from

A. hypochondriacus leaves using the procedure of Nimmo et a. (1986). and the
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anti-PEPC antiserum was used in experiments involving western-blots and protein

phosphorylation.
Experiments were conducted to examine the conformational changes of

PEPC protein through fluorescence and CD-spectra. Studies were made on the

intrinsic and extrinsc fluorescence of PEPC protein at different temperature.

These studies were extended to check the effect of PEG-6000 (compatible solute)

and urea (dcnaturant) on PEPC protein. Further, CD-gpectra were used, to

evaluate the secondary structure of PEPC of A. hypochondriacus. The mean

residue cllipticity of PEPC at different temperatures were estimated.

The specific Objectives of the Present Study are:

1. Investigate the effect of varying temperature on the activity and properties of
PEPC in leaves of C4 and Cs plants.

2. Assess if the temperature induced changes in PEPC are reversible.

3. Examine if PL1:G-6000 (a compatible solute) can modulate the temperature
responses of purified C4-PEpPLC.

4. Assess the changes in protein levd or phosphorylation status of PEPC on
exposure to temperature or light.

5. Determine the changes induced by temperature in catalytic and regulatory
properties of PEPC protein purified from leaves A. hypochondriacus.

6. Study the temperature induced conformetiond changes in PEPC protein

reflected in its fluorescence properties and CD-spectra.
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Plant Material

Plants of Amaranthus hypochondriacus L. cv AG-67. and Pisum sativum
L. cv Arkel. were raised from seeds. The plants were grown in earthen pots filled
with soil supplemented with farm-yard manure (in a ratio of 5:1). They were
grown outdoors in the field under a natural photoperiod of approximately 12 h and
temperatures of 30 - 40°C day/25 - 30°C night. The upper fully expanded leaves
were harvested, about 2 - 3 h after sunrise. Leaf discs were prepared from 4- to
6- week-old plants of A. hypochondriacus (Fig. 3.1) and 8- to 10-day-old plants of
P. sativum (Fig. 3.2).

In some experiments, four each of C; and C4 plants were used so as to
ascertain that the responses are characteristic of C3- or Cs-tyPe. The plants used

for these studies, which were grown in the field, are as follows:

C3 species:
Euphorbia hirta L. Trianthemaportulacastrum L.
Portulaca oleracea L. Amaranthus spinosus L.

C,4 species:
Lycopersicum esculentum Mill. Euphorbia pulcherrima Willd.

Arachis hypogaea L. cv ICGS 44.  Tridax procumhens L.



Fig. 32

Fig. 3.1. A view of 4- to 6- old plants of Amaranthus hypochondriacus

AG-67, grown in the field (outdoors).

Fig. 3.2. A view of 8- to 10- old plants of Pisum sativum L. cv. Arkel,

grown in the field (outdoors).
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Preparation of Leaf Discs

Discs of ca. 0.2 cm? were punched from leaves, under water, with the help
of a paper punch. Thirty discs were kept in a Petri dish (5-cm diameter) containing
10 mL water and left in darkness for 2 h. Ledf discs incubated a different
temperatures were extracted and assayed accordingly as described in detal
(Parvathi et al., 2000b; Chinthapalli et al., 2003).

In some of the experiments 1.25% (w/v) PEG-6000 was included during the
incubation and/or assay. During experiments involving light-activation, the
predarkened discs were illuminated as described in the following pages.

Extraction

Thirty leaf discs (ca. 120 mg) were extracted in a chilled mortar with a
pestle using 1 ml. of extraction medium containing 100 mM Tris-HCI [pH 7.3],
10 mM MgCl,, 2 mM K,HPO,, 1 mM EDTA, 10% (v/v) glyceral, 10 mM
B-mercaptoethanol, 10 mM NaF, 2 mM PMSF and 2% (w/v) insoluble PVP. The
homogenate was centrifuged a 7000g for 5 min. The supernatant was used as
“crude extract™. In some of the experiments, 500 ul of crude cleared extract was
rapidly desalted on a Sephadex G-25 column (0.5 x 2 cm) equilibrated with the
above buffer.

A smal aliquot was kept aside, prior to centrifugation, for chlorophyll

estimation.
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Assay of PEPC

The reaction of PEPC was coupled to NAD madic dehydrogenase and the
enzyme activity was determined by monitoring NADH oxidation at 340 nm in a
Shimadzu UV-Vis Spectrophotometer at 30°C.

The assay mixture (1 mL) contained 50 mM Tris-HCl, [pH 7.3], 5 mM
MgCl,, 02 mM NADH, 2 U MDH, 05 mM or 25 mM PEP, 10 mM NaHCOs
(unless otherwise mentioned) and leaf extract (equivdent to 1 ug of chlorophyll or
protein). The extract or the purified enzyme was incubated in the assay medium
for 30 s and reaction was started by the addition of PEP.

Malate sendtivity of PEPC in ledf extracts or purified preparation was
routinely checked using 0.5 mM malate. After measuring the PEPC activity for 3
min, 0.5 mM L-malate was added to the cuvette and the activity monitored for
further 3 min. Variations, if any, in the assay medium are described in the text.

One unit of enzyme is defined as the anount of enzyme which carboxylates
1 pmol of PEPmin"' under standard assay conditions.

Estimation of Protein and Chlorophyll

The total soluble protein was estimated by using ether Bradford's reagent
(Bradford, 1976) or Folin-Phenol reagent (Lowry et al., 1951), with bovine serum
abumin as the standard.

Chlorophyll was estimated by extraction with 80% acetone as per Arnon

(1949). An diquot of 12.5 pL of crude lesf extract wes added to 5 mL of 80%
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(v/v) acetone and the absorbance of solution was measured at 652 nm (for
chlorophyll) and at 710 nm (for assessing turbidity). Total chlorophyll content was
estimated by using the following formula:

Chl (mgmL™) = AAesz710) x 11.1
Incubation of Leaf Discs at Different Temperature

Thirty leaf discs were floated on distilled water in a 5 cm diameter Petri
dishes and were left in darkness for 2 h. After predarkening, the leaf discs were
incubated 30 min at required temperature in the range of 15°C to 50°C in a themo-
statically controlled water bath. At the end of 30 min in each temperature, the leaf
discs were extracted (as described above) and the extract was examined for PEPC
activity.

In experiments to check the reversibility of temperature effects, the leaf
discs were exposed to various temperatures (for 45 min) and then transferred to
optimal temperature (for 45 min). At the end of 45 min, the leaf discs were
extracted (as described above) and the extract was examined for PEPC activity.
Light Activation of PEPC

Light activation of PEPC in leaf discs was carried out, as described already
(Rajagopalan et al., 1993). Thirty leaf discs (each of ca. 0.2 cm?) were floated on
10 mL of water in a 5-cm diameter Petri dishes under darkness for 2 h. After
predarkening, the leaf discs were illuminated (white light; Philips Comptalux R95

bulbs) at an intensity of 1000 pmol m’ s (after passing through a water filter of
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10-cm thickness) for 30 min. The 10-cm thick water filter helped to dissipate the
heat and to maintain an optimal temperature, during illumination.

At the end of 45 min illumination (or dark-incubation for comparison), the
leaf discs were extracted (as described above) for studies on PEPC.
Kinetic and Regulatory Properties of the Enzyme

The maximum velocity of the enzyme (Vya) and Kn for PEP were
determined by using varying concentrations of PEP (0.5 to 5 mM). Vpax and Ky,
values were calculated from Lineweaver-Burk plots. The response of PEPC to
varying concentrations of malate (0.01 to 2.5 mM) was monitored at pH 7.3 and
25 mM PEP. The K; (malate) was determined by using computer program
developed by Brooks (1992). The activation of PEPC by glucose-6-phosphate
(Glc-6-P) was also studied in a manner similar to that described above, except that
different concentrations of Glc-6-P (0.05 to 5 mM) was added instead of malate in
the assay medium and PEPC was assayed at pH 7.3 and 2.5 mM PEP. K, (Glc-6-
P) values were calculated from double reciprocal plots.
Exposure of Purified PEPC to Varying Temperature

The purified PEPC (50 pg mL’) was incubated at different temperature
(15°C to 50°C) for required time intervals (O to 60 min) prior to the assay at room
temperature. An aliquot (containing 0.1 ug protein) of PEPC was used for
assaying the activity. Unless otherwise specified, PEPC was incubated for 45 min

at different temperature.
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In experiments to check reversibility, the purified PEPC incubated at
optimal temperature of 40°C was treated as control. The PEPC protein was
exposed to various temperatures (for 45 min) and then transferred back to the
optimal temperature of 40°C, for the next 45 min. Immediately the protein was
assayed for PEPC at room temperature (30°C).

Interaction of PEPC with PEG or Glycerol

The effect of PEG or other compatible solutes on PEPC was checked by
incubating purified PEPC (50 pg mL™, unless otherwise specified) with 1.25%
(w/v) PEG-6000 or 10% (v/v) glycerol, at required temperature. An aliquot of
PEPC protein was taken out and used for enzyme assay. In some of the
experiments, the concentration of PEPC protein was raised to 200 pg mL"', during

prcincubation at varying temperature.

In some of the experiments (with leaf extracts), 1.25% (w/v) PEG-6000
was present during the assay.
Purification of PEPC
Extraction and Ammonium Sulfate Fractionation

Leaves (40 g) of Amaranthus hypochondriacus were picked from the field-
grown plants (exposed to sunlight for 2-3 h). washed, chopped into small pieces
and suspended in 160 mL of buffer containing 100 mM phosphate buffer [pH 7.3],
25% (v/v) glycerol, 5 mM DTT, 10 mM MgCl, 1 mM EDTA, 2 mM PMSF,

50 pg mL™* chymostatin, 10 mM NaF and 2% (w/v) solid insoluble PVP. The
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leaves were then homogenized using a mixie {1.5 min; maximum speed, Remi
Equipments (Ato-mix Blender)]. The homogenate was filtered through four layers
of cheese cloth and the filtrate was centrifuged at 40,0009 for 10 min.

The supernatant (160 mL) was brought to 40% saturation with saturated
ammonium sulfate solution. The suspension was stirred slowly for 30 min and
then centrifuged at 40,000g for 40 min. The precipitate was discarded, the
supernatant was brought to 60% saturation by further addition of saturated
ammonium sulfate solution and the precipitate was collected by centrifugation at
40,0009 for 30 min.

The extraction and (NH4);804 precipitation were performed at 4°C and the
subsequent steps were carried out in an air-conditioned room with a temperature of
15-20°C.

DEAE-Sepharose Chromatography

The precipitate from 60% ammonium sulfate treatment was dissolved in
15-20 mL of 200 mM potassium phosphate buffer [pH 7.3] plus 10% (v/v)
glycerol and was dialyzed against 20 mM potassium phosphate buffer [pH 7.3]
and 10% (v/v) glycerol. The dialyzed solution was loaded onto a DEAE-Sepharose
CL-6B column (1 x 12 cm), equilibrated with 20 mM potassium phosphate buffer
[pH 7.3] and 10% (v/v) glycerol. The column was washed with same buffer at a
flow rate of 0.5 mL min® until Az returned to baseline. A linear gradient of 40 to
200 mM phosphate buffer [pH 7.3] containing 10% (v/v) glycerol was used to

elute PEPC. The active fractions containing maximum PEPC activity were pooled
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and the enzyme was precipitated with 60% (v/v) saturated ammonium sulfate
solution.
Hydroxylapatite (HAP) Chromatography

The precipitate from the above step, after ammonium sulfate precipitation,
was dissolved in 200 mM phosphate buffer [pH 7.3] containing 10% (v/v)
glycerol, and dialyzed against 20 mM phosphate buffer [pH 7.3] containing 10%
(v/v) glycerol. The dialyzed sample was applied onto a 1 x 12 cm HAP column.

HAP column was prepared as described by Oishi (1971). 25 ml. each of
0.5 M calcium chloride and 0.5 M disodium hydrogen phosphate from separate
burettes were mixed drop wise in a beaker containing 25 mL of 1 M NaCl. A flow
rate of 4 mL min"' was maintained from each burette. The brushite formed was
allowed to settle and the supernatant was decanted. The precipitate was washed
twice and boiled with simultaneous stirring for 1 h with 500 mL of double distilled
water containing 1.25 mL of 1 M NaOH solution. The precipitate was allowed to
settle completely. The supernatant was decanted, the precipitate was washed twice
with distilled water and was allowed to settle. The precipitate was taken out and
added to 10 mM sodium phosphate buffer [pH 6.8] and alowed to reach boiling
point (avoid boiling). The gel (HAP) was washed with 20 mM phosphate buffer
[pH 7.3] and stored at room temperature until required. Later it was transferred

onto a column of 1 x 12 cm and equilibrated with 20 mM phosphate buffer [pH

7.3] containing 10% (v/v) glycerol.
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The dialyzed eluate was applied dowly on the column and the eluate,
which passes out of the column, was again recycled (5 to 6 times) into the column.
This ensures complete binding of the enzyme to the column and remova of non-
specific proteins from the column. PEPC was eluted with a linear gradient of 40-
200 mM phosphate buffer [pH 7.3] plus 10% (v/v) glycerol. The active fractions
were pooled.

Concentration and Sorage

The pooled active fractions were transferred into a diaysis bag (2.1 x 5 cm)
and concentrated by covering with solid PEG 20,000 (Sigma Chemical Co., USA).
The concentrated and pure PEPC was stored in multiple aliquots with 50% (v/v)
glycerol in liquid nitrogen.

SDS-Polyacrylamide Gel Electrophoresis (SDS-PAGE)

Mini-gels (8 x 8 cm) of 10% SDS-polyacrylamide were used and
electrophoresis was performed, as per the principles of Laemmli (1970). The
stacking gel (2 x 8 cm) contained 125 mM Tris-HCI [pH 6.7], 4% (w/v) of
acrylamide, 0.1% (w/v) of SDS. The resolving gd (6 x 8 cm) was polymerized
using 375 mM Tris-HCI [pH 8.8], 10% (w/v) of acrylamide and 0.1% (w/v) of
SDS.

The electrode buffer contained 25 mM TrissHCI, 192 mM glycinc, [pH 8.3]
and 0.1% (w/v) SDS. Proteins were dissolved in sample buffer 250 mM Tris-HCI
[pH 6.8], 8% (w/v) SDS, 50% (v/v) glycerol. 10% (v/v) P-mercaptoethanol,

0.04% (w/v) bromophenol bluc] and boiled at 100°C for 2 min and loaded onto
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10% SDS-PAGE. Electrophoresis was performed at 60 V until the dye front
migrated into the resolving gel and later the voltage was raised to 120 V. Power
was supplied through Atto Digi-Power (SJ-1081) for a total period of about 2 h.
The gels after the electrophoresis were fixed for 1 h with fixative solution
containing 40% (v/v) methanol and 7% (v/v) glacia acetic acid.

The gels were stained with Coomassie blue-staining solution [0.25% (w/v)
Coomassie brilliant blue R-250 in 50% (v/v) methanol and 12.5% (v/v) acetic
acid] and destained with a destaining solution containing 50% (v/v) methanol and
12.5% (viIv) acetic acid.

In some cases, the gels were visualized by silver staining, as per the
procedure of Blum et al. (1987). After electrophoresis, the gel was fixed in
fixative-solution containing 50% (v/v) methanol, 12.5% (v/v) acetic acid and 0.5
mL of commercial [37% (v/v)] formaldehydelliter for 1 h. Later the gel was
washed thrice with 50% (v/v) ethanol for 20 min each. The gel was pretreated with
0.02% (w/v) sodium thiosulfate solution for 1 min and rinsed with water for 1 min
(3 washes, each for 20 s). The gel was impregnated with 0.2% (w/v) silver nitrate
and 0.75 mL of formaldehyde/liter for 20 min. The gel was again washed with
water for 1 min (three washes, each for 20 s) and developed with 6% (w/v) sodium
carbonate and 0.5 mL of formaldehyde/liter for 10 min. The reaction was stopped
with a mixture containing 50% (v/v) methanol and 12.5% (v/v) acetic acid for 10
min and then the gel was washed thoroughly with water for 4 min. Finaly, the gel

was washed well with 50% (v/v) methanol (for more than 20 min).
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Pre-stained molecular weight markers (29 to 116-kD, from Sigma) were
used as standards, for assessing molecular weight of proteins on SDS gels.
Non-denaturing PAGE

Native gel was run as described by Law and Plaxton (1995). A 6% (w/v)
polyacrylamide gel (8 x 8 cm) was polymerized without SDS, using only 375 mM
Tris-HCI buffer [pH 8.8]. 4% (w/v) acrylamide without SDS was used for stacking
gel. The polymerized gel was cooled at 4°C before loading the protein.

The electrode buffer contained 25 mM Tris-HCI, 192 mM glycine, [pH 8.3]
and electrophoresis performed at 4°C. Electrophoresis was performed at 60 volts
until the dye front migrates into the resolving gel (approximately for 1 h) and then
power supply was raised to 120 volts through Atto Digi-Power (SJ-1081) for about
3 h 20 g of purified PEPC was loaded into each of the well.

Immunological Characteristics of PEPC
Preparation of Anti-PEPC Antiserum

Anti-PEPC antiserum was raised in 6 month-old white rabbits, as per the
principles of Nimmo et al. (1986), and described by Gayathri et al. (2001).

Pre-immune serum was collected from ear-vein of the rabbit. Subsequently
0.5 mg of purified PEPC in 500 uL, emulsified in equal volume (500 uL) of 50%
Freund's complete adjuvant, was injected subcutaneously at about 10 sites. Four
weeks later, the animal was given (through subcutaneous injections) a booster

dose of 0.25 mg in 250 pl of purified enzyme, emulsified with equal volume
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(250 pl) of 50% Freund's incomplete adjuvant. After 2 weeks, blood was collected
from the ear vein. The blood was alowed to coagulate and the antiserum was
collected by centrifugation at 10,000g for 30 min. The antiserum was split into
several small aliquots and stored at ~2(0f.

The animal was again inoculated with a further 025 mg in 250 pl. of
enzyme emulsified with equal volume (250 pl) of 50% Freund's incomplete
adjuvant. Blood was collected after a further period of 6 to 8 days. Anti-PEPC
antiserum was collected as described above by centrifugation and stored in
multiple aliquots.

Western Blotting

The cross reactivity of PEPC to antibodies was checked by employing
Western blots (Betz and Dietz, 1991), &fter transferring electrophoretically the
proteins from the gel onto the polyvinylidene difluoride (PVDF) membranes
(Towbin et al., 1979).

Leaf extracts or purified PEPC were prepared and subjccted to 10% SDS-
PAGE, as described above. The proteins were transferred onto PVDF membranes
(Immobilon-P, from Millipore, procured from Sigma Chemica Co., USA). The
gel, PVDF membranes and Whatman No. 3 chromatography papers were soaked
in transfer buffer containing 25 mM Tris-HCI/192 mM glycine [pH 8.3} and 20%
(v/v) methanol for 30 rain, The gl and membranes were sandwiched between the

Whatman No. 3 filter papers (three on each side) saturated with the buffer and
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blotted using a semi-dry blotter (LKB 2117 Multiphor) for 2 h. A constant power
of 90 volts was supplied (through Atto Digi-Power SJ-1081). The transfer of
proteins was confirmed by Ponceau's staining [0.2% (w/v) Ponceau's stain and
3% (w/v) TCA]. Ponceau's stain was removed by repeated washing with distilled
water.

The membranes were blocked to saturate the non-specific binding sites with
5% (w/v) non-fat milk powder in Trisbuffered saline (TBS) containing 25 mM
Tris-HCI [pH 7.5] and 150 mM NaCl. The blocking was allowed for 1 h at room
temperature with constant shaking. The blocked membranes were treated with A.
hypochondriacus anti-PEPC antiserum (diluted by 1:1000 in blocking solution),
for 1 h. The blotted membranes were washed three times (15 min of each wash)
with TBS and incubated with anti-lgG-alkaline phosphatase conjugate (1:7500)
for one hour and washed for three times.

The washed blot was developed with 165 ul. 5-bromo-4-chloro-3
indolylphosphate (BCIP) (50 mg mL" stock solution) and 30 uL of p-nitroblue-
tetrazolium chloride (NBT) (50 mg mL"' stock solution) in 10 mL of 16 mM Tris-
HCI [pH 9.5], 4 mM NaCl and 0.2 mM MgCl,.

In Vivo Labelling of PEPC with 3pj
Labelling of PEPC with *2pj in vivo was done by following the procedure

described by Bakrim et al. (1992).
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Excised leaves were fed through petiole with 100 uL (60 pCi) of KH,*2PO4
(Specific activity of 10 mCi/mmol) under moderate illumination (400 pE m? g )
for 4 h. The leaves were left in darkness for 2 h to ensure that the PEPC is
dephosphorylated. A set of leaf discs was exposed to different temperatures for 30
min. In aparallel treatment, leaf discs were either illuminated (1000 pkE m™ s™) or

kept in darkness for 45 min (Parvathi et al., 2000b).

The incubated leaf discs were extracted with 5 mL of extraction buffer
described above. The leaf extracts were cleared by centrifugation for 15,000 g for
5 min and supernatants were assayed for PEPC. Extracts containing 0.2 units of
PEPC-activity (approximately 300 pL) was mixed with the volume of anti-PEPC
antiserum (200 pl) and Ieft overnight at 4 “C. The immunoprecipitated PEPC was
pelleted by centrifugation at 15,000 g for 5 min. The supernatant was removed
and the pellet washed twice with 0.5 M Tris-HCI [pH 8.0], 15 M NaCl and 1%
Triton X-100, and once with 0.1 M TrisHCI [pH 8.0].

SDS-PAGE and Autoradiography

The soluble proteins were separated by 10% SDS-PAGE, as dready
described in the previous pages. The gels were dried and examined by
autoradiography to assess the incorporation of 2P |abel into PEPC-protein.

Gels were stained with Coomassie brilliant blue R-250 and destained
thoroughly by using destaining solution with constant shaking. These gels were

dried under vacuum with a gel dryer (Bio-Rad Laboratories, USA). The X-ray film
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was cut to the gel-size and was placed on top of the gel. The gel and X-ray film
were placed between two intendfiers, indde an X-ray cassette. The gel position
was marked by cutting the corner of the X-ray film. The cassette was left in a
Deep-Freezer (-80°C). After 4 to 5 days, the X-ray film was developed using X-
ray film-developer and fixed with X-ray film-fixer. The developed and fixed X-ray
film was washed thoroughly with water and was alowed to dry.

Intrinsic and Extrinsic Fluorescence of PEPC

The intrinsic fluorescence of PEPC protein was studied by monitoring the
fluorescence pattern, typical of amino acid residues. The samples were prepared
by taking PEPC (10 pg mL™') into 50 mM Tris-HCI [pH 7 .3] and 10% glycerol
(buffer A). The mixture was incubated at different temperatures for 45 min in a
thermo-regulated water bath. The fluorescence emission spectrum of each sample
was recorded at room temperature with a spectrofluorimeter (Spec Fluoromax 3).
The samples were excited at 280 nm and the emission spectrum was measured
between 300 to 400 nm, using a light path of 1 cm. Further details are indicated
while describing the results.

The extrinsic fluorescence was monitored using 1-anilinonaphthalene-8-
sulfonic acid (ANS). The PEPC protein (10 pg mL" in buffer A) was incubated at
different temperatures for 45 min. Immediately, ANS solution (2 uM of ANS in
buffer A) was added to the treated protein to attain afinal concentration of 1 uM

ANS. After incubating the samples for 2 h, the fluorescence emission of each
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sample was recorded at room temperature with a spectrofluorimeter (Spec
Fluoromax 3). The excitation was at 350 nm and emission spectra were measured
between 400 to 600 nm. The spectra of buffer (as well as buffer+tANS) were
collected and subtracted from the spectra of enzyme with buffer (+ANS).

The effects of 0.5 mM malate (competitive inhibitor) and 2 mM Glc-6-P
(an allosteric activator) were also examined on the pattern of intrinsic and extrinsic
fluorescence of PEPC.

Circular Dichroism (CD) Spectra

All the circular dichroism (CD) measurements were recorded with a
spectropolarimeter (Jasco J-810) using 10 cm path length cell and an average of 3
repetitive scans between 250 and 200 nm. The spectra were recorded with a scan
speed of 20 nm min™ and with a response time of 1 s.

The purified PEPC (50 pg mi,™") protein taken in a buffer (Tris-HCl, pH 7.3
and 10% (v/v) glycerol) was incubated at different temperatures in thermo-
regulated water bath for 45 min prior to recording the spectra at room temperature.
The spectra of buffer were subtracted from the respective spectra of enzyme with
buffer, which gives the spectra of the enzyme.

The CD results were expressed as mean residue €ellipticity (0), obtained by

the equation,

[i] ' Eq. 1)
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in which Murw (the mean amino acid residue weight), d is the cell path in cm. and
c is the concentration of the protein in mg mL" (Sievers. 1978). These values
were Myrw = 414.93. d=0.1, and ¢ =0.05.

Estimation of a-helicities percentages was made using the method
suggested by Greenfield and Fasman (1969) and modified as given below. Using
the ellipticity at 222 nm. the fractional helicities were estimated as per the
equation.

th = ([6] - [61°) / (161" [6]") (Ea-2)
where [0] represents the experimentally observed mean residue ellipticity. Values
for [01° and [0]'® corresponding to 0 and 100% helical content at 222 nm were
estimated to be 6000 and 40,000 degrees cm*/dmol. respectively.

Replication and Statistical Analysis

The data presented are the average values (+ SE) of results from three to
four experiments conducted on different days. Stetistical analysis of data was done
using a computerized program written in a basic language.

Chemicals/Materials

Most of the biochemicals. were from either Sigma (Sigma Chemical
Company. St Louis. USA) or Bochringer Mannheim (Boehringer Mannheim
Company, Germany). PVDF membranes (Millipore) were obtained from Sigma-
Aldrich Chemical Company. St Louis. USA. while DEAE-Sepharose CL-6B and

Sephadex (G-25. from Pharmacia. Sweden.
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[**P]-labelled KH,PO, was procured from Board of Radiation and Isotope
Technology, Bombay. The X-ray film was from Konica Photofilms Mfg. Co. Ltd.,

X-ray Developer and Fixer from Allied Photographers India Limited.
All other chemicals were of analytica grade from either Sisco Research
Laboratories, E-Merck (India), Spectrochem. Loba Chemie, Himedia Laboratories

al from Bombay or Ranbaxy Laboratories New Delhi, India.
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Chapter 4
Dramatic Difference in the Responses of PEPC to Temperaturein
Leavesof C; and C4 Plants

C, plants differ from C3 plants in severd festures, including their light and
temperature responses (Berry and Bjorkman, 1980; Sugiyama et al., 1979). The
temperature optima for photosynthesis and growth in C, plants are usualy higher
than those for C; plants (Long, 1999). However, the C4 plants are quite sensitive
to cold temperatures. The cold sengtivity C,4 pathway has been suggested to be
related to the cold sengtivity of key C, enzymes, such as pyruvate phosphate
dikinase (PPDK) or PEPC (Potvin and Smon, 1990; Burndl, 1990; Du et al.,
19993).

The cold sengtivity of PPDK in C4 plants is wel established and the
mechanism of cold inactivation of PPDK is sudied in detail (Krall e al., 1989;
Burnell, 1990; Du ¢ a., 1999b). In contrast, the reports on cold sensitivity of
PEPC have been quite conflicting. There are reports which suggest PEPC is
senditive to cold temperature (Phillips and Mc William, 1971; Selinioti et al.,
1986), while others could not detect any significant change in the properties of
PEPC at cold temperature (Du et a., 1999%; Krdl and Edwards, 1993). Further,
some of these experiments involved either long term exposures of plants or short
term exposure of purified en/ymes and thus involve diverse experimental material.

On illumination, the activity of PEPC in leaves of C, plants is enhanced by

2-3fold adong with a marked decrease in the malate sengtivity of the enzyme.
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These changes during the light activation are due to the phosphorylation of the
enzyme (Chollet et al., 1996, Vidal and Chollet, 1997, Parvathi et al., 2000a). The
work of Selinioti et al. (1986) indicated that the amplification of the light effect by
temperature difference could occur. Such interaction of light and temperature
would be very important for C4 plants. Compared to the extensive literature on the
properties and mechanism of light activation of PEPC, in C4 plants, the literature
on the regulation by temperature of PEPC is quite limited (Rajagopalan et al.,
1994).

The present study is an attempt to characterize the temperature responses of
PEPC from a typical Cas plant, Amaranthus hypochondriacus and compare with
that of a C; plant pea (Pisum sativum). Experiments were conducted on leaf discs
so as to simulate physiological situation in vivo. Studies were extended to a few
more species to establish the nature of PEPC responses to be similar in C; and Cs
plants. Attempts were then made to understand the mechanism of temperature
induced changes in the properties of PEPC in A. hypochondriacus (C4) by
examining the changes in the phosphorylation status, protein levels or the
modulation by PEG-6000.
Results
Changes in the activity and malate sensitivity of PEPC with temperature

The optimal temperature for PEPC in Amaranthus hypochondriacus (Ca)
was 45°C, compared to 30°C in Pisum sativum (C; species) (Fig. 4.1). The

response of enzyme to temperature was, quite dramatic when represented as either
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enzyme units of umol mg™! Chi b (Fig. 4.1A) or % of maximum activity (Fig.
4.1B). The decrease in PEPC activity at 15°C was much higher in case of A.
hypochondriacus (C4) than that of P. sativum (C3). Similarly, the decrease in
activity of PEPC at high temperature of 50°C was much greater in the case of P.
sativum (C3) than that of A. hypochondriacus (C4). Thus, the C; PEPC was more
sensitive to sub-optimal temperatures and less sensitive to supra-optimal
temperatures than that of Cs species.

As the temperature was raised from 15°C to 50°C, there was a marked
decrease in malate sensitivity of PEPC in 4. hypochondriacus, C4 plant (from 85%
to 39%). Such decrease was more than that in Pisum sativum, C; species (from
66% to 34%) (Fig. 4.2). The extent of maate inhibition was always higher in case
of P. sativum (C; species) than that of A. hypochondriacus (C4 plant). In case of
Amaranthus hypochondriacus, the use of chymostatin during extraction did not
make a great difference. For eg. the inhibition by malate of PEPC a 15 °C was
69% and 76%, respectively, in presence of PMSF and chymostatin. The malate
inhibition at incubation temperature of 50 °C fel to 31% and 40%, in presence of
PMSF and chymostatin, respectively. Thus, the pattern of PEPC response to rise
in temperature (increase in activity and decrease in malate sensitivity) was similar,
irrespective of the presence of either chymostatin or PMSF (Table 4.1). As

chymostatin was expensive, PMSF was used routinely in al the experiments.
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Fig. 4.2. Effect of temperature on the maate sensitivity of PEPC in extracts
prepared from the leaf discs of Amaranthus hypochondriacus (C4 plant) or Pisum
sativum (C; species), exposed to different temperatures. The activity was
measured a 30°C and assayed in the absence or presence of either 0.5 mM malate
(in case of A. hypochondriacus) or 2 mM malate ( in case of Pisum sativum).

Further details were as described in Fig. 4.1.



Table 4.1. The effect of including either PMSF or chymostatin during the

extraction, on the responses of PEPC to temperature. The extracts were prepared

from leaf discs of Amaranthus hypochondriacus exposed to varying temperature

for 45 min and the characteristics of PEPC were determined. The concentration of

2 mM PMSF and 10 pg/mL chymostatin were used.

PEPC Activity Inhibition by malate
Temperature (°C) (umol mg™" Chlh™) (% of control)
PMSF Chymostatin PMSF Chymostatin

15 619 580 69 76
30 1064 1045 51 59
3H 1103 1064 43 4
45 1587 1548 37 47
50 1180 1103 3] 40




Chapter 4 Dramatic differences in the responses...

Arrhenius plots

Arrhenius plots were constructed by plotting the activity of PEPC against
the reciprocal of temperature in the absence (Fig. 4.3A) or presence of malate
(Fig. 4.3B). These enzyme activities were measured after exposing the leaf discs
to a range of 10°C to 45°C in case of A. hypochondriacus (C4) and 10°C to
35°C in case of P. sativum (Cs). Arrhenius plots exhibited abrupt changes or
"break-points" at only one point of 17°C in A. hypochondriacus (C4) while at two
points corresponding 17°C and 27°C in case of P. sativum (C3). The patterns of
Arrhenius curves in presence of malate were quite similar to those in the absence,
with similar breaks in the slope.

The activation energy of PEPC from A. hypochondriacus (C4) was less
than that from P. sativum (C5 species) in the temperature range of 10 to 27°C
(Table 4.2). However, the activation energy of PEPC from A, hypochondriacus
(C4) was less than that of P. sativum (C;) above the temperature of 27°C. The
activation energy increased by 2 to 4 fold at temperatures below 17°C, in case of
both A. hypochondriacus C,4) and P. sativum (C3)-

Reversibility of the effect of temperature on PEPC

The next set of experiments were designed to determine if the changes,
induced in the properties of PEPC at various temperatures, were reversible to a
large extent. The leaf discs incubated at optimal temperatures of 45 °C in case of
A. hypochondriacus and 30°C in case of P. sativum were taken as controls. The

leaf discs were exposed to various temperatures (for 30 min) and then transferred

48



a8
0T Gag
Iiiii-. ..,
AR NN NEE

25 | o
= 17 =
-
26
i ¢
_D Lt T
& 1.5 = T
| 2 I’T‘

10

PR
a8 (n} . . l-l

L™
L X ]
Ty 5
25 i} 54 ATLAL % i [ ]
]
T -
20t

< P g -T- T

1T

L of acbidly i presencos of et

31 32 33 34 35 36

Fig. 4.3. Arrhenius plots of PEPC activity in the absence of malate or in the
presence of malate during the assay. The points are averages of three to five
seperate experiments. The activity of PEPC was determined in the extracts
prepared from leaf discs of Amaranthus hypochondriacus (Ca plant) or Pisum
sativum (C, species), exposed to varying temperatures. Further details were as in

Figs. 4.1 and 4.2. The *break-points’ are indicated by arrows.



Table 4.2. Activation energy (kcal mol") of PEPC in extracts from leaf discs of

Amaranthus hypochondriacus (C,4 plant) or Pisum sativum (C3 species) exposed to

different temperatures.

Temperature range (°C)

Enzyme activity in the absence of
malate

10- 17
17-27
27-350r 27-45°

Enzyme activity in the presence of
malate

10-17
17-27
27-35 0r 27-45°

Amaranthus Pisum
hypochondriacus (Ca) sativum (C3)

Activation energy (kcal ma" )

13.8 18.3
3.8 91
2.9 123
230 31.0
6.1 125
45 103

* The range was 27-35°C for Pisum sativum and 27-45°C for Amaranthus

hypochondriacus
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to their respective optimal temperature (for 30 min). The decrease in the activity
of PEPC at either suboptimal or supraoptimal temperature was significantly
reversed in case of both A. Aypochondriacus and P. sativum (Fig. 4.4A, B).
Comparison of the effects of temperature on PEPC in a range of Czand C ; plants

The effect of temperature on PEPC activity and sensitivity to L-malate
were studied in leaf discs of a few C; and C4 plants (Tables 4.3; 4.4). When leaf
discs were incubation at different temperatures, the average PEPC activity in Cs
plants fell to 40% and 62% at suboptima and supraoptima temperatures
respectively, compared to control (optimal incubation temperature). In C; species,
the average PEPC activity at sub-optimal and supra-optimal temperature was 65%
and 38% respectively, compared to the control. The sensitivity to L-malate of
PEPC in C4 plants increased by amost 2-fold, at suboptimal temperature, while
there was only about 20% increase at suboptimal temperature, in C; species.
Similarly, the decrease in the extent of malate inhibition of PEPC as the
temperature was raised from 15 °C to 50 °C was higher in case of C4 plants than
that in C; species. Thus, the C4 PEPC was more tolerant to high temperature and
more susceptible to low temperature than that of C; plants.
Changes in the phosphorylation state and protein levels of PEPC

Attempts were made to examine if variation in temperature caused any
modulation of either the phosphorylation status or the protein levels of PEPC.
Since illumination is known to increase the phosphorylation of PEPC. light/dark

trecatment of leaf discs was included for comparison. The extent of PEPC
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Fig. 4.4. The reversihility of the effects of temperature on PEPC. The lesf discs
were pre-incubated a optimal temperature (control), exposed to varying
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hypochondriacus (C4plant) (b) Pisum sativum (C3 species).



Table 4.3. Effect of varying temperature on the activity of PEPC in different

spedies of C, and C; plants. The values in parentheses represent the activity at

sub-optima or supra-optima temperatures as % of that at optimal temperature.

PEPC Activity (umol mg™' Chlh™)

Type/Species Temperature

Optimal Suboptimal Supraoptimal
C4 Species 45°C 15°C 50°C
Euphorbiahirta 1490 £79 (100) 793 £ 54 (53) 951 + 68 (64)
Portulaca oleracea 2690 £ 134(100) 1025+69(38) 1180 75 (43)
Trianthema portulacastrum 1586 +96 (100) 543+42(34) 1131 +71(71)
Amaranthus spinosus 1503 £91 (100) 645 £ 45 (42) 997 + 65 (66)
Amaranthushypochondriacus  1749+94(100) 566 £41(32) 1188+ 79 (67)
Average 1804 +84 (100) 714+ 43 (40) 1089161 (62)
C; species 30°C 15°C 50°C
Lycopersicum esculentum 27 £0.8 (100) 17+ 0.5 (62) 12 +0.3 (44)
Arachishypogaea 23 £0.5 (100) 14+ 0.4 (61) 10+ 0.2 (43)
Euphorbia pulcherrima 31 £0.9 (100) 23+ 06 (74) 17+ 0.4 (54)
Tridaxprocumbens 27 £0.7 (100) 17+ 0.3 (62) 7+ 02 (26)
Pisum sativum 34 +£1.1(100) 23+ 0.7(67) 11+£02(32)
Average 29 +0.7 (100) 19+ 0.5(65) 11 +0.2 (38)




Table 4.4. Effect of varying temperature on the extent of inhibition by malate of

PEPC in different species of C4 and C; plants.

Further details were as in

Table 4.2.
Type/Species Inhibition by malate
(% of control)
Temperature Decrease with rise
in temperature

C, species 15°C 45°C 50°C 15°C minus 50°C
Euphorbia hirta 63+3.2 24+15 21+13 42
Portulaca oleracea 69+3.4 28+ 17 17+ 11 52
Trianthema portulacastrum 74+3.5 40+2.0 35+2.1 Y}
Amaranthus spinosus 80+3.8 53+£3.1 38+2.2 42
Amaranthus hypochondriacus  85+3.9 52+2.8 39121 46
Average 74+£35 39+1.9 30+1.7 4
C3species 15°C 30°C 50°C 15°C minus 50°C
Lycopersicum esculentum 88+3.5 72+3.2 54425 34
Arachis hypogaea 89+35 75+3.1 5626 33
Euphorbia pulcherrima 75+31 68+25 45120 30
Tridax procumbens 88+3.4 71+31 55zx2.1 33
Pisum sativum 66 +3.0 55+2.1 34+ 15 32
Average 81+3.3 68£26 49+ 19 32
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Fig. 4.5. The pattern of protein levels and the phosphorylation of PEPC
in leaf discs of Amaranthus hypochondriacus exposed to either dark-
light treatment or varying temperature of 15°C to 50°C (only dark-
incubation). The extracts from leaves of A. hypochondriacus labeled
with 32pj, were prepared after the given treatments. The PEPC enzyme
was immunoprecipitated from lesf discs, separated on SDS-PAGE and
examined for protein levels as wdl as radioactivity. The Figure
includes gels (A) Stained with Coomassie Blue, (B) exposed to
autoradiography; (C) Western blots. Extracts equad to 0.2 units of
PEPC were used in each lane of rows A and B. The amount of protein

in each lane was 25 g, in case of row C (Western Blots).
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phosphorylation was much higher in illuminated discs than that in dark adapted
leaves. However, there was no significant change in the status of PEPC
phosphorylation in leaf discs exposed to different temperatures (Fig. 4.5A;B).

Western blot analysis indicated that the levels of PEPC-protein in leaf discs
of A. hypochondriacus,were almost similar in control (dark treated), illuminated
discs as well as those at varied temperature (Fig. 4.5C). Thus, neither a change in
temperature nor illumination, caused any significant change in the PEPC-protein
levels.

While at 50 °C (dark treated), PEPC is phosphorylated indicating a small
signal at 45 min of incubation with low activity and malate sensitivity. Studies
were extended to check the level of phosphorylation in PEPC at 50°C of
incubation over a period of 150 min.

Changes in the phosphorylation state of PEPC over a long period

Exposure of leaves detached from A. hypochondriacusplants and incubated
a 50°C (dark adapted) for a period over 150 min time course along with
illuminated as well as dark adapted leaves. There was a rapid decline of PEPC
activity and malate sensitivity compared to dark and illuminated leaves. In
addition, this treatment caused a significant increase in phosphorylation only after
about 120 min, while the inhibition by malate is apparently by 30 min (Fig. 4.6A,

B).
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Fig. 4.6. The pattern of phosphorylation of PEPC in leaf discs of
Amaranthus hypochondriacus exposed to either dark-light treatment or
temperature of 50°C (only dark-incubation) with over a period of two
and half hours. The extracts from leaves of A. hypochondriacus labeled
with 32Pi, were prepared after the given treatments. The PEPC enzyme
was immunoprecipitated from leaf discs, separated on SDS-PAGE and
examined for protein levels as well as radioactivity. The Figure includes
gels (A) Stained with Coomassie Blue; (B) exposed to autoradiography.
Extracts equal to 0.2 units of PEPC were used in cach lane of rows A

and B.
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The effects of temperature on PEPC in presence of PEG-6000

Since there was no change in the phosphorylation status of PEPC on
exposure to temperature, the other possibility was a change in the conformational
status of enzyme. Compatible solutes like PEG-6000 promote the oligomerization
of PEPC, increase the enzyme activity and decrease its malate sensitivity (Huber
and Sugiyama, 1986). The effect of temperature on PEPC from leaf discs of
A. hypochondriacus (C4) was therefore assessed with or without PEG-6000 in the
assay medium (Table 4.5). In the absence of PEG-6000, the activity of PEPC
decreased at sub- or supraoptimal temperature and the extent of inhibition by
malate decreased steeply at 50°C compared to that at optimal temperature of 45°C.
The temperature induced changes in malate sensitivity of PEPC were dramatically
dampened with the addition of PEG in the assay medium.
Discussion

The results from this study demonstrate that a change in temperature can
induce quite dramatic changes in not only the activity but also the malate
sensitivity of PEPC in both C; and C,4 plants. The changes were caused by a short
duration of exposure to temperatures and were reversible to a large extent. The
temperature induced changes can therefore be physiologically relevant and
important.

It may be argued that other factors may possibly affect the physiology of
leaf discs at different temperatures for €.2. concentration of dissolved CO2,

oxidative stress, or induction of heat shock proteins. The marked reversibility
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Table 4.5. The effect of including PEG-6000 in the assay medium on the response
of PEPC from leaf discs of Amaranthus hypochondriacus to temperature. The
extracts were prepared from leaf discs exposed to varying temperature and the

characterigtics of PEPC were determined in the absence or presence of 1.25%

(w/v) PEG-6000.

Temperature and parameter No PEG + PEG

PEPC Activity (umol mg™ Chih™)

Sub-optima 15°C 585 (40)* 668 (39)
Optima 45°C 1441 (100) 1732(100)
Supra-optimal 50°C 734(51) 827 (47)

Inhibition by malate (% of control)

Sub-optimal 15°C 70 58
Optimd 45°C 46 49
Supra-optimal 50°C 40 56

The figures in parentheses represent the activity as % that at optimal temperature
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temperature effects of PEPC aupport the concept that leaf discs are ideal to
simulate the conditions in vivo.

The optima temperature for PEPC in A. hypochondriacus (C4) as
45°C, compared to 30°C in P. sativum (C3 species), is not surprising.  The datain
Fig. 4.1 and Table 4.3 confirm that the C, PEPC is quite sensitive to sub-optimal
temperatures compared to the PEPC of C; species. Thus, our results endorse the
suggestion that PEPC is one of the cold sengtive enzymes in C, plants (Phillips
and McWilliam, 1971; Sdinioti et al., 1986).

The sharp increase in the activity of PEPC with temperature, particularly
above 15°C, could be physiologically significant, as the temperature is expected to
rise from about 10 to 15°C in the morning to 35 to 40°C a midday, on atypicaly
clear and sunny day. A combination of light and warm temperature could amplify
the photoactivation of the PEPC, as observed in case of Egeria densa (Casati et
al., 2000) and Amaranthus paniculatus (Sdinioti et a., 1986). The marked
reversibility of the effect of temperature on PEPC in case of both C,4 and Cs plants
(Fig. 4.4) is an additiona indication of the possible physiologicd relevance of
temperature effects on PEPC.

These results demongrate clearly the dramatic changes induced by
temperature in the sengtivity of PEPC to malate. As the temperature was raised
from 15°C to 50°C. there was a marked decrease in malate sengtivity of PEPC.
The extent of such decrease in C, plants (85 to 39%) was more than that in C;

species (66 to 34%) (Fig. 4.2; Table 4.4). Thus, PEPC appeared to be highly
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sensitive to malate at cold temperature, while becoming relatively insensitive to
malate at warm temperature. The extent of malate inhibition is quite high in case
of P. sativum (C3 species) than that of A. hypochondriacus (C4 plant). Again the
limited reports in the literature had conflicting observations. At low temperature,
the sensitivity of PEPC to malate was very high in maize (Wu and Wedding.
1987) but was quite low in case of Bryophyllumfedtschenkoi (Carter et al., 1995).
Lowering the temperature from 25 to 3°C not only decreased the catalytic capacity
of PEPC but also caused a considerable reduction (about 10-fold) in the sensitivity
of PEPC to malate (Carter et al., 1995).

The decrease in malate sensitivity of PEPC can aso occur due to the
proteolysis of enzyme. However, we are confident that this is not the reason
during our observations. There was no detectable change in the protein levels as
indicated by the western blots (Fig. 4.5C). The changes in activity of PEPC due to
temperature were reversible to a marked extent (Fig. 4.4). The inclusion of
chymostatin did not cause any change in the pattern of results (Table 4.1).

Arrhenius plots revealed interesting differences between not only the C;
and C,; plants, but also the pattern in presence or absence of malate
(Fig. 4.3). As the temperature was raised, the activation energy was lowered in
both A. hypochondriacu{C4plant) and in P. sativum (C3 species). The changes in
activation energy as indicated by discontinuities ("breakpoints') in Arrhenius plots
at a critical temperature can be an indication of the cold lability of PEPC from

different species (McWilliam and Ferrar, 1974; Graham et a., 1979; Selinioti et
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al., 1986). The break at 27°C in case of C3 plants suggests that the C3 enzyme does
not respond much to temperatures, above 27°/7. In contrast, the absence of such
break and the continuation of slope indicate that the activation energy for
continues to decrease C4-PEPC as the temperature rises from 27°C to 45°C. A
similar trend is reflected in the activation energies calculated from these Arrhenius
curves. The activation energy of C; PEPC was 3 to 4 in the range 17 to 43°C,
while the activation energy of C; PEPC fell to about 1, above the temperature of
27°C (Table 4.2).

The presence of malate increased significantly the activation energy in both
C; and C4 species (Table 4.2). Such increase in activation energy of PEPC in
presence of malate, an inhibitor, is logical as malate being an effective inhibitor
may slow down the thermodynamic responses of PEPC. But in presence of malate
the activation energy increased nearly two-fold over that in the absence of malate,
during the temperature range of 10°C to 27°C in both A. hypochondriacus (C,4
plant) and P. sativum (C; species). The limited studies made earlier on the
activation energy of PEPC again were conflicting. Some of the reports indicate
discontinuity in the Arrhenius plots of PEPC (Phillips and McWilliam, 1971)
while others did not observe such break points (Du et al., 1999b).

The regulation of PEPC is achieved by posttranslational modification of the
enzyme, by phosphorylation of a serine residue near the N-terminus of PEPC
(Rajagopalan et al.. 1994; Chollet et al., 1996; Vidal and Chollet, 1997). The

phosphorylation of the enzyme leads to an increase in the activity of enzyme and
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decrease in the malate sensitivity. The changes induced by rise in temperature,
namely the increase in the activity and decrease in the extent of malate inhibition
are quite similar to the changes effected during light activation of PEPC. It is
therefore, quite possible that there is a change in phosphorylation status of PEPC
on exposure to temperature. However, our experiments rule out the possible role
of phosphorylation of enzyme in temperature effects of PEPC (Fig. 4.5). This is
the first report that the temperature induced changes in PEPC of C; species is
independent of phosphorylation.

An attractive and alternative possibility is the change in the conformational
status of the enzyme. PEPC is very active when it is in a tetrameric shape, while
its activity and malate sensitivity decreases when the enzyme dissociates into a
monomer or dimer (Shi et al., 1981; Walker et al., 1986; Willeford et al., 1990).
Temperature may affect the oligomeric status of the enzyme PEPC. Rise in
temperature causes the aggregation of PEPC in case of C4 and dissociation in case
of CAM (Wu and Wedding, 1987). Cold/chilling may make the enzyme to
dissociate from active tetrameric shape to less active dimers or monomers.
However, this is not well corroborated in case of C4-PEPC (Walker et al., 1986).
McNaughton et al. (1989) reported that changes in oligomerization state of PEPC
may not be related to malate sensitivity and light induced changes. It is possible
that other types of conformational changes would dtill occur, for eg. in the

hydrophobic microenvironment of the protein.
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Compatible solutes like PEG-6000 protect the enzymes against a variety of
adverse conditions in vitro by increasng the local concentration of protein
(Timasheff, 1992). Our experiments suggest that the temperature may modulate
the conformation of PEPC, presumably by changing the local hydrophobic
microenvironment of enzyme. The marked damping of temperature responses of
PEPC when PEG-6000 was included during the assay (Table 4.5) is an indication
that temperature may be causing reversible changes in the conformational status of
PEPC. It would be of great interest to examine further such changes.

Another important observation from our results is that the high activity of
PEPC is not always associated with low level of malate sensitivity, during
temperature responses (Fig. 4.1; 4.2) and exposure to PEG-6000 (Table 4.5).
Such no-relationship of PEPC activity and malate sensitivity has been noticed
earlier by Carter et al. (1995), in case of PEPC from Bryophyllun fedtschenkoi.

These observations suggest that another significant mode of regulation of
PEPC. different from phosphorylation, occurs with varying temperature. This
could be largely due to the change in conformational status of enzyme involving
either the oligomeric status and/or the microenvironment of protein, e.g., folding
hydrophobic regions.

Major conclusions from the results presented in this chapter are:
1. Temperature caused a dramatic modulation of PEPC in leaf discs of 4.

hypochondriacus(C4) as well as Pisum sativum (C3). There was a strong
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contrast in the temperature optima for PEPC activity in leaf discs of A.
hypochondriacusCy4 plant) and P. sativum (C3 species).

2. The steep increase in activity of PEPC with rise in temperature could be
physiologically significant, as the temperature is expected to rise from
about 10 to 15°C in the morning to 35 to 40°C at midday, on a clear and
sunny day.

3. Temperature induced changes in the properties of PEPC were reversible to
large extent. This marked reversibility of the effect of temperature of
PEPC in case of both C4; and C; is an additional indication of the
physiological relevance of temperature effects on PEPC.

4. During illumination, the phosphorylation of the protein leads to an increase in
the activity of PEPC and decrease in the malate sensitivity. The changes
induced by rise in temperature (increase in the activity and decrease in the
extent of malate inhibition) are quite similar to the changes during light
activation of PEPC. However, our results indicate that the
phosphorylation is not the main reason for the temperature effects on
PEPC.

5. In the presence of PEG-6000 during the assay, which undergoes marked
damping of temperature responses suggesting that the temperature may be

causing reversible changes in the conformational status of PEPC.
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In the next chapter, studies were done with purified PEPC of Amaranthus
hypochondriacus (Cs) to check the changes induced by temperature of PEPC

propertiesin vitro compared to in vivo.
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Chapter 5
M odulation by Temperature of Purified PEPC: Protection by PEG-6000
Againgt Changesin Malate Sendtivity of the Enzyme

Many C4 species are cold sensitive and one of the factors associated with
this phenomenon is the modulation by cold temperature of key enzymes of C4
pathway, such as PPDK or PEPC (Leegood and Waker, 1999; Du et al., 19993).
At low temperature, PPDK, a chloroplagic enzyme is inactivated due to
dissociation and such inactivation/dissociation is prevented by glycerol, sucrose or
sorhitol (Shirahashi et d., 1978). We have aready shown that C4-PEPC is
extremely senditive to cold temperature (Chinthapalli et a., 2003). It is possible
that solutes such as glycerol or PEG-6000 can protect PEPC against temperature
induced changes.

The sensitivity of PEPC to mdate is influenced by various factors, such as
light, temperature, pH and Glc-6-P. When leaves are illuminated, there is a
marked decrease in sendtivity of PEPC to maate besdes an increase in the
enzyme activity. The changes during light activation are al due to the
phosphorylation of the enzyme. We have recently demongtrated that there is a
marked decrease in the sendtivity to mdae of PEPC in ledf discs, as the
temperature was raised from 15°C to 50°C. However, there was no difference in
the extent of phosphorylation of PEPC a varying temperature in leaves of

Amaranthus hypochondriacus (Chinthapali et d., 2003).
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Compatible solutes, like PEG-6000, promote the oligomerization of PEPC,
increase the enzyme activity and decrease its malate sendtivity (Huber and
Sugiyama, 1986). Protection of enzyme activity againg high temperature was
shown aso in presence of glycerol, dthough PEG was more effective than
glycerol (Drilias et al., 1994). Besides PEPC, other cytosolic enzymes know to be
activated by PEG are: pyruvate kinase from germinating castor oil seed endosperm
(Podesta and Plaxton, 1993) and fructose 1,6-phosphatase (FBPase) (Hodgson and
Plaxton, 1995).

The previous chapter described the characteristics of modulation by
temperature of PEPC in legf discs of A. hypochondriacus (C4 species) compared
with that in P. sativum (C; plant). The work described in this chapter is
undertaken to study the properties of PEPC protein purified from the leaves of
Amaranthus hypochondriacus and preincubated to varying temperature. We have
adso atempted to assess the role of PEG-6000 in modulating the responses of
PEPC protein to varying temperature.

Results
Purification of PEPC by conventional method

Purification of PEPC from leaves is done, as dready described (Gayathri et
al., 2000).

PEPC was purified to homogeneity from Amaranthus hypochondriacus
leaves by using the conventional steps of extraction: 40-60% ammonium sulfate

precipitation, followed by successive chromatography through columns of DEAE-
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Sepharose and Hydoxylapatite (HAP). PEPC duted from the DEAE-Sepharose
column as a broad peak at around 120-150 mM Pi with specific activity of 17.1 U
mg' protein (Fig. 5.1). When duted from the hydrophobic interaction
chromatography using DEAE-Sepharose subgtantidly enriched the PEPC. But the
use of HAP helped to improve the purity further. The enzyme was duted as a
sngle peek a 70-90 mM Pi with an activity of 34.3 U mg”' protein from HAP
column (Fig. 5.2). The most noteble property observed in the course of
purification procedure was that the enzyme strongly bound on hydrophobic
columns. Finaly, the enzyme was concentrated by using solid PEG 20,000.

After the above three steps, PEPC was purified by 93-fold, with a find
specific activity of 34 U mg protein, and an overal recovery of about 59%
(Table 5.1). The purity of the enzyme was confirmed by the appearance of a
single band of about 100-kD on SDS-PAGE (Fig. 5.3).

Duration of incubation at different temperatures

The activity of purified PEPC changed gradualy on exposure to varying
temperatures, and the responses stabilized by 15 to 30 min, except in case of 45°C
(Fig. 5.4A). The activity increased a 45°C, was dtable at 30°C and decreased at
15°C or 50°C. Similar trend in the gpeed of response was noticed in the sensitivity
to malate of PEPC (Fig. 5.4B). By 45 min of exposure, the malate sengitivity of
PEPC increased a 15°C, was stable at 30°C and decreased at 45°C as well as at

50°C. The optimal incubation of 45 min wes used for dl subsequent experiments.
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Fig. 5.1: The pattern of PEPC activity during clution from a DEAE-sepharose
column. The enzyme from 40-60% ammonium sulfate fraction of leaf extracts
was loaded after dialyss, onto a DEAE-sepharose (1 X 12 cm) column.
preequilibrated with 20 mM potassium phosphate buffer (pH 7.3) containing 10%
(v/v) glycerol. The column was washed with the same buffer and was eluted with
a linear gradient from 40-200 mM phosphate buffer (pH 7.3) containing 10%
glycerol. The activity of PEPC was assayed & pH 7.3 with 25 mM PEP. Further

details are described in "Materids and Methods'.
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Fig. 5.2: The pattern of elution profile of PEPC from hydroxylapatite column.
The active fractions obtained from DEAE-sepharose column were pooled and
precipitated by 60% ammonium sulphate. The precipitate was dissolved in 200
mM phosphate buffer (pH 7.3) containing 10% (v/v) glycerol and dialyzed against
20 mM phosphate buffer (pH 7.3) containing 10% glycerol. The dialysate was
applied onto HAP column (1 x 12 cm), equilibrated with the same buffer. PEPC
was eluted with a linear gradient of 40-200 mM phosphate buffer plus 10%

glycerol. Further details are described in "Materials and Methods".



Table 5.1. The purification pattern of PEPC from

hvpochondriacus by conventional methods involving three steps.

Step

Crude extracts
40-60%
(NH4),S04

DEAE-
Sepharose

Hydroxylapatite

Total activity

(umol min”')

957

895

818

567

Total
protein

(mg)

2487

527

46.2

16.4

Specific
activity

(umol mg’
protein miri )
0.37
17

17.8

34.3

Purification

(Fold)

1.0

4.5

48.2

93.5

leaves of Amaranthus

Yiceld

( Yo)

100

93

85
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Fig. 5.3: Purification of PEPC from Amaranthus hypochondriacus
leaves by conventional method involving three steps. Samples from
various steps were analyzed by SDS-PAGE and the gd was stained
with silver nitrate. Lane 1. Molecular weight markers; Lane 2: Crude
extract; Lane 3: 40-60% ammonium sulphate precipitate; Lane 4: Pool
of active fractions from DEAE-sepharose column; Lane 5: Active pool
from HAP column; Lane 6: Purified PEPC, after concentration with
PEG 20,000 and storage in presence of 50% (v/v) glycerol. The
position of molecular weight markers are indicated on the left, while the
location of PEPC is shown with a thick arrow on the right. Lanes 1 to 3
contained 8 ug protein, while Lane 4 and 5 contained 2 (ig and lane 6
contained 4 ng protein. Further details are described in "Materials and
Methods'".
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enzyme wes assayed a 30°C. The activity of PEPC (A) and the inhibition by 0.5

mM malate (B) are represented.
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Changesintheactivity and mal ate sensitivity of PEPC at varying temperature

The activity of PEPC was maximd at 40°C. The response of enzyme to
temperature was quite dramatic when plotted as % of maximum activity (Fig.
5.5A). The decrease in the activity of PEPC & 15°C was much greater than that at
50°C upon incubation. Thus. the purified PEPC protein from Amaranthus
hypochondriacus (a C4 species) was more sengitive to suboptimal temperature than
that to supraoptima temperature. As the temperature was raised from 15°C to
50°C, there was marked decrease in the extent of inhibition by malate (from 68 to
33%). The inclusion of PEG-6000 during preincubation, decreased dightly the
response of PEPC activity to temperature, but dramaticaly desensitized PEPC to
temperature induced changes in the mdate sendtivity. The extent of maate
inhibition stayed in a narrow range of 51 to 48%, as the temperature was raised
from 15°C to 50°C (Fig. 5.5B).
Reversihility of the effect of temperature

The purified PEPC was incubated a optimd temperature of 40°C and
treated as control. The PEPC protein was exposed to various temperatures (for 45
min) and then transferred back to the optima temperature of 40°C, the next (for 45
min). The changes in the activity as well as mdate inhibition of PEPC at either
suboptima or supraoptima temperature, were sgnificantly reversed (Fig. 5.6A,
B). The revershility was patid when the PEPC protein was exposed to
supraoptima temperatures 50°C. Thus, changes. induced by temperature, in the

activity and malate senditivity of PEPC were reversible to a large extent.

62



i
=,
'fllﬂ .
o'l L

)

Wity O o cafiiadi

-

A

w ll we g HL
o

fitren by malste (%

15 20 25 30 35 40 45 50

Temperature (°C)

Fig. 5.5: The activity and malate senstivity of PEPC purified from Amaranthus
hypochondriacus (C, plant) after exposure to varying temperature for 45 min with
and without 125% (w/iv) PEG-6000. The maate sendtivity is assessed by
checking the PEPC activity in presence of 05 mM malae. The preincubated time
for purified protein was 45 min for each temperature. The maximal activity of

PEPC with or without PEG-6000 was 31 + 042 and 54 + 0.52 umol mg™" protein

min" , respectively.
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Temperatureinduced changesin the propertiesof PEPC

The modulation by temperature of kinetic and regulatory properties of
PEPC was examined in detail (Table 5.2). At low or suboptimal temperature, the
velocity of enzyme decreased by 40%, while the K, for PEP increased by >4.5-
fold, compared to that a the optimad temperature. Similarly, K; for malate
decreased by about 35% and the K, for G-6-P increased by dmost 2-fold, as the
temperature was lowered from 40°C to 15°C. When PEG-6000 was included
during the assay, changes in (Vi) or K, (G-6-P) of the enzyme increased due to
suboptima or supraoptimal temperatures were retained. In a strong contrast, the
changes in K, (PEP) or K; (malate) were markedly dampened.
Effect of PEG-6000 or glycerol during the preincubation at varying temperature

The effect of temperature on purified PEPC was therefore assessed with or
without PEG-6000 during preincubation at different temperatures. The treatments
of glycerol and increased protein were included for further comparison. In the
absence of PEG-6000, the activity decreased at sub- or supraoptimal temperature,
while the extent of inhibition by maate decreased steeply from 15°C to 50°C.
When PEPC was assayed in presence of PEG-6000 in preincubation medium, the
activity increased with the rise in temperature from 15°C to 50°C, but there was
only a marginal change in malate sengtivity (Table 5.3). Glyceral did not exert
uch dramatic effect. There were only margina differences In the temperature
induced changes in the activity and maate sengtivity of PEPC in presence or

absence of glycerol.  Similarly, there was no detectable change in pattern of
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Table 5.2. Changes in the kinetic and regulatory properties of PEPC protein after
exposure to the required temperature in Amaranthus hypochondriacus, in the
presence or absence 1.25% (w/v) PEG-6000, during the assay. The changes

caused by PEG-6000 were al statistically significant (P<0.01).

Temperature
Parameter
Suboptimal Optimal Supraoptimal
(15°C) (40°C) (50°C)
No PEG-6000

Vmax (Lmol mg™' protein min™) 19.4+0.12 32.1+0.20 24.7+0.20

K, (PEP) (mM) 0.78+0.04 0.17+0.01 0.45+0.02
K, (malate) (mM) 0.55+0.02 0.87+0.04 1.17+0.08
K, (G-6-P) (mM) 1.05+0.07 0.55+0.04 0.76+0.06

1.25% (w/v) PEG-6000

Vi (umol mg™! protein min) ~ 22.3+0.14 42.5+0.24 34.240.18
K (PEP) (mM) 0.47+0.02 0.22+0.01 0.28+0.01
K, (malate) (mM) 0.87+0.04 1.37+0.08 1.40+0.09

K, (G-6-P) (mM) 1214008  058+0.03  0.62+0.04




Table 5.3. The effect of including PEG-6000 or glycerol or high protein

concentration, during preincubation, on the response of PEPC to temperature. The

purified PEPC (50 pg mL™) protein exposed to varying temperature in the absence

or presence of 1.25% (w/v) PEG-6000, 10% (v/v) glycerol or 200 pg mL" protein

(in stead of 50 pg mL") and the characteristics of PEPC protein were determined.

Temperature
Parameter/Addition during
the preincubation
Suboptimal Optimal Supraoptimal
(15°0) (40°C) (50°C)
Activity
(umol mg™ protein min™)
No PEG-6000 nor Glycerol 11.2+040(34)" 323+0.44(100) 139+0.41 (42

+ PEG-6000
+ Glycerol
4X Protein

Inhibition by malate
(% of control)

No PEG-6000 nor Glycerol
+ PEG-6000
+ Glycerol

4X Protein

232 + 042 (42)
16.1 +0.39(40)

135 +0.41 (38)

68+ 3

54.1 +0.51 (100)
39.4 +0.47 (100)

35.0 +0.48 (100)

444 + 042 (82)
196 +0.40 (49)

151 +0.40(43)

33 £2

491

The figures in parentheses represent the % of maximum (at 40°C).



Chapter 5 Modulation by temperature of...

temperature reponses, when the amount of PEPC protein was raised 4 times (from
50ug mL™' to 200 pug mL™).
Effect of PEG-6000 or glycerol on oligomerization at varying temperature

It is possible that the presence of glyceraol and/or PEG results in an
oligomerization of PEPC leading to an increase in the V. and changes in other
properties. Experiments were therefore desgned to assess the molecular size of
PEPC in presence of these compatible solutes, Py employing nondenaturing
PAGE. Purified enzyme was incubated for 45 min with PEG or glycerol and the
nature of protein was examined on native PAGE (Fig. 5.7). Native PAGE andysis
shows that cold temperature tends to shift the equilibrium of PEPC protein
towards tetramer, where as a higher temperature there is a loss of tetramer.
Glycerol had only small effect at higher temperature.
Discussion

The present results establish that temperature modulates the properties of
PEPC in vitro (Fig. 54) as wdl as in vivo (Chinthgpali et al., 2003). The
temperature induced changes in the activity as well as malate sengtivity were
reversible. An interesting feeture is that at low temperature, there is not only a
marked decrease in the activity of the enzyme, but aso a decrease in the maate
sengitivity of PEPC (Fig. 5.4). These results endorse the earlier observations that
C4- PEPC is sengtive to cold temperatures (Angelopoulos and Gavalas, 1988. Wu
and Wedding, 1987, Krall and Edwards, 1993. Du et a., 19990, Chinthapalli et &l.,
2003).
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Fig. 5.7: Effect of PEG or glycerol or both on the structure of PEPC during native

PAGE. Lanes 1 to 3: Protein incubated & 15, 30 and 50°C in 50 mM TRISHCY,
pH 7.3; lane 4. Protein incubated at 50°C with 1.25% PEG-6000; lane 5: Protein
incubated at 50°C with 10% glycerol; lane 6: Molecular weight markers. PEPC
was incubated a 50°C with these compatible solutes for 45 min and subjected to

nondenaturing PAGE and were stained with silver nitrate.
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Inclusion of PEG-6000 in the preincubation mixture not only increased the
activity of PEPC protein, but also dampened changes in malate inhibition of the
enzyme at both low and high temperatures (Fig. 55B and Table 5.3). The marked
protection by PEG-6000 of PEPC agang maate inhibition, particularly at low
temperature (Fig. 55B) is extremey interesting. Krall and Edwards (1993)
reported that the presence of compatible solutes favors the existence of PEPC in
tetrameric form.  We (Chinthapalli et al.. 2003) have recently observed that
temperature induced reversible changes in PEPC of leaf discs may involve
conformational changes in PEPC. The sharp increase in the activity of PEPC with
temperature, with no change in mdae sendtivity, in presence of PEG-6000,
suggests that these changes are independent of phosphorylation. A change in
subunit interactions and/or quaternary structure can influence both PEPC activity
as well as maate inhibition, and this may be the bass for the temperature
modulation observed. This phenomenon needs to be studied further.

The reversibility of the efect of temperature on PEPC (Fig. 5.6) is quite
significant. The reversibility was partial, when the PEPC protein was exposed to
supraoptimal temperatures 50°C. This is quite Smilar to the previous report in lesf
discs of Amaranthus hypochondriacus (Chinthapdli et a., 2003). This marked
reversibility is an additional indication of the physiological significance of
temperature effects on PEPC.

The changes in kinetic characterigtics of PEPC with varying temperature

are interesting. As the temperature was raised from 15°C to 40°C, there is an
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increase in Vi, and decrease in Ka (PEP), with further enhancement in presence
of PEG-6000 (Table 5.2). The decrease in K, (PEP) due to a shift of the enzyme
equilibrium towards the tetrameric form, can be caused by either PEG or glycerol
(Podesta and Andreo, 1989; Stamatakis €t al., 1988). An increase of K, for PEP
due to temperature rise (15°C to 35°C) was dso found for PEPC in Kalanchoe
diagremontiana, a CAM plant (Buchanan et d., 1984, Osmond and Holtum,
1981). However, the effects of temperature or PEG-6000 reported herein could be
also due to conformational changes of the tetrameric form itsdf.

There is griking influence of temperature on sengitivity of PEPC to malate.
The present results (Fig. 54B, Table 2 and 3) illugtrate that, with the rise in
temperature, there is an increase in K; (malate) and decresse in K, (G-6-P).
However, in presence of PEG-6000, there was no dgnificant increase in K
(malate) (Table 2). Similar effects are observed in maize by Wu and Wedding
(1987). It is noticed that PEG-6000 reduces maate inhibition of PEPC in both
crude extracts as wel as purified preparation in light/dark (Huber and Sugiyama
1986). However, low level of mdate inhibition was not dways associated with
the high activity of PEPC, particularly in presence of PEG-6000 (Fig. 5.5A; B). It
would be interesting to reexamine the correlation between the activity and the
malate sensitivity of PEPC, under varied experimental conditions.

The information on the activity of monomer or dimer of PEPC is
ambiguous. The activity of tetramer was much greater in presence of PEG and/or

glycerol than that in their absence. It is obvious tha the presence of PEG or
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glyceral is effective in maintaining the tetrameric Sructure of the enzyme and
keeping up high specific activity (Fig. 5.7). PEG has been found to promote the
«df association and/or activation a number of regulatory enzymes in dilute
solutions (Salvucci, 1992; Podesta and Plaxton, 1993). V/hereas, Willeford et al.
(1990) have observed that the dimer of maize PEPC had considerable enzyme
activity under standard assay conditions or is possibly converted to the tetrameric
form in the assay. Maize dimer appears to be unstable, whereas the dimer of
Bryophyllum PEPC was stable but had only about 50% of the activity of the
tetramer (McNaughton et a., 1989). However the present sudy demonstrate for
the firg time that PEG can dso markedly influence the structurd properties of
PEPC with regard to temperature. Native PAGE andlysis shows that cold
temperature tends to shift the equilibrium of PEPC protein towards tetramer.
where as a higher temperature there is a loss of tetramer. These results endorse
with the above finding that the addition of PEG-6000 to the PEPC protein during
incubation for 45 min a higher temperature tends to promote the association of
PEPC and regain the tetrameric form. Glycerol had only amdl effect a higher

temperature.

The present stud}' emphasizes that PEG-6000 can be an excellent tool to
study the properties of PEPC and their response to temperature. While PEG-6000
may promote the tetrameric status of the enzyme, the temperature appears to cause
additional conformational changes in the PEPC protein. Further experiments are

necessary to study and cstablish the physiologica relevance of these responses.
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Major conclusions from the results presented in this chapter are:

1. PEPC was purified from leaves of A. hypochondriacus with a specific activity
of 34 U mg” protein.

2. Temperature caused marked and reversible changes in the properties of PEPC
protein purified from A. hypochondriacus leaves, implicating the
physiological significance of temperature effects and PEPC could be one of
the biochemical basis of temperature responses of C, plants.

3. As the temperature was raised from 15°C to 50°C, there was an increase in Vg,
upto 40°C, while there was a maked decrease in malate senstivity of
PEPC.

4. Temperature caused marked and reversible changes in the properties of PEPC
protein purified from A. hypochondriacus leaves. Since these experiments
were dl done in vitro with purified PEPC, the changes are obvioudy
independent of phosphorylation.

5. The presence of PEG-6000 was €ffective in protecting PEPC against cold
inactivation, indicating the importance of the conformation of PEPC.

6. Nondenaturing PAGE of purified PEPC showed the existence of three different
forms with proportionally increasng molecular weight: monomer, dimer
and tetramer. Cold temperature tends to shift the equilibrium of PEPC
protein towards tetramer. The presence of PEG and/or glycerol resulted in

predominance of tetramer.
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In the next chapter, studies were extended to check the temperature induced

conformational changes by monitoring intrinsic and extrinsic fluorescence.
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Chapter 6
Effect of Temperature on Conformational Changes in Purified PEPC, as
Indicated by Intrinsic and Extrinsic Fluorescence

PEPC has an average molecular weight of 400-kD and is a homotetramer
(Andreo ¢ al., 1987; Chollet ¢ al., 1996). The enzyme is very active when itisin
terameric shape, while the activity and malate sengtivity decreases when the
enzyme dissociates into monomer or dimer (Walker et a., 1986; Willeford et al.,
1990).

In several studies on plant PEPC, it has been observed that stability of
enzymes is strongly associated with the maintenance of multimeric structure,
whereas the monomeric or dimeric structures tend to lose enzyme activity (Jensen
et a., 1995; Willeford and Wedding, 1992; Willeford et a., 1990). The presence
of PEP, Mg *, G-6-P, malate or compatible solutes like PEG-6000 or glycerol can
promote the aggregation of the PEPC (Podesta and Andreo, 1989; Manetas, 1990;
Wedding et al., 1994; Chinthapalli et al., 2003).

PEPC  undergoes postrandationd  modification by  reversible
phosphorylaion (Chollet et a., 1996; Vidal and Chollet, 1997) or shift in
oligomeric dtate of the enzyme (Rgagopdan et a., 1994; Chollet et a., 1996).
Compared to the extensive literature on posttrandational modification of enzyme
in C4 PEPC, studies on conformational changes other than phosphorylation and
oligomerization of PEPC are limited. There are events where regulatory

phosphorylation is not involved for the increase in PEPC activity and subsequent
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decrease in malate sensitivity of the enzyme (Chinthapalli et al., 2003). At low
temperature the activity of the enzyme decreases and maate senditivity increased
in C4 plants, and a high temperature enzyme activity increased and malate
sensitivity decreased. These changes appear to be due to aggregation of PEPC
rather than phosphorylation (Wu and Wedding, 1987; Chinthapalli et a., 2003).

Conformationa changes can be dudied using different approaches like
intrinsic or extrinsc fluorescence. Changes in the intrinsic fluorescence as
indication of conformationa changes have been recorded in enzymes like PEPC in
Rhothermus obamensis (Tekal et a., 1997), invertase of yeast (Cavaille and
Combes, 1995), thermostable D-glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) from the Thermotoga maritime (Wrba et a., 1990) and in soyabean
peroxidase (Kamal and Behere, 2002). Conformational changes can be studied by
also studying the extrinsic fluorescence of dyes, which bind to the proteins. For
eg., fluorescent probes such as ANS (1-anilinonaptha 8-suphonic acid), bisANS
[1,1'-Bis (4-anilino-5-naphthalenesulfonic acid)] or Nile Red (Taka et a, 1995;
Shi et a., 1994; Greenspan et ., 1985), are widdly used to probe the hydrophobic
surfaces of proteins.

The present study is an attempt to characterize the conformationa changes,
if any, of PEPC from a typicd Cs plant, A. hypochondriacus on exposure to
varying temperature. The conformational changes are monitored by recording

either intrinsic or extrinsic fluorescence with the help of ANS. Studies were
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further extended to check these temperature induced changes with those of
effectors, compatible solutes, and denaturants like urea.
Results
Studies on intrinsic fluorescence:

Fluorescence emission spectra of PEPC purified from A. hypochondriacus
were examined, using different concentrations of protein in the medium (Fig. 6.1).
When the protein was excited at 280 nm, the emission of fluorescence had a
maximum a 335 nm. The intendty of fluorescence emission increased, as the
concentration of protein was raised from 5 pg to 30 pg mL '. Further experiments
were done with 10 pg mL™" of PEPC protein.
Effect of temperature

The intringc fluorescence spectra of PEPC decreased markedly with the
increase in temperature from 15°C to 45°C (Fig. 6.2). In addition, there was a shift
in emission maxima from 339 nm, to 335 nm and to 333 nm a 15°C, 30°C and
45°C respectively.
Thereversibility of temperature effects

The next st of experiments was designed to assess if the changes induced
in the fluorescence of PEPC protein at varying temperatures, were reversible. The
purified PEPC protein was preincubated a 15°C, 30°C or 45°C for 45 min and
then the samples were transferred back to 30°C. The fluorescence emission

spectra were recorded over aperiod of 120 min a an excitation of 280 nm.
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Fig. 6.1. Intrinsic fluorescence spectra of PEPC purified from A. hypochondriacus

leaves after exposure to 30°C for 45 min. Different concentrations of protein in

the incubation medium were used. Excitation of protein was a 280 nm.
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Fig. 6.2. Intrinsic fluorescence spectra of PEPC purified from A. Aypochondriacus
leaves (10 ng PEPC/ml in buffer A, see 'Materids and Methods) after exposure to
different varying temperatures of 15°C, 30°C or 45°C for 45 min. The spectrum
was then recorded immediately at 30°C usng excitation wavelength of 280 nm.
The intensity of fluorescence decreased with incresse in temperature with a dight
hift in emission maxima (indicated by arrows): from 339 nm (15°C), to 335 nm

(30°C) or 333 nm (45°C).
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Soon dfter the exposure to varying temperature, i.e, a O min after
treatment, there was a decrease in the intendty of fluorescence a 45°C and
increase at 15°C, compared to that 30°C (Fig. 6.3). This pattern is Smilar to the
trend dready shown in Fig. 6.2. However, ater 120 min exposure to the normal
temperature of 30°C, these differences were minimized, indicating the temperature
induced changes were reversible.

Influence of effectors on temper atureinduced changes

The pattern of fluorescence emisson can adso provide a measure of
qualitative changes in the enzyme in response to the binding of malate or Gle-6-P.
In the presence of L-malate, the competitive inhibitor and Glc-6-P, the allosteric
activator of the enzyme PEPC exhibited a dignificant difference between the
emisson spectra at different temperatures was observed (Table 6.1).

The signa around 340 nm was enhanced in presence of Glc-6-P a 15°C
wheress the intendity of fluorescence at 30°C and 45°C were dmost Similar. There
was a progressive quenching of intringc fluorescence in presence of maate at al
temperature tested (Fig. 6.4)-

PEG-6000 promote oligomerization of PEPC (Huber and Sugiyama, 1936)
and urea is awel known denaturant and dissociates proteins (Encinas et al., 2002).
Attempts were made, therefore to sudy the fluorescence in presence of PEG-6000
and urea. The presence of PEG increased the intrinsc fluorescence of PEPC and

such increase was more pronounced a 15°C than that a 30°C or 45°C (Fig. 6.5).

73



@ mim i | 30 min 1:":Ifrl-1
E-. o oo 1590 ®1 =, B o
3 i 150 Rl p s
E B ! B Fo ol .."T‘\‘"
i'. i '\-En" 5 B a=hg
= e T . &} AN '] ,|III 1‘~.,
| ] f iy
i | .I‘\.' i : 'y
i -] I'.-. F s | L I’
3 | ] A
I aFE vy B 0

J-D:'.I"E-]-I-I]:u:-l::l.!l]-l.l:l_l:!:l:TJ }lll 'l:r:l 1:-: 4 "P'i.IW'Il:I ®0 E0 AN
Emmsicn (mm) Emmmmn e Emikkion frm|

Fig. 6.3. The revershility of the effects of temperature on purified PEPC. The
enzyme was exposed to varying temperature of 15°C, 30°C and 45°C for 45 min,
and then transferred to 30°C. The fluorescence emisson was monitored a 30 min

intervals. Further details were as in Fig. 6.2.



Table 6.1. Effect of PEG-6000, urea, Glc-6-P or malate on the intrinsic
fluorescence of A. hypochondriacus PEPC. The intrinsc fluorescence was
measured as described under "Materids and Methods'. The values in the
parenthesis are % of that a 30°C. The enzyme-was exposed to varying
temperature in the absence or presence of 1.25% (w/v) PEG-6000, 3 M urea, 2
mM Glc-6-P and 05 mM mdate and the characteristics of PEPC protein were

determined.

Temperature

Eifector 15°C 0°C 45°C
(Low) (Moderate) (High)

Intrinsic fluorescence (Arbitrary units)

None (Control) ~ 17.40(129) 1340(100)  9.46(70)

+ Mdate 7.56(110)  6.83(100)  6.28(92)
+ Glc-6-P 1419(272) 522(100)  4.21(80)
+ PEG-6000 20.48(125) 23.58(100)  21.44(91)

+ Urea 7.12(111)  641(100)  4.27(66)
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Fig. 6.4. The intrindc fluorescence of PEPC upon incubation a varying
temperatures with or without effectors like 05 mM mdate or 2 mM Gic-6-P.

Further details were as in Fig. 6.2.
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Fig. 6.5. The effect of 1.25% (w/v) PEG-6000 or 3 M urea on the intrinsic
fluorescence of PEPC from A. hypochondriacus, dfter exposure to varying

temperatures. Further details were asin Fig. 6.2.
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In contragt, the intrinsic fluorescence emisson of PEPC was markedly quenched
in presence of urea a 15°C. The obsarvations are summarized in Table 6.1.
Studies on extrinsic or ANS-fluorescence:

ANS is frequently used as a probe to monitor the conformetiond status of
proteins, as the dye binds to the hydrophobic regions and increases the
fluorescence ecmission of the proteins (Teka et al., 1997). We applied this
approach to C, PEPC to study the structurd changes a different temperatures. In
the absence oi' any protein, ANS exhibits a week fluorescence with the maximum
emisson maxima at 524 nm. When the dye binds to a protein, the fluorescence of
ANS increases, and the peak of emisson shifting to 462 nm (Fig. 6.6). The
fluorescence of ANS-protein complex increased with time.  Irrespective of the
pretreatment of protein a 15°C, 30°C or 45°C. The fluorescence increased aong
with the time by incubation with ANS from 1 to 240 min (Fig. 6.7).

Effect of temperature

The extrinsic fluorescence of PEPC (due to ANS) increased markedly as
the temperature was raised from 15°C to 45°C (Fig. 6.8). There was aso a dight
dhift in the pesk of emission from 454 nm a 15°C to 456 nm a 30°C and 459 nm
a 45°C.

Influence of malate, Glc-6-P. PEG-6000 or urea

L-malate. a competitive inhibitor of the enzyme, increased the extrinsic

fluorescence of PEPC. while Glc-6-P, an dlogeric activator, had no significant

effect on the fluorescence (Fig. 6.9):
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excitation was a 350 nm. The details are described in ‘Materials and Methods'.
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Fig. 6.7. The extrinsic fluorescence emission spectra of PEPC in presence of ANS
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6.6.
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The presence of 125% PEG 6000 decreased the fluorescence of PEPC,
while urea incressed the extrindc fluorescence. These effects were more
pronounced a 45°C than those & 15°C (Fig. 6.10). These observations are
summarized in Table 6.2.

Discussion

Fluorescence is an useful tool for monitoring the conformational changes in
protein molecules. Proteins exhibit sgnificant intrinsic fluorescence, due to
mainly their aromatic amino acids: tryptophan, tyrosine and phenylaanine. The
fluorescence of tryptophan is influenced by severa factors such as pH,
temperature and the solvent. Tryptophan in non-polar solvent exhibits maximum
emisson a 320 nm, whereas in agueous environment, it is @ 355 nm. The
fluorescence intengity decreases on protonation of tryptophan and is aso quenched
by neighboring acidic groups as wel as high temperature (Lakowicz, 1983).

The PEPC protein from A. hypochondriacus exhibited high intrinsc
fluorescence. The pesk of fluorescence a 335 nm suggests that most of the
protein's intrinsic fluorescence is possibly due to tryptophan residues. The
marked changes in PEPC with temperature in the intrinsic (as well as the extrinsic
fluorescence) demonstrate that marked changes are occurring in the tertiary
structure of the enzyme. A smilar phenomenon was found in PEPC of
Rhodothermus obamensis during thermo denaturation a different temperatures
(Tekal et al.. 1997). The Rhodothermus PEPC showed a decrease in intrinsic

fluorescence during denaturation a warm temperature, and a shift in the pesk
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Table 6.2. Effect of PEG-6000, urea. Glc-6-P or malate on the extrinsic
fluorescence of A. hypochondriacus PEPC. The ANS fluorescence was measured
as described under "Materials and Methods'. The values in the parenthesis are %
of that at 30°C. The enzyme was exposed to varying temperature in the absence or
presence of 1.25% (w/v) PEG-6000, 3 M urea, 2 mM Glc-6-P and 0.5 mM malate

and the characteristics of PEPC protein were determined.

Temperature
Effector 15°C 0°C 15°C
(Low) (Moderate) (High)

ANS fluorescence (Arbitrary units)

None (Control) 1741 (66) 26.30(100) 35.27(134)

+ Malate 36,61 (75) 4841 (100)  77.04(159)
+ Glc-6-P 20.92 (68) 3051 (100)  38.54(126)
+ PEG-6000 10901 (66)  16.35(100)  27.27(166)

+ Urea 2445 (59) 4091 (100)  51.27(125)
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(Takai et al., 1997). A decrease in the intrinsic fluorescence of protein was
noticed in case of also GAPDH of Thermatogo maritime and RNase Rs from
Rhizosporastolonifer (Wrba et al., 1990; Desphande et al., 2003).

The nature of changes in protein could be compared and ascertained by
using factors, which were earlier used for studies on protein conformation. For
e.g., PEG-6000 is known to promote the aggregation of several enzymes,
including PEPC, pyruvate kinase and FBPase (Huber and Sugiyama, 1986;
Podesta and Plaxton, 1993; Hodgson and Plaxton, 1995). While urea, at
concentration of 3 M or higher dissociates the proteins effectively (Encinas et al.,
1998; Encinas et al., 2002). Thus, the increase in intrinsic fluorescence by PEG is
an indication of aggregation of the protein. In contrast, the decrease in intrinsic
fluorescence in presence of urea suggests the dissociation/denaturation of the
enzyme. By drawing an anology, the increase in intrinsic fluorescence of PEPC at
15°C, and the decrease at 45°C indicates that PEPC gets dissociated at warm
temperature (e.g., 45°C) and tends to be aggregated or oligomerized at cold
temperatures (e.g., 15°C).

ANS presents an emission maximum at 524 nm that decreases to 462 nm in
presence of C4, PEPC. indicating binding of the probe to the protein. This is
similar to the previous results with PEP carboxykinase from E. coli (Encinas et al.,
1998) or Saccharomyces cerevisiae (Encinas et a., 2002). With a rise in
temperature from 15°C to 45'C, there was an enhancement of fluorescence

intensity and the shift in emission maxima of ANS. Such increase in extrinsic
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fluorescence suggests an increase in the binding of dye due to exposure of
hydrophobic regions to the surface on therma denaturation. Similarly, Deshpande
et al. (2003), observed that blue shift in emisson and enhancement of fluorescence
intensity of ANS & 70°C in RNase Rs fran Rhizopus stolonifer indicated the
presence of solvent exposed hydrophobic surfaces as a result of heet denaturation.

The reversibility of changes, induced in intrinsc fluorescence of PEPC
protein emphasizes the physiologica significance of temperature induced changes
in PEPC. According to Schultes and Jeenicke (1991), the changes occur in
GAPDH from Thermatoga maritime are revershble, which exhibits intrinsic
thermostability with denaturation temperature. Similarly, in the enzyme lysozyme
the changes conformation were reversible (Chryssomallis et a., 1981). However,
3-isophenylmalate dehydrogenase from thermus thermophillus showed irreversible
changes (Imada et al.. 1995).

PEG promotes the tighter folding in case C; PEPC, which is an agreement
with results obtained with castor oil seed FBPase (Hodgson and Plaxton, 1995).
By contrast, denaturation of PEPC with 3 M urea caused the fluorescence
emission intensity to substantially decreases, as the temperature increased without
any pronounced shifts in its emisson maximum. However, in case of yeast PEP
carboxykinase, the presence of urea caused not only a quenching of the intrinsic
fluorescence, but adso a ghift in the emisson maxima towards red (Encinas et al..

2002). Similar changes were obtained in presence of urearinduced unfolding of

7
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tetrameric PEP carboxykinase from E. coli and Saccharomyces cerevisiae
(Encinas et al., 1998; 2002).

Further, the studies were extended to check the influence of allosteric
effectors on intrinsic fluorescence. The extrinsic fluor escence of PEPC, with ANS
was enhanced in presence of Glc-6-P (an activator) and decrease in presence of
malate (an inhibitor). Similar results were observed in case of E. coli with both
activators and inhibitor (Yoshinaga, 1976) and allosteric activators in
Rhodothermusobamensis (Takal et al., 1997). L-aspartate, an inhibitor of PEPC,
also markedly quenched the fluorescence of PEPC from E. coli (Yoshinaga, 1976).
This suggests that the effectors produce a pronounced change in the enzyme
conformation of PEPC from A. hypochondriacus.

The present work is the first detailed report on conformational changes in
C4-PEPC, studied at varying temperature and in presence of effectors, PEG-6000
and urea. On exposure to varying temperatures PEPC altered its conformation, as
indicated by changes in both intrinsic and extrinsic fluorescence. Further
experiments were therefore undertaken to study the protein conformations at the
secondary structure level, using the circular dichroism spectra. These are
described in the next chapter.

M ajor conclusions from the results presented in this chapter are:
1. The marked modulation of intrinsic fluorescence provides a qualitative
indication of conformational changes in PEPC, due to varying

temperature. The reversibility of these changes suggests that the
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temperature induced conformational changes in PEPC could be of
physiological significance.

2. PEG-6000 and urea are known to promote aggregation and dissociation of the
protein, respectively. Thus, the PEPC protein is expected to unfold in
presence of urea and fold in presence of PEG-6000. Increase in intensity
of intrinsic fluorescence emission spectrum at 45°C and decrease at 15"C.
suggest that the PEPC protein gets folded at cold temperature and is
unfolded at warm temperature.

3. The temperature induced conformational changes can be visualized using also a
hydrophobic dye, ANS. The increase in the extrinsic fluorescence of
PEPC suggests that the increase in the binding of the dye, obviously due
to the unfolding of protein, appears to increase at warm temperatures

4. Additional conformational changes are induced by malate or Glc-6-P in PEPC.

as indicated by changes in both intrinsic and extrinsic fluorescence.
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Chapter 7
Conformational Changes in Purified PEPC Studied by
Circular Dichroism Spectroscopy

Detailed molecular analysis of the structure-function relationships in PEPC
have been hampered by the lack of information on its three-dimensional structure.
A partial X-ray crystallographic analysis has recently been accomplished for
PEPC from E. coli (Inoue et al., 1989; Kai et al., 1999b; Matsumura et al., 1999a)
and C4 plant, Zea mays (Matsumura et al., 1999b; Matsumuraet al., 2002).

Relative analysis of the various structure of E. coli PEPC in its inactive
state (T state) with maize PEPC in its active (R state) shows that the relative
orientations of the two subunits in the basal “dimer” are different, implicating an
alosteric transition (Kai et al., 2003). Comparison of the inactive (T state) E. coli
PEPC and active (R state) Zea mays PEPCs, revealed dynamic movements in Zm
PEPC around two loops near the C-terminal side of the B-barrel, where catalytic
side is located (Matsumura et al., 2002). Information derived from these three-
dimensional structures combined with related biochemical studies, has established
models for the reaction mechanism and allosteric regulation of this important
carbon-fixing enzyme (Kai et al., 2003).

Circular dichroism (CD) spectroscopy measures the difference in
absorption of left- and right- circularly polarized light as it passes through

optically active or chiral samples. Spectra in the far UV-CD wavelength range
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(@bout 190 nm to 250 ran) can provide information on the polypeptide
conformation of protein (Wallace and Janes, 2001).

The previous chapter presented the information on the conformational
changes of PEPC protein of Amaranthus hypochohdriacus, visualized through

intrinsic and extrinsic fluorescence. In this chapter, focus is made on the

conformational changes of PEPC protein using CD-spectra. The Percentage
contents of a-helix, (3-sheet and random coil of PEPC protein were estimated from
CD-spectra (Greenfield and Fasman, 1969). All the references to CD-spectra
herein pertain to far-UV region.

Results
Effect of temperature on far UV-CD spectra of PEPC

The far UV-CD spectrum of PEPC showed a broad negative band from
about 210 to 220 nm, which is characteristic of a protein having a-helices. The
mean residue negative ellipticity of PEPC decreased markedly as the temperature
was raised from 15°C to 45°C (Fig. 7.1). At 45°C, there was a shift in negative
band at 227 nm. Estimates of helical content of the PEPC protein showed that the
% of a-helices decreased with increase in temperature (Table 7.1). Similarly,
there was an increase in p-sheet with increase in temperature.

Changes in secondary structure of PEPC was monitored as a function of
increasing temperature over a period of time at varying temperature in C; PEPC

protcin. The negative ellipiticity of the spectra increased at 15°C and decreased at
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Fig. 7.1. Circular dichroism spectra of PEPC purified from A. hypochondriacus
leaves after exposure to varying temperature for 45 min (50 pg PEPC mL" in
buffer A, see 'Materials and Methods' for further details). The spectrum was then

recorded immediately at 30°C.



Table 7.1. Secondary structure content of PEPC protein from Amaranthus
hypochondriacus incubated at different temperatures for 45 min as indicated by
the estimated percentages of a-helix, B-sheet and random coil from CD curves.

The details of measurement and calculations are described in 'Materials and

Methods'.
Temperature a-helix P-sheet Random coil
Percentage (%)
15°C 80.7 6.82 124
30°C 47.2 9.47 43.3

45°C 28.3 11.8 59.9
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45°C, as the protein was incubated far 120 min (Fig. 7.2). There was no much
change in the spectra at 30°C.
Reversibility of temper atur e effects

The next st of experiments was designed to assess if the changes induced
in CD-spectra of PEPC protein by varying temperature were reversible.  The
purified PEPC protein was preincubated & 15°C, 30°C or 45°C for 45 min and
then the samples were brought back to the 30°C. The spectra were recorded over a
period of 120 min. Soon &fter the exposure to varying temperature i.e., a 0 min
after treatment, there was a decrease in the negative dlipticity at 15°C and increase
at 45°C, compared to that a 30°C (Fig. 7.3).
Effect of PEG-60000r urea

PEG-6000 induces the protection of enzymatic activity against high
temperature (Drilias et al., 1994), and promote oligomerization of PEPC (Huber
and Sugiyama, 1986). Ureais a wel known denaturant and dissociates proteins
(Encinas et al., 2002). Attempts were made to sudy the far UV-CD spectra in
presence of either PEG-6000 or urea. PEG, increased the negative dlipticity of
PEPC protein & 222 nm, and such incresse was more pronounced with protein
pretreatment a 15°C than that a 30°C or 45°C (Fig. 7.4). In contrast, the mean
residue negative dlipticity of PEPC decreased markedly in presence of urea, with
a maximum loss of secondary structure of PEPC protein at 45°C. The estimated
a-helicity of PEPC increased in presence of PEG, and decrease in presence of urea

(Table 7.2).
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Fig. 72. CD spectra of PEPC purified dfter exposure to different varying
temperatures of 15°C, 30°C or 45°C over a period of 120 min. The spectrum was
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Fig. 7.3. The revershility of the effects of temperature on purified PEPC. The
enzyme was exposed to varying temperature of 15 °C, 30 °C and 45 °C for 45 min,
and then by transfer 30°C. The CD spectra was monitored a 30 min interval.

Further details wereasin Fig. 7.1.
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Fig. 7.4. The effect of 1.25% (w/v) PEG-6000 and 3 M urea on the CD spectra of

PEPC from A. hypochondriacus, exposed to varying temperatures. Further details

wereasin Fig. 7.1.



Table 7.2. The effect of including PEG-6000 or urea during preincubation, on the
response of PEPC to varying temperature. The percentages of a-helix, P-sheet
and random coil of PEPC protein were estimated from CD-spectra.  Further details

wereasin Table 7.1.

Temperature (°C)
Modulator
15°C 30°C 45°C
ahelix (%)
Protein only 79.2 554 31.6
+ 1.25% PEG-6000 9.4 97.2 48.1
+ 3M urea 157 7.3 42
P-sheet (%)
Protein only 8.4 11.03 1344
+ 1.25% PEG-6000 03 07 4.47
+ 3 M urea 34 45 49
Random cail (%)
Protein only 124 3357 54.96
+ 1.25% PEG-6000 03 21 47.43

+3M urea 80.9 882 90.9
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Influence of effectors

The pattern of CD-spectra can dso provide a measure of qualitative
changes in the enzyme in response to the binding of malate or Glc-6-P. In the
presence of L-malate, the competitive inhibitor and Glc-6-P, the dlogteric
activator of the enzyme PEPC exhibited a dgnificant difference between the
negative dlipticity at different temperatures was observed.

The negative residue dlipticity of PEPC increase in presence of Glc-6-P,
such effect of Glc-6-P being the maximum a 30°C. In contrast, negative
elipticity decrease in presence of maate, with maximum effect being a 45°C
(Fig. 7.5). The estimated a-helicity of PEPC increased marginaly in presence of
Glc-6-P and decreased margindly in presence of mdate (Table 7.3).

Discussion

Far UV circular dichroism reflects the secondary structure of a protein and
is hence used frequently as tool to monitor protein conformation. It was thereforce
very useful to study the CD-spectra of PEPC subjected to different temperature, to
understand the nature of changes in protein on exposure to temperature.

The crystd structure of maize PEPC (C4 form) confirmed the tetrameric
neature of protein, made of dimers. The monomer contained a eight standard
B~—barrel with an abundance of a-helices (Matsumura €t al., 2002). According to
Kai e d. (2003) E. coli PEPC monomer condgted of an eight standard B-barrel

and approximately 40 a-helices comprising of 65% of the polypeptide, whereas
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Fig. 7.5. The CD spectra of PEPC upon incubation at varying temperature with or
without effectors like 0.5 mM malate or 2 mM Glc-6-P. Further details were as in

Fig. 7.1.



Table 7.3. The effect of including Glc-6-P or malate during preincubation, on the
response of PEPC to varying temperature. The percentages of a-helix, p-sheet
and random coil of PEPC protein were estimated from CD-spectra. Further details

were as in Table 3.

Temperature
Effector
15°C 30°C 45°C
a-helix (%)
Protein only 75.4 48.2 36.1
+ 2 mM Glc-6-P 84.7 61.8 56.1
+ 0.5 mM malate 68.1 50.6 21.2
P-sheet (%)
Protein only 9.7 10.8 127
+ 2 mM Glc-6-P 47 51 6.3
+ 0.5 mM malate 56 82 10.7
Random coil (%)
Protein only 14.9 41.0 51.2
+2 mM Glc-6-P 106 331 376

+ 0.5 mM malate 263 M2 68.1
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P-strands comprised only 5%. The secondary sructure of Zea mays PEPC is
almost similar to that of E. coli PEPC, except for certain regions (Kai et al., 2003).
The CD-spectra of C; PEPC protein from A. hypochondriacus shows characteristic
dual peak at 208 and 222 nm (Fig. 7.1) suggesting that the major part of protein is
in a-helical conformation.

Quantitative analysis of the CD spectra reveded that the PEPC of A.
hypochondriacus too contained significant proportion of o-helices, while the f3-
sheets were <10%, at 30°C (fable 7.1 to 7.3). The use of CD-spectra have
revealed interesting changes in severa proteins with factors such as temperature:
For e.g., rapid changes in magnitude and shape of CD- spectra in case of barstar
with increasing temperature, suggested marked changes in protein under thermal
denaturing conditions (Nolting et al., 1997). However, Kamal and Behere (2002).
observed that the heat induced denaturation was rather mild in case of soyabean
peroxidase.  In another interesting study, recombinant PEPC from Thermus
species was subjected to limited proteolysis and the generated major fragments
were used for CD spectral analysis. Peptide cleavage had no substantial effect on
the PEPC quaternary secondary structure and thermostability (Nakamura et al..
2002).

The CD spectrum of PEPC from A. hypochondriacus showed a pronounced
dual peak, after the pretreatment at 15°C. indicating a marked folding of the

protein with a rigid a helical conformation. In contrast, when pretreated. at warm
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temperature 45°C, the curve showed a significant reduction of dual pesk, thus
revealing a marked reduction in ahdicity (Fig. 7.1; Table 7.1). These results are
smilar to the findings of Nolting et a. (1997), who observed a significant loss of
a-helix and increase in random coil with thermd denaturation of barstar protein.
However, Nolting et al. (1997) employed subzero temperatures, while we recorded
an increase in a-helicity of PEPC a even 15°C (compared to that & 30°C) (Table

71t07.3).

The changes in CD-spectra of PEPC &fter exposure to 15°C were reversed,
when the protein was transferred back to 30°C (Fig. 7.3). This point is an
indication of physiologica sgnificance of changes in CD-spectra of PEPC.
However, the changes in CD-gspectra induced a 45°C were not completely
reversed a 30°C, suggesting of irreversible aggregation of unfolded protein at high
temperature. Kamal and Behere (2002) showed that therma and denaturant
induced unfolding of soyabean peroxidase and apo-soyabean peroxidase was
largdly reversible. However, a small part of the tota protein molecules underwent
irreversible thermal aggregation.

PEG-6000 and Urea are known to induce aggregation and dissociation of
proteins: for eg., barstar and yeast PEP carboxykinase (Nolting et a., 1997,
Encinas ¢ al., 2002). The CD-spectra of PEPC showed an increase in negative
dlipticity and dud pesk nature, in presence of PEG suggesting that PEG-6000

induced the protein to attain a high a-helical conformation. In contrast, 3 M urea
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caused a marked decrease in the a-hdlicity and increased random coil percent of
PEPC, indicating a complete disruption of secondary structure of the protein.
Further studies were extended to check the effect of Glc-6-P (an dlosteric
activator) and maate (a competitive inhibitor). The negative ellipiticity of CD-
sgna of PEPC was enhanced in presence of Glc-6-P irrespective of temperature:
15°C, 30°C or 45°C. On the other hand, maate caused limited disruption of
secondary structure and the effect of maae was more pronounced a 30°C and
45°C than that at 15°C (Fig. 7.5). Masumura et al. (2002) reported that in the
vicinity of negative affector binding Ste in Zea mays PEPC structure, large
conformational changes are observed compared with the aspartate bound T-state.
The present study emphasizes that the PEPC protein undergoes marked
conformational changes in its secondary structure, after treatment at different
temperature. Changes can aso been seen in presence of compatible solutes like
PEG-6000 or urea (a protein denaturant), or effectors like Glc-6-P (alosteric
activator) and maate (competitive inhibitor). The a-hélicity of PEPC is stabilized
a cold temperature and destabilized a warm temperature.
Major conclusions from the results presented in this chapter are:
1. There are marked changes in the patterns of CD-gpectra of PEPC, with varying
temperature as well as by the presence of PEG-6000 or urea.
2. The o-helical percentage increased markedly a cold temperature 15°C

(compared to that 30°C), while decreasing at 45°C, suggesting stabilization of
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the secondary structure at cold temperature and destabilization a warm
temperature.

3. The change in a-helical conformation of PEPC reversed on transfer from 15°C
back to 30°C. However, the changes induced by 45°C were not much
reversible.

4. Urea of 3 M induced dmost complete disruption of secondary structure of the
protein. However, PEG increased the ahelical content, and obvioudy
dtabilized the protein.

5. Negative dlipticity incressed in presence of Gle-6-P with temperature
indicating an increase in the a-helical content, while the presence of malate,
decreased negative ellipiticity of the PEPC protein.

A brief generd discussion is presented in the next chapter.
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Chapter 8
General Discusson

The pattern of enzyme response to varidion in temperature can be a
possble biochemical basis for adeptation of C4 plants to different therma
environments (Phillips and McWilliam, 1971). The present study was undertaken
to examine the temperature induced changes in the properties of PEPC in Cq
plants. The results from this study demongrate that a change in temperature can
induce quite dramatic changes in not only the activity but aso the malate
sengitivity of PEPC in both C; and C, plants. The changes were caused after even
a short duration of exposure to varying temperature and were reversible.

The temperature optimum for PEPC from Amaranthus hypochondriacus
(C4) was 45°C compared to 30°C in Pisum sativum (C3 species) (Fig. 4.1). The
activity of PEPC decreased on exposure to either suboptimal or supraoptimal
temperature. The decrease in PEPC activity a 15°C (cold temperature) was much
higher in case of A. hypochondriacus (C,) than that of P. sativum (C;). Similarly.
a high temperature of 50°C the decrease in activity of PEPC was much greater in
the case of P. sativum (C;) that of A. hypochondriacus (C,). Thus, the C4 PEPC
was more sengitive to sub-optimal temperatures and less sensitive to supra-optimal
temperatures than that of C; species. The marked senditivity of C4 PEPC to sub-
optima temperatures, endorses the suggestion that PEPC is one of the cold
sensitive enzymes in C, plants (Phillips and McWilliam, 1971; Wu and Wedding.

1987).
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There was a marked decrease in malate sensitivity of PEPC, as the
temperature was raised from 15°C to 50°C (Fig. 4.2). Thus, PEPC was highly
sensitive to malate at cold temperature, while becoming relatively malate-
insensitive at warm temperature. This is the first detailed report to demonstrate
that a change in temperature can induce quite dramatic changes in not only the
activity but also the malate sensitivity of PEPC in both C3 and C, plants. The
changes in PEPC induced were caused by a short duration of exposure to
temperatures and were reversible to a large extent (Fig. 4.4), indicating
physiological significance of temperature induced changes in C4-PEPC.

Arrhenius plots revealed interesting differences between PEPC of not only
the C; and C4 plants, but also the pattern in presence or absence of malate. As the
temperature was raised, the activation energy was lowered in both A.
hypochondriacus(Cy plant) and in P. sativum (C; species) (Table 4.2). The break
at 27°C in case of C; plants suggested that the C; enzyme did not respond much to
temperatures, above 27°C. In contrast, the absence of such break and the
continuation of slope indicated that the activation energy for C4-PEPC continued
to decrease as the temperature rises from 27°C to 45°C (Fig. 4.3). The abrupt
changes in activation energy were previously reported for PEPC (McWilliam and
Ferrar, 1074- lledan and Sugiyama, 1976, Vidal and Gadal, 1983, Selinioti et al.,
1986). But there were no breakpoints during similar studies on PEPC from
sugarcane (Du et al.. 1999a), wheat or Johnson grass (Phillips and McWilliam.

1971).
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On illumination, the activity of PEPC in leaves of C4 plants is enhanced by
2-3 fold along with a marked decrease in the malate sensitivity of the enzyme.
These changes during the light activation are due to the phosphorylation of the
enzyme (Rajagopalan € al., 1993; Chollet et al., 1996; Vidal and Chollet, 1997,
Nimmo. 2000; Nimmo. 2003). The phosphorylation of the enzyme leads to an
increase in the activity of enzyme and decrease in the maate sensitivity. The
temperature induced changes in PEPC, particularly the increase in the activity and
decrease in the extent of malate inhibition, are quite smilar to the changes effected
during light activation of PEPC. Therefore, it is quite possible that there is a
change in phosphorylation status of PEPC on exposure to temperature. However,
our experiments revealed that the phosphorylation of enzyme is not the magor
factors in temperature induced effects on PEPC (Fig. 4.5). This is the first report
to demonstrate that the temperature induced changes in PEPC of C, species is
independent of phosphorylation.

Attempts were then made to identify changes other than the
phosphorylation on exposure of PEPC to temperature. An interesting possibility is
a change in the conformational status of enzyme. Compatible solutes like PEG-
6000 promote the oligomerization of PEPC. incresse the enzyme activity and
decrease its maate sengtivity (Huber and Sugiyama, 1986). The temperature
induced changes in maate sengtivity of PEPC were dramaticaly dampened with
the addition of PEG in the assay medium (Table 4.5). Such marked dampening of

malate sengitivity is an indication that temperature causes reversible changes in the

90



Chapter 8 General Discussion...

conformational status of PEPC. involving either the oligomeric status and/or the
microenvironment of the protein.

Studied with purified PEPC from A. hypochondriacus revealed similar
responses of enzyme to temperature in leaves. The optimal incubation
temperature for purified PEPC of A. hypochondriacus was 40°C. As the
temperature was raised from | 5°C to 50°C. there was a steep increase in activity
and decrease in malate sensitivity of PEPC and these changes were reversible (Fig.
5.6). At low temperature. the sensitivity of PEPC to malate was very high in
maize and A. hypochondriacus\Wu and Wedding, 1987; Chinthapalli et al., 2003).
Recently. Crafis-Brandner and Salvucci (2002) reported that PEPC extracted from
heat-treated leaf of maize was significantly more sensitive to malate than the
normal one.

Inclusion of PEG in the preincubation mixture increased the activity of
PEPC protein at al temperatures and dampened malate sensitivity of the enzyme
(Fig. 5.5; Table 5.3). The presence of compatible solutes, such as PEG, protects
oligomeric enzymes such as PEPC and PPDK (Salahas et a., 1990). PEG-6000
was effective in protecting PEPC from maize leaves, against cold temperature
(Huber and Sugiyama, 1986). Our results also suggest that PEG protects PEPC
against cold temperature obviously due to the oligomerization of the enzyme, in
both leaf discs of A. hypochondriacus and in purified form (Table 4.5).

PEPC exists predominately as a tetramer along with dimer or monomeric

forms (Walker et al.. 1986). Analysis by native PAGE showed that cold
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temperature shifted the equilibrium of PEPC protein towards tetramer, where as at
higher temperature the proportion of teramer decreased (Fig. 5.7). The present
study is the first report that temperature can markedly influence the structural
properties of PEPC with regard to temperature.

Proteins exhibit sgnificant intrinsc fluorescence due to mainly their
aromatic aminoacids. tryptophan, tyrosne and phenyldanine. The C4-PEPC
exhibited a peak of fluorescence a 335 nm, possbly tryptophan residues (Fig.
6.1). The intrinsic fluorescence decreased with the rise in temperature. Similar
decrease in intrinsic fluorescence during denaturation at warm temperature was
also noticed in bacterid PEPC, GAPDH and RNase RS (Taka €t al., 1997,
Schultes and Jaenicke, 1991; Deshpande et a., 2003). Our data suggest that the
structural integrity of PEPC is stabilized a 15°C, while being destabilized at 45°C.
The changes in intrinsic fluorescence of PEPC protein with temperature were also
reversible, emphasizing the physiologica sgnificance of temperature induced
changes in PEPC.

PEG-6000 promotes oligomerization of PEPC (Drillias et al., 1995; Huber
and Sugiyama, 1986), while ureaisawell known denaturant (Encinas et al., 1998;
2002). The incluson of PEG and urea during incubation appears to promote
folding and unfolding, respectively, of PEPC (Fig. 6.5). Increase in intrinsic
fluorescence of PEPC protein such increese was more with the protein
pretreatment a 15°C than that a 30°C or 45°C in presence of PEG. In contrat,

there was a dramatic decrease in presence of urea, and such decrease was more a
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45°C than that a 15°C or 30°C (Table 6.1). The increase in fluorescence in
presence of PEG was an indication of aggregetion of PEPC protein and decrease
in fluorescence suggested the denaturation/or dissociation of the enzyme.

The datus of protein conformation can be monitored by also intrinsic
fluorescence with the help of suitable probes. ANS is a polycyclic aromatic
fluorescent probe that interacts with hydrophobic sites on the proteins (Semisotnov
et al., 1991). As the temperature was raised. there was an increase in intrinsic
fluorescence of PEPC (due to ANS). The extringc fluorescence was higher at
45°C than that at 30°C or 15°C. Similar observations were found in PEPC from E.
coli and Rhodothermus obamensis (Yoshinaga 1976, Taka et a., 1997). The
changes, induced in the fluorescence of PEPC protein at different temperatures,
were reversible t0 a large extent. The patterns of extrinsic fluorescence aso
suggested that the PEPC protein was getting aggregated at cold temperature and
was dissociated at warm temperatures.

Further studies were caried out to examine the secondary structure of
PEPC of A. hypochondriacus. Recently. Kai et a. (2003) reported that E. coli
PEPC monomer consisted of an cighi staudard P—barrel and approximately 40
o~helices comprising of 65% of the polypeptide, whereas P-strands comprised
only 5%. The CD spectra of PEPC reveded a decrease in % of a-helicities as the
temperature increased. In contrast, % of B-sheet structures, and random cail

increased a warmer temperature (Fig.7.1: Table 7.1 to 7.3). These results are
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similar to the observed loss of a-helix and increase in random coil with thermal
denaturation of barstar protein (Noiting et al.. 1997).

Kamal and Behere (2002) have shown that thermal and denaturant induced
unfolding of soyabean peroxidase and apo-soyabean peroxidase is largely
reversible. Similarly, Nolting et al. (1997) dso have shown that the temperature
induced changes of barstar protein arc highly reversible. There was a significant
reversibility of changes in PEPC protein induced a 15°C (Fig. 7.3). The
reversibility indicates that temperature induced changes in conformation of protein
could be physiological significant.

The effects of PEG-6000 and urea on the PEPC protein after exposing the
enzyme to different temperature were quite drastic. The native enzyme showed
less a-helicity than the PEG protected enzyme (Fig. 7.4; Table 7.3). In contrast.
urea treated enzyme showed, less a-helicity and more P-sheet structure than that
of native or PEG-treated PEPC. It is known that PEG-6000 stabilizes proteins.
while urca denatures/dissociates the proteins.  Many proteins need high
concentrations of urca (above 3 M) for denaturing (Encinas et a., 2002). However.
marked denaturation occurred in PEPC at even 3 M urea. This point indicates the
relativey low energetic stability of PEPC.

Further studies were extended to check the effect of Glc-6-P (an allosteric
activator) and malate (a competitive inhibitor). The negative ellipiticity was

apparently enhanced in presence of Glc-6-P at 15°C. 30°C or 45°C (Fig. 7.5).
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However, there was decrease in presence of maate and smultaneoudy loses the
dual nature of negative dlipticity suggesting that Glc-6-P somehow induces the a-
helical conformation at low temperature (Table 7.4).

Further experiments are required to establish the detected mechanism of

folding and unfolding of C4,-PEPC in response to temperature.
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Phosphoenolpyruvate carboxylase (PEPC, EC 4.1.1.31) is a ubiquitous
enzyme occurring in cytosol of photosynthetic and non-photosynthetic tissues of
C;, C, and CAM plants (Andreo et al., 1987; Rgjagopalan et al., 1994; Chollet et
al., 1996; Vidal and Chollet, 1997; Nimmo, 2000; Kai et a., 2003; Svensson et al..
2003). The C4 plants in generd are tolerant to heat but are quite sensitive to cold
temperatures (Long, 1999). The cold senstivity C, pathway has been suggested to
be related to the cold sensitivity of key C,; enzymes, such as PPDK (Potvin and
Simon, 1990; Burnell, 1990). The mechanism of cold inactivation of PPDK is
therefore studied in detail (Krall et a., 1989; Burndl, 1990; Du et a., 1999b), but
the sensitivity of PEPC to cold temperature has been a matter of debate.

On illumination, the activity of PEPC in leaves of C4 plants is enhanced by
2-3 fold along with a marked decrease in the malate sengitivity of the enzyme.
These changes during the light activation are due to the phosphorylation of the
enzyme (Chollet et a., 1996, Vidd and Chollet, 1997). Compared to extensive
information on the regulation by light, the literature on temperature induced
changes in PEPC is quite limited and is often contradictory, particularly the effect
of temperature on the activity and malate sengtivity of PEPC. The present
investigation used the leaves of Amaranthus hypochondriacus (a NAD-ME type
C, plant) for studies initially on lesf discs and compared with that of Pisum

sativum (C; species) and other C; and C, species. Further studies were extended
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to purified PEPC to ascertain if temperature modulated PEPC in vitro and then

examine if there are any changes in protein ructure.

Among the aspects studied are:

1. The effect of varying temperature on the activity and properties of PEPC in
leaves of C4 and C3.

2. Reversibility of the temperature induced changes.

3. Modulation by PEG-6000 (a compatible solute) or temperature responses of
purified C4-PEPC.

4. Changes in protein level or phosphorylation status of PEPC on exposure to
varying temperature or light.

5. Changes induced by temperature in catalytic and regulatory properties of
purified PEPC protein.

6. Detailed examination of the temperature induced conformational changes in
PEPC protein, as reflected in its fluorescence properties and CD-spectra.
Temperature caused dramatic modulation of PEPC in leaf discs of A.

hypochondriacus,compared to the pattern in P. sativum (C;3 plant). The optimal

incubation temperature for PEPC in A. hypochondriacus (C,) as 45°C, compared
to 30°C in P. sativum (Cs species), is not surprising. The marked sensitivity of Ca

PEPC to sub-optimal temperatures, endorses the suggestion that PEPC is one of

the cold sensitive enzymes in C,4 plants (Phillips and McWilliam, 1971).

The steep increase in the activity of PEPC with temperature, particularly

above 15°C. could be physiologically significant, as the temperature is expected to
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rise from about 10 to 15°C in the morning to 35 to 40°C a midday, on atypicaly
clear and sunny day. A combination of light and warm temperature could amplify
the photoactivation of the PEPC, as observed in case of Egeria densa (Casati et
al., 2000) and Amaranthus paniculatus (Slinioti et al., 1986).

Temperature induced dramatic changes in the sendtivity of PEPC to
malate. As the temperature was raised from 15°C to 50°C, there was a marked
decrease in maate sengitivity of PEPC (Fig. 4.2). A. hypochondriacus (C.) logt
nearly 70% of PEPC activity on exposure a low temperature of 15°C, compared to
only about 35% loss in case of P. sativum (C;). The extent of such decrease in C,
plants (about 45%) was more than thet in C; species (about 30%). Maintenance
of high enzyme activity a warm temperatures. dong with a steep decrease in the
maate sensitivity of PEPC was noticed in dso other C; plants. Thus, PEPC
appeared to be highly senditive to mdae a cold temperature, while becoming
raively insensitive to maate a wam temperature.  The results from this study
demonstrate that a change in temperature can induce quite dramatic changes in not
only the activity but aso the malate sengtivity of PEPC in both C3 and C, plants.
The changes were caused by a short duration of exposure to temperatures and
were reversible to a large extent (Fig. 4.4). The temperature induced changes can
therefore be physiologically relevant and important.

Arrhenius plots revealed interesting differences between not only the C:
and C, plants, but also the pettern in presence or absence of malate. As the

temperature was raised, the activation energy was lowered in both 4.
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hypochondriacus (C4 plant) and in P. sativum (C; species). The changes in
activation energy as indicated by discontinuities ("breskpoints') in Arrhenius plots
a a critical temperature can be an indicaion of the cold lability of PEPC from
different species. The bresk a 27°C in case of C; plants suggested that the C;
enzyme did not respond much to temperatures, above 27°C. In contrast, the
absence of such bresk and the continuation of dope indicated that the activation
energy for C,-PEPC continued to decrease as the temperature was raised from
27°C to 45°C. The limited studies made earlier on the activation energy of PEPC
again having conflicting observations. Some of the reports indicate discontinuity
in the Arrhenius plots of PEPC (Phillips and McWilliams 1971) while others did
not observe such bregk points (Du et al., 19993).

The regulation of PEPC is mediated by mogly posttrandational
modification of the enzyme, by phosphorylation of a serine residue near the N-
terminus of PEPC (Rajagopalan et a., 1994; Chollet et a., 1996; Vidal and
Chollet, 1997). The extent of PEPC phosphorylation was much higher in
illuminated discs of A. hypochondriacus than that in dark adapted leaves.
However, there was no significant change in the status of PEPC phosphorylation
in leaf discs exposed to different temperatures. Western blot analysis indicated
that the levels of PEPC-protein in leaf discs of A. hypochondriacus, were amost
similar in control (dark treated), illuminated discs as well as those a varied
temperature.  Thus. these observations suggest that neither a change in

temperature nor illumination caused any dgnificant change in the PEPC-protein
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levels. The changes induced by rise in temperature, particularly the increase in the
activity and decrease in the extent of mdae inhibition are quite smilar to the
changes effected during light activation of PEPC. However, our experiments rule
out the possible role of phosphorylation of enzyme in temperature effects of
PEPC. This isthe first report to demonstrate that the temperature induced changes
in PEPC of C, species is independent of phosphorylation.

Since there was no change in phosphorylaion status of PEPC on exposure
to temperature, an attractive and aternative possibility is the change in the
conformational gatus of enzyme. PEPC is very active when it is in a tetrameric
shape, while its activity and maate sengtivity decreases when the enzyme
dissociates into a monomer or dimer (Walker et al., 1986). Temperature may
afect the oligomeric status of the enzyme PEPC. Rise in temperature causes the
aggregation of PEPC in case of C, and dissociation in case of CAM (Wu and
Wedding, 1987).

Compatible solutes like PEG-6000 can promote the oligomerization of
PEPC, increase the enzyme activity and decrease its malate sengtivity (Huber and
Sugiyama, 1986). Experiments were therefore designed to study the temperature
induced changes in PEPC in relation or presence of PEG-6000. The temperature
induced changes in maate sengtivity of PEPC were dampened with the addition
of PEG in the assay medium. The marked dampening of maate sengtivity is an
indication that temperature may be causng revershle changes in the

conformational status of PEPC. This could be largely due to the change in
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conformationa status of enzyme involving either the oligomeric status and/or the
microenvironment of protein, e.g., folding hydrophobic regions.

Studies were done with purified PEPC of A. hypochondriacus (C,) to check
the changes induced by temperature of PEPC propertiesin vitro and compare them
with those in vivo (Chinthapalli et al., 2003). The optimal incubation temperature
for C4-PEPC was 40°C. As the temperature was raised from 15°C to 50°C, there
was an increase in the activity of PEPC, dong with a steep decrease in the malate
sengitivity of the enzyme. Thus, the purified C, PEPC protein was more sensitive
to malate at 15°C, than that a 40°C. The temperature induced changes in PEPC
were reversible.  The incluson of PEG-6000 during preincubation, decreased
dightly the response of PEPC activity to temperature, but dramatically
desendtized PEPC to temperature induced changes in the maate senditivity. A
change in subunit interactions and/or quaternary structure can influence both
PEPC activity as well as mdate inhibition, and this may be the basis for the
temperature modulation observed.

The studies were extended to observe the changes in kinetic characteristics
of PEPC with varying temperature. As the temperature was raised from 15°C to
40°C, there was an increase in Vi, and K; (malate), while there was a decrease in
K., (PEP) and K, (Glc-6-P). In presence of PEG-6000, there was no change in
ather K; for maate or K, (Glc-6-P). Glyceral (10%, v/v) dso did not exert any
such effect. An increase of K,,, for PEP due to temperature rise (15°C to 35°C)

was dso found for PEPC in Kalanchoe diagremontiana, a CAM plant (Buchanan
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et al., 1984; Osmond and Holtum, 1981). However, the effects of temperature or
PEG-6000 reported herein could be also due to conformationd changes of the
tetrameric form itsdlf.

Attempts were then made to check the oligomerization of PEPC a different
temperature in presence of PEG-6000 or glycerol. PEPC exigts predominately as a
tetramer dong with dimer or monomeric forms (Walker et a., 1986). PEG is
shown to promote the sdf association and/or activation a number of regulatory
enzymes in dilute solutions (Podesta and Plaxton, 1993). Native PAGE anaysis
showed that cold temperature tends to shift the equilibrium of PEPC protein
towards tetramer, where as at higher temperature there is a loss of tetramer. The
present study is the firgt report thet PEG can markedly influence the structural
properties of PEPC with regard to temperature.

Studies were extended to check the conformational changes in the PEPC
protein through fluorescence and circular dichroism (CD) spectra. When excited
a 280 nm, the intringc fluorescence of PEPC protein from A. hypochondriacus
(C4) exhibited a maximum a 335 nm (Fig. 6.1)- The intrinsic fluorescence of
PEPC decreased markedly with the increase in temperature from 15°C to 45°C
(Fig. 6.2). In addition, the maxima of fluorescence emission shifted from 339 nm
to 335 nm and to 333 nm a 15°C, 30°C and 45°C, respectively. These data
revealed that the temperature could stahilize the structura integrity of the enzyme
much better a 15°C than at 30°C or 45°C. These changes are quite similar to the

pattern of PEPC in Rhodothermus obamensis (Teka et a., 1997). The changesin
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fluorescence were reversible upon exposure of protein to normal temperature of
30°C. The reversibility of changes induced by intrinsc fluorescence of PEPC
protein emphasizes the physiological significance of temperature induced changes.

ANS is a polycyclic aromatic fluorescent probe that interacts with
hydrophobic sites on the proteins (Takai et al., 1997). The extrinsic fluorescence
of PEPC (due to ANS) increased markedly as the temperature was raised from
15°C to 45°C. There was also a slight shift in the peak of emission from 454 nm at
15°C to 456 nm at 30°C and 459 nm at 45°C. Similar observations were found in
PEPC from E. coli and Rhodothermus obamensis (Y oshinaga, 1976; Takai et al.,
1997).

The intrinsic and extrinsic fluorescence PEPC protein from A.
hypochondriacus was modulated significantly by the presence of PEG or urea
PEG-6000, which causes an aggregation of PEPC, increased the intensity of the
fluorescence emission spectra, without affecting the maxima at 15°C. However.
the intensity of fluorescence decreases with a small shift in the emission maxima
when PEPC was kept at 30°C or 45°C. These results established that gross
conformational changes occur in PEPC, with a shift towards hydrophobic
environment, in presence of PEG-6000 (Lakowicz, 1983). By contrast.
denaturation of PEPC with 3 M urea decreased the fluorescence emission of PEPC
at 15°C. Obviously unfolding of the protein by urea causes a lowering of
fluorescence emission at warm temperatures. Increasing concentration of urea.

exposed more hydrophobic surfaces, leading to the unfolding of the enzyme. in
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case of PEP carboxykinase (Encinas et al., 1998). Reaults with ANS emission
spectra reveal that these changes were quite reverse when compared with the
intringic fluorescence in the presence of PEG-6000 and urea. The effect was more
pronounced, as we increased the temperature from 15°C to 45°C.

Further studies were made to check the influence of alosteric effectors on
intrinsic and extrinsc fluorescence of PEPC from A. hypochondriacus. The
fluorescence of PEPC a 340 nm was enhanced in presence of Glc-6-P (an
activator) a 45°C when compared to 30°C and 15°C and decreased in presence of
malate (an inhibitor). Similar effects of activators and inhibitors were observed in
case of PEPC from E.coli and Rhodothermus obamensis (Y oshinaga, 1976; Takai
e a., 1997). Fluorescence of enzyme PEPC with ANS was markedly quenched
by addition of L-asparate without significant change in the position of emission
maxima and produces a pronounced change in the PEPC conformation in E. coli
(Yoshinaga, 1972). The fluorescence emission of ANS with PEPC aso increased
in the presence of malate, an inhibitor, and decreased in presence of Glc-6-P an
activator. These observations suggest that the alogteric effectors, produce a
pronounced change in the enzyme conformation.

Studies on circular dichioism (CD) spectra were conducted to evaluate the
secondary structure of PEPC of A. hypochondriacus. The CD-spectra of C4-PEPC
of A. hypochondriacus & room temperature showed broad negétive band. with
dua pesks a around 208 run and 222 nm. suggesting that the mgor part of the

protein was in a-helical conformation. The intensfication of dud peek, dfter the
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pretreatment a 15°C, indicated a marked folding of the protein with arigid helical
conformation.  In contrast, a warm temperature when protein is pretreated, there
was a dgnificant reduction of dua pesk, suggesting a dgnificant reduction in a
helicity. These results are similar to the observation that there was a significant
loss of a-helix and increase in random coil with thermal denaturation of barstar

protein (Nolting et al., 1997).

The changes in CD-spectra after exposure a different temperature were
reversible, particularly after the pretrestment at lower temperature, reflecting the
physiological sgnificance of changes in CD-spectra  However, the changes
induced a high temperature (45°C) were not completely reversible, obvioudy
because of the iiTeversble aggregation of unfolded protein a high temperature.
Also, in case of soyabean peroxidase, the thermal and denaturation and associated
unfolding of the protein were not reversible (Kamal and Behere, 2002).

PEG and urea are known to induce aggregation and dissociation of proteins.
In presence of PEG-6000 the negative dlipticity of PEPC increased, as indicating
that the protein attained a high o-helical conformetion. In contras, 3 M urea
caused a marked decrease in the a-helicity and thus increased the % of random
coil. Further studies were extended to check the effects of Gle-6-P (an alosteric
activator) and malate (a competitive inhibitor) on the CD-spectra of PEPC protein.
The changes in CD-spectra suggested that Glc-6-P induced a marked stability in

the a-helicity of PEPC. while malate caused disruption in the extent of a-helicity.
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This is the first detailed report on the structural changes induced by temperature in
C,4 PEPC and its changes with temperature, studied by using diverse techniques of
PAGE, fluorescence emission and CD spectra.

Major conclusions from the present study are:

1. Temperature caused a dramatic modulation of PEPC in leaf discs of A.
hypochondriacus(C,) as well as Pisum sativum (C3). The steep increase in
activity of PEPC with rise in temperature could be physiologically
significant, as the temperature is expected to rise from about 10 to 15°C in
the morning to 35 to 40°C at midday, on a clear and sunny day.

2. Temperature induced changes in the properties of PEPC were reversible to large
extent. This marked reversibility of the effect of temperature of PEPC in
case of both C; and C; is an additional indication of the physiological
relevance of temperature effects on PEPC.

3. During illumination, there was an increase in the phosphorylation of the protein,
increase in the activity of PEPC and decrease in the malate sensitivity. The
changes induced by rise in temperature (increase in the activity and
decrease in the extent of malate inhibition) are quite similar to the changes
during light activation of PEPC. However, there was no change in the
phosphorylation of protein, indicating protein phosphorylation was not the
main reason for the temperature effects on PEPC.

4. Temperature caused marked and reversible changes in the properties of PEPC

protein purified from A. hypochondriacus leaves. Since these experiments
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were al done in vitro with purified PEPC, the changes were obvioudy
independent of phosphorylation.

5. The presence of PEG-6000 protected PEPC againg cold inactivation, indicating
the importance of the zonformation of PEPC.

6. The marked changes in intrinsic fluorescence (obvioudy from tiyptophan and
tyrosne residues) demondrated qualitative (conformational) changes in
PEPC protein at different temperature and these changes were reversible.

7. Increase in intrinsic fluorescence in presence of PEG and decrease in presence
of urea demondrated the aggregation and dissociation of protein,
respectively.

8. The temperature induced confonnational changes could aso be visudized using
a hydrophobic dye, ANSA. The extrindc fluorescence indicated by ANS
increased at warm temperature and decreased at cold temperature.

9. The changes in intrindc and extrindc fluorescence suggested unfolding of
PEPC a warm temperature and folding at cold temperature.

10. The recording of the CD-spectra reveded tha the mean residue negative
dlipticity of PEPC decreased with a rise in temperature, suggesting
significant changes in the secondary structure of protein. The changes
induced by cold temperature were reversible.

1. The PEPC of 4. lpochondriacus contained sgnificant amounts of a-helices

but the B-chains were of only a minor proportion. The a-helical

107



Chapter 9 Summary and Conclusions...

percentages of PEPC increased marked at 15°C (compared to 30°C), while
decreasing at 45°C.

12. The presence of PEG-6000 increased the negative ellipticity of CD-spectra and
led to marked increase in a-helices. In contrast. the presence of urea
disrupted the secondary structure.

It would be extremely interesting to examine in detail the molecular
changes in purified PEPC with temperature in vitro and the interaction of light and
temperature effects of PEPC in leaves in vivo. Leaves of A. hypochondriacus

offer a good model for studies on C,-PEPC in vivo as well as in vitro.
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Abstract

Temperature caused phenomenal modulation of phos-
phoenolpyruvate carboxylase (PEPC, EC 4.1.1.31) in
leaf discs of Amaranthus hypochondriacus (NAD-ME
type Cs species), compared to the pattern in Pisum
sativum (a C; plant). The optimal incubation tempera-
ture for PEPC in A. hypochondriacus (C,) was 45 °C
compared to 30 °C in P. sativum (C;). A. hypochon-
driacus (C4) lost nearly 70% of PEPC activity on
exposure to a low temperature of 15 °C, compared to
only about a 35% loss in the case of P. sativum (Cj).
Thus, the €4 enzyme was less sensitive to supra-
optimal temperature and more sensitive to sub-
optimal temperature than that of the C; species. As
the temperature was raised from 15 C to 50 °C, there
was a sharp decrease in malate sensitivity of PEPC.
The extent of such a decrease in C, plants (45%) was
more than that in C; species (30%). The maintenance
of high enzyme activity at warm temperatures,
together with a sharp decrease in the malate sensitiv-
ity of PEPC was also noticed in other C, plants. The
temperature-induced changes in PEPC of both
A. hypochondriacus (C,) and P. sativum (Ca) were
reversible to a large extent. There was no difference in
the extent of phosphorylation of PEPC in leaves of
A. hypochondriacus on exposure to varying tempera-
tures, unlike the marked increase in the phosphoryl-
ation of enzyme on illumination of the leaves. These
results demonstrate that (i) there are marked differ-
ences in the temperature sensitivity of PEPC in C; and
Cq plants, (ii) the temperature induced changes are
reversible, and (iii) these changes are not related
to the phosphorylation state of the enzyme. The

inclusion of PEG-6000, during the assay, dampened
the modulation by temperature of malate sensitivity of
PEPC in A. hypochondriacus. It is suggested that the
variation in temperature may cause significant confor-
mational changes in C-PEPC.

Key words: Cold sensitivity, conformational change, malate
sensitivity, PEPC, PEG-6000, temperature.

Introduction

Phosphoenolpyruvate  carboxylase (EC 4.1.1.31) is a
ubiquitous enzyme occurring in the cytosol of photo-
synthetic and non-photosynthetic tissues of C3, C, and
CAM plants (Andreo er al.. 1987; Rajagopalan et al.. 1994;
Chollel et «f.. 1996; Vidal and Chollet, 1997, Nimmo,
2000). C, plants differ from C, plants in several features.
including ther light and temperature responses (Berry and
Bjorkman, 1980; Sugiyama et al.. 1979). The temperature
optima for photosynthesis and growth in C, plants are
usualy higher than those for C; plants (Berry - and
Bjorkman. 1980). The C4 plants. in general. are tolerant
to heat. but are quite sensitive to cold temperatures (Du
et al., 19994). The cold sensitivity of the Cs pathway has
been suggested to be related to the cold sensivitity of key
C, enzymes. such as pyruvate phosphate dikinase (PPDK)
or PEPC (Potvin and Simon, 1990;Burnell. 199(0: Dueral..
199Y9a).

The cold sensitivity of PPDK in C4 plants is well
established and the mechanism of cold inactivation of
PPDK isstudied in detail (Krall et al.. 1989; Burnell. 1990;
Du er al.. 1999h). By conurast. the reports on cold
sensitivity ol PEPC have been conflicting. There are

' To whom correspondence should be aadresse: Fax: +91 40 23010145, E-mail asrsl@uohye emet.in
Abbreviations: MDH, NAD-malate detycrocenase NAD-ME. NAD-malc enzyme: PEG-6000 polyethylene glycol 6000 PEPC. phosphoenolpyruvate
carboxylase: PMSF. phenylmetiyisulproiyi fluoride: PPDK. pyruvate phosphate dikinase
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Light activation of NADP malic enzyme in leaves of maize: Marginal
increase in activity, but marked change in regulatory properties of
enzyme

Jhadeswar Murmu, Bhaskarrao Chinthapalli, Agepati S. Raghavendra*
Department of Plant Sciences, School of Life Sciences, University of Hyderabad, Hyderabad b00046, India

Received May 27, 2002 « Accepted July 15, 2002

Summary

This article reports the characteristics of light activation of NADP-malic enzyme (NADP-ME, EC
1.1.140) in leaf discs of maize (Zea mays cv. VMH 404) for the first time. The leaf discs were illumi-
nated in the presence of 2 mmol/L bicarbonate, as light activation increases in the presence of bicar-
bonate. Upon illumination, the Vma of NADP-ME increased by about 30 %. Although small, the
increase was consistent and significant. The changes in regulatory properties of NADP-ME were
quite pronounced. The extent of light activation was similar when substrate (malate) concentration
was either 4 mmol/L (saturating) or 0.01 mmol/L (limiting). There was only a marginal change in the Kn,
for malate, but there was marked change in the response of NADP-ME to activators or inhibitors. The
K; for pyruvate and oxalate increased by 100 and 67% respectively, while the K, for the citrate and
succinate increased by 36 and 32% respectively. These results suggest that the NADP-ME becomes
less sensitive to feedback inhibition on illumination. The light-induced change seems to be due, at
least partially, to the reduction of dithiols, as incubation of leaf extracts with DTE dampened light acti-
vation of NADP-ME. We conclude that the properties of NADP-ME do change on illumination.
Although there was only a marginal increase in the activity of the enzyme on illumination of leaf discs,
the changes in regulatory properties of NADP-ME were marked.

Key words: Bundle sheath - C4 plants - enzyme activity - light activation — maize - NADP-malic
enzyme

Abbreviations: NADP-MDH = NADP-malate dehydrogenase. - NADP-ME = NADP malic enzyme. -
NR = nitrate reductase. - PEPC « phosphoeno/pyruvate carboxylase. - PPDK = pyruvate phosphate

dikinase. - SPS « sucrose phosphate synthase. - PMSF = phenylmethylisulfonyl fluoride. - PVPP =
polyvinylpolypyrrolidone
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Phosphoenolpyruvate Carboxylase from C4 Plants:
Properties and Regulation

Bhaskarrao Chinthapalli, A.S. Raghavendra*, A.S. RishiZ, and Arun Goyal?
"Department of Plant Sciences, School of Life Sciences, University of Hyderabad,
Hyderabad-500 046, India; 2Department of Biology,
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of Medicine, and Center for Cell and Molecular Biology, University of Minnesota Duluth.
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Phophoenolpyruvate carboxylase (PEPC) is a key enzyme involved in primary carbon assimilation in
C, and Crassulacean Acid Metabolism (CAM) plants. PEPC mediates the irreversible B-carboxylation
of phosphoenolpyruvate (PEP) to form oxaloacetate (OAA) and Pi. Besides carboxylation, PEPC also
catalyzes a HCOj - dependent hydrolysis of PEP to yield pyruvate and Pi. PEPC is regulated by the
post-translational modification of the enzyme, by either phosphorylation or oligomerization or both.
PEPC is also regulated by external/environmental factors (such as light, temperature, photoperiod) as
well as internal factors (water status, Pi, cytosolic pH). Attempts to crystallize PEPC from Ca plants
have been partially successful. Nevertheless, the PEPC from E. coli has been crystallized, and its
three-dimensional model is constructed. The mechanism and signaling pathways that control expression
and regulation of C, photosynthesis gene(s) have been studied in plants such as maize, Flaveria,
Amaranthus, Sorghum and an amphibious sedge Eleocharis vivipara. A mgor break through in genetic
engineering of C,-PEPC is the success in transforming rice, a Cs crop, with the Ca-PEPC gene from
maize, with a >100-fold increase in the activity of PEPC. There is till a wide scope for further
research on PEPC, particularly the modulation of enzyme by temperature, interaction between light.
temperature and nitrogen nutrition during the regulation of PEPC, and diurna rhythms in enzyme
activity. With the availability of novel technologies in the areas of genomics, proteomics and
metanomics, we may learn a great deal from the molecular analysis of PEPC and other enzymes
associated with its regulation; and dissect signal-transduction pathways in various plant cell types and
other microorganism. This review summarizes the recent advances, particularly of the last 5-10 years,
on the physiology, biochemistry, molecular biology and genetic engineering of PEPC from Ci plants.

Key words: CO, fixation, C, pathway, enzyme regulation, PEPC, photosynthesis.

Phosphoenol pyruvate carboxylase (PEPC, EC 4.1.1.31) is a ubiquitous cytosolic enzyme,
involved in the primary carbon fixation in leaves of C, and CAM plants. The enzyme also

*Corresponding author. E-mail: asrsl@uohyd.ernet.in

Abbreviations: ABA, Abscisic acid; CAM, Crassulacean acid metabolism; CDPK, Ca* dependent protein kinase: NAD-ME,
NAD-malic enzyme; OAA, oxal acetate; PEP, Phosphoenol pyruvate; PEPC. PEP carboxylase; PEPC-PK, PEPC-protein kinase;
PI-PLC, Phosphoinositide-specific phospholipase C.
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1. INTRODUCTION

The primary carbon fixation in C4 and CAM plants is catalyzed by
phosphoenol pyruvate carboxylase (PEPC, EC 4.1.1.31). With a pH optimum
of about 8.0, the activity of PEPC is modulated markedly by pH. The
enzyme, PEPC, is localized in cytosol of mesophyll cells higher plants.
Obviously the cytosolic pH would be a very important factor in determining
the activity of PEPC.

Being a key enzyme of C4 photosynthesis or CAM, the regulation of
PEPC has been of considerable interest. PEPC is feed-back inhibited by L-
malate and is activated by glucose-6-phosphate (Glc-6-P) (Andreo et al
1987, Rajagopalan et al 1994, Chollet et al 1996, Vidal and Chollet 1997).
The sensitivity of PEPC to malate is further influenced by various factors
like light or pH. Malate inhibition is competitive at pH 7.0, and non-
competitive at pH 8.0 and Glc-6-P protects the enzyme from malate
inhibition. On illumination, the concentration of malate in mesophyll cells
can rise up to 30 mM and can lead to a strong feedback inhibition of PEPC.
However, when leaves are illuminated, there is a marked decrease in
sensitivity of PEPC to malate besides an increase in activity. The light
activation of PEPC is therefore considered to be an adaptive feature to
sustain enzyme activity in presence of high malate concentrations.

Sgnal Transductionin Plants: Current Advances.
Edited by Sopory et al, Kluwer Academic/Plenum Publishers, 2001.
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Introduction

The temperature optima for photosynthesisand growth in Cq plants are higher than those
for Cyplants. The cold sensitivity Cq pathway has been suggested to berelated to the cold
sensivitity of key C4 enzymes, such as pyruvate phosphate dikinase or PEP carboxylase,
PEPC (Kingston-Smith er al. 1997; Du et al. 1999). However, McWilliam and Ferrax
(1974) have suggested that the high temperature tolerance of Cs plantsis due to not the
greater thermogtability of their PEP carboxylase, but heat-resistant protein synthesizing
machinery, which replaces the PEP carboxylase denatured by high temperature. Selinioti
et al. (1986) observed that light and temperature interact during the activation of PEPC
and this might be important for C4 plants, such as A. paniculatus.

On illumination, the activity of PEPC is enhanced by 2-3 fold along with a marked
decrease in the malate sensitivity of the enzyme. These changes during the light
activation are due mainly to the phosphorylation of the enzyme (Chollet et al. 19%,
Vidal and Chollet 1997, Parvathi et al. 2000a). Compared to the extensive literature on
the properties and mechanism of light activation of PEPC, in C« plants, the literature on
the regulation by temperature of PEPC is quite limited (Rajagopalan etal 1994). The
present study is an attempt to characterize the temperature responses of PEPC from a
typical C4 plant, Amaranthus hypochondriacus and compared with those of a C3 plant
Pisum sativum. Experiments were conducted on leaf discs so as to smulate physiological
situation in vivo and to also assess the rever sibility of temperature effects.

Materials and Methods

Plants of Amaranthus hypochondriacus L. (cv. AG-67) and Pisum sativum L. (cv. Arkel)
were raised from seeds. The plants were grown outdoorsin the field under a natura
photoperiod of approx imately 12 h and temperature of 30 - 40 °C day/25 - 30 °C night.
The upper fully expanded leaves were harvested, about 2 - 3 h after sunrise. Leaf discs
(each of ca. 0.2 mm") were prepared from 4- to 6- week-old plants of Amaranthus
hypochondriacus and 8- to 10-day-old plants of Pisum sativum.

The preparation of lecaf extracts and the assay of PEPC are all described in detail
elsewhere (Parvathi et al. 2000b). The sensitivity of PEPC to malate was checked using
either 0.5 mM malate (in case of C4 species) or 2 raM maate (in Cs species).Chlorophyll
was estimated by extraction with 80% acetone (Arnon 1949).

Thirty leaf discs were floated on distilled water in a5 cm diameter Petri dishes and were
leftin darkness for 2 h. After predarkening, the leaf discs were incubated 30 min at
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Abstract

Phosphoenolpyruvate carboxylase (PEPC) was purified from leaves of four species of A lternanthera differing in their
photosynthetic carbon metabolism: Alternanthera sessilis (C3), A. pungens (CA), A. ficoides and A. tenella (C3-C4
intermediates or C3-C4). The activity and properties of PEPC were examined at limiting (0.05 mM) or saturating (10
mM) bicarbonate concentrations. The Ve,..as wdl asK,, vaues (for Mg?* or PEP) of PEPC from A. ficoides and A.
tenella (C3-C4 intermediates) were in between those of C, (4. sessilis) and C4 species (4. pungens). Similarly, the
senditivity of PEPC to malate (an inhibitor) or G-6-P (an activator) of A. ficoides and A. tenella (C3-C4) was aso of
intermediate status between those of C; and C. species of A. sessilis and A. pungens, respectively. In all the four
species, the maxima activity (Vaaeffinity for PEP (Kq), and the sendtivity to maate (Kp or G-6-P (Ka) of PEPC
were higher & 10 mM bicarbonate than at 0.05 mM bicarbonate. Again, the sengitivity to bicarbonate of PEPC from
Cs-C, intermediates was in between those of C;- and C4-gpecies Thus the characteristics of PEPC of C3-C4
intermediate species of Alternanthera are intermediate between C3- and Cs-type, in both their kinetic and regulatory
properties. Bicarbonate could be an important modulator of PEPC, particularly in C4 plants-

Additional keywords: glucose-6-phosphate;, maate; proteins spedies differencesin ezyme adtivity.

Introduction

The C3C4 intermediates constitute a group of plants
with a syndrome of physiological, anatomica, and
biochemical traits that fal between the features of C; and
Cs plants (Rawsthorne 1992, Raghavendra and Das
1993, Rawsthorne and Bauwe 1998). The extensve
literature on PEPC established that the C, enzyme is
distinct from that of Cs, as indicated by their biochemical
properties and amino acid sequences. The genes for Ca,
C3, or CAM-PEPC are dso different, both in structure
and phylogeny (Lepiniec et al. 1994, Rajagopaan et al.
1994, Chollet et al. 1996).

The activities of PEPC in C3C4 intermediates are
sgnificantly higher than in Cs species (Ku et al. 1983,

Received 25 May 2000, accepted 23 October 2000.

Edwards and Ku 1987), but the molecular properties of
PEPC from C3C4 intermediates were not studied in
detail. The limited literature suggests that the PEPC
from Cs-C, intermediates may be of Cs type such as in
Panicum, Moricandia, and Flaveria (Holaday et al.
1981, Adams et al. 1986, Bauwe and Chollet 1986), or
intermediate type such as in Flaveria (Nakamoto €t al.
1983). Thus, the nature of PEPC in C;-C, intermediates
is yet to be resolved clearly.

Alternanthera offers a unique and ideal opportunity
of having species of C;, C4 as wdl as C3C4
intermediates within the same genus (Rajendrudu et al.
1986, Reaghavendra and Das 1993). We have been

""Author for correspondence; fax; +91-40-3010120 (or) 3010145; e-mail: asrsl@uohyd.emet.in
Abbreviations: G-6-P, glucose-6-phosphate; K. activator constant; K, inhibitor constant; MDH, malate dehydrogenase; PEP.
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Responses of Photosynthesis, Photoinhibition and
Dark Respiration to CO, in Leaf Discs of C3~C,4

| nter mediate Species. Reduced Sengtivity to External
CO, in C3-C4 Intermediates Compared to that in
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The patterns of photosynthesis, photoinhibition and dark respiration in Cy=Cs intermediates (Alternantheraficoida, A. tenella and
Parthenium hysterophorusyvere studied at 25°C in comparison with those of C, (A. sessilisand Pisum sativum)and Ca (A. pungens
and Amaranthusviridis) species. The photosynthetic rates of Cy~C, intermediates were similar to those of Cs species. Under limiting
CO, (0.03%), photosynthesis decreased at high light intensities both in Cy and Cy=Cq intermediate species. Such photoinhibition at
low CO, (0.03%) in Cy—C, intermediates was (significantly) less than that in Cs species and was relieved at high CO, levels (e.g.
5%). The relative sensitivity to 3,3-dichloro-2-dihydroxyphosphinoylmethyl-2-propeonate (DCDP, an inhibitor of PEP carboxylase)
indicated that PEP-carboxylase has an important role in photosynthetic CO, fixation by intermediates particularly at limited €Os.
During these measurements, it was noticed that there was a marked decrease in dark respiration as the external CO, concentration
was raised. The inhibitory effect of CO, on dark respiration was significantly less in Cy~Cq intermediates than that in C» plants and
was least in C4 species. We propose that an alteration in mitochondiral metabolism and reduced sensitivity to external CO, (com-
pared to Cs species) are important features of Cy~C,intermediates.

Keywords: C3—Cq intermediates, PEP carboxylase. CQ, sensitivity, dark respiration, photoinhibition, Ct plants.

Introduction

Higher plants are grouped into three categories based
on their mode of photosynthesis, viz. C3, C; and
CAM species (Edwards and Walker, 1983). How-
ever, there are severad plants with anatomical, bio-
chemical and physiological characteristics
intermediate to those of C; and C, species (Reviews:
Edwards and Ku, 1987; Monson and Moore, 1989;
Rawsthorne, 1992; Raghavendra and Das, 1993),
grouped as C3—C, intermediates. At least 24 species
belonging to eight genera of six families are identi-
fied as naturally occurring C3-C4 intermediates
(Rawsthorne, 1992).

*For correspondence. (e-mail: asrsi@uohyd.ernet.in)

The C,-C, intermediate species offer a good model
to examine the biochemical, molecular and evolu-
tionary aspects of C, pathway (Moore, 1982; Mon-
son and Moore, 1989; Raghavendra and Das, 1993).
The photosynthetic and photorespiratory characteris-
tics of the intermediates of Flaveria, Panicum, Mori-
candia and Neurachne have been studied in detail
(Holaday et al., 1982, Holaday and Chollet, 1984,
Hatterdey et al., 1986; Huber et al., 1989; Brown et
al., 1991; Ku er al., 1991).

The information on the photosynthetic features of
these intermediates of Alternanthera and Partheniun
is quite limited (Rgendrudu et al., 1986; Moore et
al., 1987) The C3~C,4 intermediates of Alternanthera
and Parthenium appear to have no functiona C. cy-
cle (Rgendrudu et al., 1986; Moore et al.. 1987;
Devi and Raghavendra, 1992, 1993a). Photosynthe-



