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Chapter 1
Introduction and Review of Literature

C, photosynthesis (C, pathway) is one of the three types of photosynthetic
carbon metabolism operating in higher plants, the other two being Calvin cycle
(Cs pathway) and Crassulacean Acid Metabolism (CAM) (Edwards and
Walker, 1983; Leegood, 1993, Raghavendra and Das, 1993). C, pathway
requires a co-ordinated functioning of mesophyll and bundle sheath cdls in
leaves (Hatch, 1987; Leegood and Osmond, 1990). The operation of C,
pathway of carbon fixation in mesophyll cels leads to a marked increase in the
concentration of CO, in the bundle sheeth cells (Furbank and Hatch, 1987;
Furbank and Foyer, 1988), thereby optimizing the function of the ribulose-1,5-
bisphosphate carboxylase/oxygenase (Rubisco). Readers interested in further
information on C, photosynthesis may consult the articles of Edwards and
Huber (1981), Hatch (1987, 1992), Furbank and Foyer (1988), Leegood (1993)
and Raghavendra and Das (1993).

The key enzyme involved during primary carboxylation in C,
photosynthesis as well as CAM pathway is phosphoel pyruvate carboxylase
(PEPC, EC 4.1.1.31). The existence of PEPC in C, plants helps to build up a
pool of dicarboxylic acids, which on decarboxylation raise the CO,
concentration in bundle sheath cels and  minimize the process of
photorespiration. As a result, C, plants can achieve high growth rates under
conditions of high temperatures, strong illumination and atmospheric oxygen
levels, which are not optimd for C; plants (Edwards et al., 1985). Due to the
importance of PEPC in not only C; and CAM but adso C; plants (during
anapleratic carbon fixation), studies on PEPC were always of interest. The
literature on PEPC has been reviewed frequently by severa authors. Some of
the recent reviews on PEPC are by Jiao and Chollet (1991), Lepiniec et al.
(1994), Rajagopdan et a. (1994) and Toh et a. (1994). Earlier reviews on



PEPC include those of O'Leary (1982, 1983), Gadal (1983), Guern et al.
(1983), Kluge (1983), Latzko and Kely (1983) and Andreo et al. (1987).

Occurrence and Importance

PEPC occurs in dl plants and is believed to be absent in animd tissues (Utter
and Kolenbrander, 1972), yeast or fungi (O'Leary, 1982; Lepiniec et a., 1994).
Green dgae also possess PEPC activity, while its presence in Chromophytes
and Rhodophytes is uncertain (Lepiniec et a., 1994).

The activities of PEPC levelsin leaves of C, plants are about twenty fold
higher on a chlorophyll basis than those in C; plants (Edwards and Walker,
1983). The ratio of PEPC : Rubisco is about 2 in leaves of €, plants, compared
to the ratio of 0.1 in those of C, plants (Williams and Kennedy, 1978). PEPC
congtitutes about 15% of total soluble protein in maize (Hague and Sims, 1980;
Hayakawa et al., 1981). The enzyme is confined to the cytoplasm of mesophyll
celsin C4 and CAM plants (Perrot-Rechenmann et a., 1982). There are reports
that PEPC may be present in the chloroplasts of C; plants (Perrot-
Rechenmann et al., 1982; Latzko and Kelly, 1983), but this is to be confirmed
further.

Physiological Role

PEPC is a principd enzyme in C, and CAM plants, mediating the primary
carbon assimilation (O'Leary, 1982). It catalyses 3-carboxylation of oxalacetate
to yield PEP and Pi. The reaction is irreversible and exergonic.

One of the characterigtic festures of C, pathway is the occurrence of
Kranz-like anatomy, which results in divison of labour and spatiad separation
of biochemical reactions. Mogt of C4-pathway enzymes, involved in fixation of
amospheric CO, and C;-acid formation, including PEPC and pyruvate Pi-
dikinase (PPDK) are located in mesophyll cells, while bundle shegth cells lodge
the enzymes of Cavin cycle, dong with those of C4-acid decarboxylation



system. In CAM plants, the function of PEPC is samilar to C, plants. Primary
carbon fixation by PEPC occurs during the night, followed by decarboxylation
of C, acids and refixation of CO, by rubisco during day (Kluge, 1983). The
operation of CAM minimizes the loss of water in these plants, as the stomata
open in the night but are kept closed during most of the day.

PEPC plays an anaplerctic role in C, plants, while producing C, acids
(i.e.,oxalacetate and malate), to provide carbon skeletons for amino acid
biosynthesis, nitrogen assimilation, and replenishment of tricarboxylic acid
(TCA) cycle intermediates (Gadal, 1983; Melzer and O'Leary, 1987). Further,
PEPC plays an important role in gencration of NADPH for fetty acid synthesis
in developing seeds, fruit maturation (l.atzko and Kdly, 1983) ad
maintenance of cytoplasmic pH and €eectroneutrality (Davis, 1979). PEPC is
also known to be involved in regulating somatad movement (Willmer, 1983;
Outlaw, 1990).

Formand Structure

Four isoforms of PEPC have been reported in higher plants: C, photosynthetic
form, C; photosynthetic form, CAM-form and dark or non-autotrophic PEPC
(O'Leary, 1982; Andreo et al., 1987; Rgagopdan et al., 1994). These forms
can be distinguished by chromatographic, immunological and Kkinetic
properties.

Thomas et a. (1987) reported two isoforms of PEPC in sorghum leaves
(E-PEPC and G-PEPC). The E-form occurred in etiolated leaves and exhibited
C, characteristics, while the Gform was present in green leaves and had
characteristics of C, photosynthetic form. Vidal and Gadd (1983) have
reported that etiolated sorghum leaves contain only one form (C, form) of the
enzyme and a new isoform of enzyme gppears on illumination upon greening
(C, form). The expression of PEPC-gene encoding the C, isozyme was not |eaf
specific, since high accumulation of its transcripts was found in adso other



parts of maize plant i.e, inner leaf sheaths, tassels and husks (Hudspeth and
Grula, 1989). On the other hand, Schaffner and Sheen (1992) reported that the
expression of C4-specific PEPC-gene occurred only in illuminated (greening)
leaves of maize. No signd of C,-specific PEPC genome was detected in roots
or stems or etiolated leaves of maize. The mgor form in maize leaves is the C,-
type and is the most abundant protein in mesophyll cells. However, there is a
possibility that a smal amount of etiolated form of the enzyme may exist dso
in green tissue, which could explain the detection of the two mgor isozymes
of PEPC in leaves of maize (Ting and Osmond, 1973a, b; Mukerji, 1977).

Thereis alot of variation in the number of PEPC isoforms reported from
the leaves of C; plants and CAM species. Four mgor isoforms of PEPC are
reported in  leaves of a C; plant Flaveria conquistii, Cs-C, intermediate
Flaveria floridana and a C; performing Mesembryanthemum  crystallinum
(Adams et al., 1986; Socombe et al., 1993). Three isoforms in leaves of
Gossypium hirsutum, aC, species (Mukerji and Ting, 1971) and dso two in C,
performing Kalunchoé blossfeldiana (Brulfert e al., 1979). The four isoforms
of PEPC are encoded by different genes in C, plants (Hudspeth et al., 1986;
Hudspeth and Grula, 1989; Hermans and Westhoff, 1990). The occurrence of
multiple forms of PEPC suggests that during the evolution of C, plants, a
mechanism has developed for preferentid expression of C, specific PEPC gene
(Lepiniec et d., 1994; Stockhaus et al., 1994).

PEPC is a homotetramer (Andreo et al., 1987). Although it is suggested
that the enzyme may exist in different oligomeric forms in vivo (Wu and
Wedding, 1985; Walker ct a., 1986) there arc no convincing evidences. The
quaternary structure of PEPC in virro, depends on protein and effector
concentrations (Jiao and Chollet, 1991). In Crassula argentea, the enzyme
purified during night existed as tetramer while the day form existed in dimer
(Wu and Wedding, 1985). In C, plants, dissociation of PEPC occurs on
incubation with NaCl in a time- and protein-concentration dependent manner



(Wegner et al., 1987). The phenomenon of oligomerization is further reviewed
in the following pages, under the section “Post-transtational Modification".

Chemicad modifications of the enzyme have shown that cysteine,
arginine and lysine residues are essentia for the catalytic activity of PEPC from
corn and sorghum leaves (Andreo et al., 1987; Wagner et al., 1988; Willeford et
al., 1990; Terada et a., 1991). Histidine and cysteine residues of enzyme may
be involved in activation of PEPC by glucose-6-phosphate (G-6-P) (Manetas
and Gavalas, 1982; Wedding et al., 1989).

The primary structure of PEPC from severd C, plants, besides lower
micro-organisms like, Escherichia coli or Anabaena variabilis, has been
deduced through sequence andlysis of ¢DNA (Lepiniec e a., 19%;
Rgjagopaan et al., 1994; Toh et a., 1994). A comparison on the amino acid
sequences of PEPC from variety of these organisms shows that the enzyme
molecule contains a conserved C-terminal half and a variable N-terminal one
(Ishijima et al., 1985; Izui et a., 1986). C,-PEPC from maize has 970 amino
acids (Izui e a., 1986, Hudspeth and Grula, 1989) compared to 952 of
sorghum (Cretin et al., 1990), 966 in F. trinervia (Poetsch et ., 1991) and 883
of E. coli (Fujita et a., 1984; Ishijima et al., 1985). There is 88% sequence
homology of sorghum PEPC with that of maize but only 40-50% with E. coli
and Anacystis nidulans (Ishijima et al., 1985; lzui et al., 1986; Cretin et al.,
1990).

Phylogenetic trees, constructed from amino acid sequences of as many
as 26 different forms of PEPC reved that enzyme from C, dicot (F. trinervia) is
closer to the C; (tobacco and soybean) and C3CAM isoform than to
monocotyledonous C, PEPC (Koizumi et a., 1991; Poetsch et al., 1991;
Kawamura & al., 1992, Sugimoto e al., 1992; Lepiniec e d., 1993). This
observation suggests that monocot and dicotyledonous C, plants have evolved
separately during the course of evolution.



Purification

One of the first attempts to purify PEPC from plant tissues was by Bandurski
and Grciner (1953), who attempted to purify partially the enzyme from spinach
leaves. Partid purifications have been made from leaves of cotton,
Pennisetum purpureum, sorghum, maize, lupin root nodules, soybean nodules,
maize root tips, guard cdls of Vicia fuba and epidermis of Commelina
communis (O'Leary, 1982).

Purification of PEPC to homogeneity has been done using peanut
cotyledons (Maruyama and Lane, 1962), spinach (Miziorko € d., 1974), maize
(Ucdan and Sugiyama, 1976), Bryophyllum  fedischenkoi  (Jones et a., 1978),
Amaranthus Viridis (Iglesias et a., 1986), sugarcane (lglesias and Andreo,
1989), sorghum leaves (Arrio-Dupont et a., 1992) and soybean nodules
(Schuller and Werner, 1993).

The components of purification-protocol in most of these cases include
ammonium sulphate fractionation of crude legf extracts, followed by diaysis,
and gelfiltration through DEAE-cellulose. hydroxylapaite (HAP) and
Sephadex column (Uedan and Sugiyama, 1976; Iglesias et a., 1986; Iglesias
and Andreo, 1989; Schuller and Werner, 1993). However, in recent reports,
FPLC (Jiao and Chollet, 1988, 1989; Jao et a., 1991) or HPLC (Cretinet d.,
1984) have also been usad for purification of PEPC. During purification by gel
filtration, the enzyme is eluted by high concentration of sdt, often chloride
(Uedan and Sugiyama, 1976; Mukerji, 1977; Hatch and Heldt, 1985; Iglesias et
al., 1986) and occasiondly phosphate (Hague and Sims, 1980) or acetate
(Smith and Woolhouse, 1984). Chloride, however, can dffect the activity of the
enzyme (Manetas et a., 1986, Wagner et a., 1987), presumably by inducing
dissociation of the tetrameric form into dimers or monomers (Wagner et d.,
1987; Manetas, 1990). On the other hand, phosphate is consdered to be a
stabilizer of the enzyme (Yancey et a., 1982). Ingtead of ammonium sulphate,
polyethylene glycol (PEG) had been used to precipitate the enzyme (Sdlinioti et



al., 1987, Angelopoulos and Gavalas, 1991), since the yield of PEPC by using
PEG was reportedly much better than that with ammonium sulphate.
Techniques are now available for rapid purification of enzyme from leaves by
immunoadsorbant columns (Vidal et a., 1980; Arrio-Dupont et al., 1992).

During purification, the enzyme is highly susceptible to proteolysis at
the N-terminal end. The loss of N-terminal is reflected in the decrease in the
sensitivity of enzyme to malate. As a result, the enzyme becomes less prone
for phosphorylation and not so senditive to maate. Therefore, addition of
proteolytic inhibitors like phenylmethylsulphonylfluoride (PMSF) or
chymodtatin is essential during purification (McNaughton et al., 1989).

The specific activity of purified PEPC, reported in literature, varied from
a very low average value of 4-10 U mg protein (Coombs et a., 1973;
Hayakawa et a., 1981; O'Leary et al., 1981; Sugiyama et d., 1934; Wedding
and Black, 1986) and to as high values as 180-220 U mg"' protein (Mukerji,
1977; Reibach and Benedict, 1977). The latter high vaues are presumably in
error. In case of CAM plants, the best specific activity reported in Kalanchoe
daigremontiana is around 35 U mg' protein. However, the specific activity
from other CAM plants varied from 17-300 U mg™' protein (Nott and Osmond,
1982). Reviewing the available literature, O'Leary (1982) commented that the
specific activity of purified PEPC could be around 25 U mg™ protein. Similar
range of specific activities have been obtained by several authors (Hatch and
leldt, 1985; Iglesias et a., 1986; Wedding et al.. 1988, McNaughton et d.,
1989). Recently a specific activity of 7.68 U mg™  protein was reported for
PEPC purified from developing seeds of Brassica campestris (Mehta et d.,
1995).

Stability of PEP carboxylase
Cytosolic enzymes such as PEPC ae present in vivo a fa higher

concentrations than that are used during in vitro assays. The enzyme is



unstable and may dissociate into inactive di- or monomer on dilution (Wu €t al.,
1990). The addition of solutes (such as glycerol or PEG) during extraction and
storage helps to maintain the tetrameric state of severd enzymes (Rhodes and
Hanson, 1993). Natural solutes, like betaine and proline can protect enzymes
againgt heat denaturation (Paleg et a., 1981; Nash et a., 1982). Smilarly,
synthetic polymers like PEG are usad often for protein stabilization (Reinhart,
1980).

PEPC is affected by compatible solutes in severa ways. stabilization of
enzyme during storage (Sdlinioti et al., 1987), protection of the enzyme against
NaCl inhibition (Pollard and Wyn Jones, 1979; Manctas et al., 1986; Manetas,
1990) and improvement of catalytic efficiency (Stamatakis et al., 1988; Podesta
and Andreo, 1989). Karabourniotis et al. (1983) and Medina et &. (1985) have
used glycerol and other solutes as dabilizers of activity and regulatory
properties of PEPC during and after extraction. The presence of glyceral
stabilized the maize PEPC activity by promoting the tetrameric foom and
enhancing the V,,,, of the enzyme (Uedan and Sugiyama, 1976). However,
glycerol was unable to prevent the dissociation of PEPC or ghift the

equilibrium of enzyme to active tetrameric fom a pH 80 (Podesta and
Andreo, 1989).

Regulation of PEP carboxy lase
PEPC is an alogteric enzyme which is regulated by severa internad and
external factors (e.g. metabolic regulation by effectors light, temperature and

p! ). The influence of these factors varies depending on the enzyme source and
other interacting factors.

Metabolites (Inhibitors/Activators):

PEPC is highly regulated by feed-back inhibition by dicarboxylic acids
oxalacctate and dlosteric activation by metabolites, particularly phosphate-
compounds (Raghavendra and Das, 1976; Gonzaez et ., 1984; Andreo et dl.,



1987). Mdate and aspartate (besides oxalacetate) are among the typical feed-
back inhibitors. G-6-P is a powerful activator of PEPC, particularly in C,
plants.

L-malate, which is aproduct of C;-pathway, isacompstitive inhibitor
of the PEPC (Huber and Edwards, 1975). Mdate is a known inhibitor not only
of C, PEPC, but with different effectiveness dso in C; and CAM forms (Kluge
et al.,, 1988; Echevarria et al.,, 1990; Jiao and Chollet, 1990). Aspartate also
inhibits the enzyme, quite strongly in some C, plants (Huber and Edwards,
1975; Iglesias et al., 1986). Aspartate may protect the enzyme against thermal
inactivation (Rathnam, 1978; Mares and Leblova, 1980). Organic acids and
andogues of PEP/pyruvate are poweful inhibitors of the C;, enzyme
(Rajagopalan et a.. 1994). Based on this property, severd andogues of PEP
are employed to study the reaction mechanism of the enzyme (Gonzadez and
Andreo 1989; Janc e al., 1992 a b). The extent of maate inhibition depends on
various factors like assay pH, phosphorylation status of enzyme, proteolytic
loss of N-terminal region and presence of activators, eg. G-6-P (McNaughton
et al., 1989, 1991; Jao and Challet, 1991; Ausenhus and OLeary, 1992; Wang
et al., 1992). Willeford et a. (1990) postulated that malate causes changes in
the oligomeric structure of the enzyme, enhancing the formation of less active
dimer. In contradt, as an adaptive festure, PEPC from C; and CAM plants can
change their sengtivity to mdate inhibition, by modification of enzyme-
protein. Such change in maate senstivity is achieved through a regulatory
seryl-phosphorylation (Nimmo et d., 1984; Kluge e a., 1988, Jao and
Chollet, 1990). The dephosphorylated form of PEPC is extremely sendtive to
malate, while the phosphorylated form is not so sensitive.

Besides G-6-P, atypicd dlogeric activator of the C; enzyme (Andreo
et a., 1987), PEPC is activated by many phosphate-esters (Podesta et .,
1990). Walker et al. (1988) suggested that phosphatase activity of PEPC may
be related to the activation process by phosphate compounds. However, in



maize, the activation of PEPC occurred without dephosphorylaion of the
activator (Bandarian et al., 1992).

The activation of PEPC by glycine is reported only in C, monocots such
as maize (Nishikido and Takanashi, 1973; Doncaster and Leegood, 1987;
Bandarian e a. 1992). Glycine exeted no efect on PEPC from
dicotyledonous C, plants or from C; plants (Nishikido and Takanashi, 1973).
This observation corrdlates well with the structural information, now available,
on PEPC which suggests the C, enzyme of the monocots (eg. maize and
sorghum) may have evolved separately from other C4 dicots, CAM and C,
plants (Lepiniec et d., 1993).

Apart from the above, other known activators of PEPC that could be
physiologicaly important, are fructose-2,6-bisphosphate  (Doncaster and
Leegood, 1987), P (Podesta et a., 1990), dihydroxyacetone phosphate,
fructose-6-phosphate (Doncaster and Leegood, 1987), AMP (Rudin ct a.,
1988), carbamyl phosphate (Gonzalez e a., 1987) ad ribulose-1,5-
bisphosphate (Leblova et d., 1991).

Light:

[llumination enhances, by 2-3 fold, the activity of PEPC. particularly in leaves
of C4 plants. Light-activation is a festure of key photosynthetic enzymes in C;
plants (Buchanan, 1992). A two-fold activation of PEPC was first observed in
Amaranthus palmeri leaves by Sack (1968). After a prdiminary confirmation
of light activation in Atriplex tatarica (Gavalas et al., 1981). light activation of
PEPC has been reported in leaves of severd C, species (Karabourniotis et d.,
1983). The light activation of PEPC is distinct from light-induced synthesis of
PEPC-protein, which is obsaerved typicdly during greening of sorghum or
maize leaves (Sms and Hague, 1981; Vidal and Gadal, 1983). Sms and Hague
(1981) have reported an increase in level of mesophyll cdl mRNA and PEPC-
protein synthesis during lesf development and greening of etiolated maize

leaves.



Besides the change in activity, the kinetic and regulatory properties of
PEPC are markedly modulated by light/dark (L/D) transitions in vivo (Andreo
e al,, 1987; Jao and Chollet, 1991). The enzyme cxhibits two or three fold
more activity on illumination a sub-optimal but physiologica levels of PEP
and pH (Jiao and Chollet, 1988). The light-form is less senstive to feedback
inhibition by malatc and exhibits a marked stimulation by G-6-P. On the
other hand, the dark-form is quiet senstive to malate and is less activated by
G-6-P. The response of PEPC in Cs-leaves to light is much less than in C,
plants. The increase in PEPC on exposure to light is margina (about 10-15%)
in C; species (Rgagopaan et d., 1993). Further, the addition of an alosteric
positive effector (G-6-P) provided much greater protection againgt maate
inhibition of the enzyme from C, species than that from C; species (Gupta et
al., 1994).

Margina increase in light activation wes reported in mesophyll
protoplasts of maize (Devi and Raghavendra, 1992). Pierre et d. (1992) have
demonstrated light induced phosphorylation of PEPC in mesophyll protoplasts
in sorghum and its dependence on cdcium and pH. Light induced
phosphorylation also was observed in guard cel protoplasts of Viciafaba L.
(Schnabl e a., 1992), athough no light activation of PEPC could be detected
in guard cell protoplasts of Commelina communis L. (Willmer et &., 1990).
Using an artificia photosenditive dye in a recongtituted system, marked photo-
activation of purified PEPC was demongtrated by Maheswari and Bharadwa
(1991), but this phenomenon needs to be confirmed.

The phenomenon of light activation of photosynthetic enzymes can be
due to changes in the thiol groups (lglesias and Andreo, 1984) or hy
phosphorylation-dephosphorylation of amino acid residues like serine (Jiao and
Chollet, 1991). Buchanan (1991, 1992) have reported the involvement of thiol
groups in modulation of severd C, enzymes, but this phenomenon may not be
well applicable to cytosolic enzymes like C,-PLEPC (Jao and Chollet, 1991).
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On the other hand, pH may be an important factor during light activation of

PEPC, located in cytosol of mesophyll cells. Light induces alkalization of
cytosol and can lead to activation of PEPC and PEPC-protein kinase (PEPC-
PK) or both. This has been shown in "cytosol enriched" cell sap of
Alternanthergoungens, a NAD-ME type plant (Rajagopalan et al., 1993). Light
is also known to induce marked alkalization of cytosol in mesophyll cells of C,
plants, as documented by the use of pH-dependent fluorescent probes
(Raghavendraet a., 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 case of C, plants
(Selinioti et al.. 1986). Attempts have been made to correlate the poor rate of C
photosynthesis at low temperature with cold lability of PPDK (Shirahashi et al.,
1978) and thermal response of PEPC (Selinioti et al., 1986). However, there is
no clear correlation in response of PEPC in cold-exposed leaves with behaviour
of the enzyme in vitro (Petropoulou et al., 1990; Krall and Edwards, 1993).

Yet, the activity of PEPC in C4 as well as CAM plants is known to be
regulated by temperature. At higher temperature, there is an increase in V.,
and a decrease in apparent K,, (PEP) of the C, isoform. Cold inactivation of
PEPC was observed at higher pH in Cynodon dactyvion. Atriplex halinus and
Zea mays (Angelopoulos et a., 1990). The oligomeric status of the PEPC-
enzyme may vary depending on the temperature. Above 25 °C, there is an
aggregation of PEPC in case of C; or dissociation in case of CAM (Wu and
Wedding, 1987). A change may occur on exposure to cold/chilling in form of
PEPC: from active tetrameric to less-active dimers or monomers (Shi et al.,

1981; Walker et al., 1986).

Krall and Edwards (1993) reported that the PEPC enzyme was very
stable at even low temperatures in Panicum miliaceum, while the enzyme from

Panicum maximum, lost 50% of its activity on incubation for 60 min at 0 °C. A
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temperature dependent increase in PEPC activity, in presence of solutes, was
reported in Cynodon dactylon (Drilias et al., 1994). The effect was more
pronounced at temperature above 30 °C. PEPC is protected against cold
inactivation by addition of compatible solutes like proline or betaine (Kral and
Edwards, 1993). Temperature can daffect oligomeric/aggregation Status of
enzymes. However, thisis not wel corroborated in case of C4-PEPC (Shi et dl.,
1981; Wadker et a., 1986).

pH:

PEPC is highly regulated by cytosolic pH (Davis, 1973, 1979; Andreo et a.,
1987; Rajagopaan & a., 1993). The enzyme is active a pH 80 and becomes
inactive at acidic pH, thereby dowing down carboxylation. The enzyme shows
competitive inhibition a pH 80 but non-competition & pH 7.0 with malate
(Gonzalez et al., 1984).

Besides the regulation by pH, PEPC has been proposed to be involved in
the regulation of intracdlular pH, and thus forms an important part of the
biochemical pH-dtat, particularly in plant cells (Davis. 1973, 1979). Recent
reports by Raghavendra et d. (1993), Yin et ad. (1993) usng pH-dependent
fluorescent dyes, have demonstrated the marked changes in the intracellular pH
on illumination. Light induces an dkdization of cytosol and acidification of
vacuole within the leaves. The extent of cytosolic akalization in mesophyll
cells of C, plants was much greater than that in C; leaves. The changes in pH
could modulate the intracellular calcium, as in sorghum mesophy!l protoplasts
(Pierre et a., 1992). The response to pH may dfect the catalytic activity of
PEPC or PEPC-PK or both (Rajagopdan et d.. 1993).

Salt/Water stress.

Water stress, increases the activity of PEPC in leaves of Salsola soda, similiar
to the effects of warm-temperatures on PEPC in C,4 plants. In contrast, PEPC in
Cynodon dactylon is activated by betaine, while proline is a competitive
inhibitor of PEPC (Manetas et al., 1986). However, the effect of salt stress on



PEPC is not manifested in C, plants as strongly as in CAM plants. For eg. in
an inducible-CAM plant, Mesembryanthemum crystallinum, PEPC-activity
rises remarkably on exposure to sdt or water stress, due to enhanced
transcription of the ppc gene (Mc Elwain et al., 1992). Photoperiodism Or water
dress can hift young leaves of Kalanchoe blossfeldiana from C,-type
photosynthesis to CAM. It has been shown that endogenous levels of ABA
preceded PEPC increase, independent of CAM induction in isolated leaves of
Kalanchoe blossfeldiana (Taybi et a., 1995). Da et a. (1994) provided
evidence that in Mesembryanthemum crystallinum, the increase in PEPC
activity upon ABA treatment was due to increased levels of CAM-specific

isoform of the enzyme.

Effect of saltslinorganic ions

Stimulation of dark CO, fixation by ammonium is a well known phenomenon
(e.g. Hammel e d., 1979; Miyachi and Miyachi, 1985). Ammonium ions
enhance assimilation of carbon into C4 acids in higher plants, dgd cels and
cyanobacteria (Ohmori et d., 1986; Miiller & a., 1990; Vanlerberghe €t al.,
1990). Such gtimulation was assumed to be due to the increase in the activity of
PEPC in ammonia-treated cells. The rates of ammonia assimilation in vivo were
well corrdated with PEPC activity in a green aga, Selanastrum minutum
(Vanlerberghe et al., 1990).

Ammonia is a toxic metabalite and inhibits several enzymes of plant and
anima metabolism (WHO, 1986). Neverthdess, a fev enzymes such as
pyruvate kinase are stimulated by ammonium (Miller, 1970; Kanazawa ¢ a.,
1972; Peterson and Evans, 1978). Although the increase in PEPC activity has
been correlated with elevated rates of dark carbon fixation, the direct effects of
ammonium salts on PEPC activity in vitro were not assessed. Gayathri and
Raghavendra (1994) have recently reported that ammonium ion can stimulate
PEPC in vitro. The effect of ammonium on PEPC was a the regulatory



alosteric site on the enzyme. Another possibility is the modulation of
intracellular pH by externally added NH,". Ammonia diffusion into cells may
cause akalization of cytosol and the rise in pH could in turn stimulate PEPC.

Biosynthesis of PEPC in maize leaves was affected by the extent and
form of nitrogen available to the plant. For eg., the levels of PEPC are
increased on feeding maize leaves with nitrate or ammonium (Sughiharto et al.,
1990; Sughiharto and Sugiyama, 1992). Ammonium salt was two-fold more
effective inducer of PEPC biosynthesis than that of nitrate (Sughiharto and
Sugiyama, 1992). These effects can be termed as long-term ones.

Van Quy et a. (1991a, b) have reported in wheat leaves the light
activation of PEPC is further enhanced in presence of nitrate. Van Quy and
Champigny (1992) and Duff and Chollet (1995) suggested that presence of
nitrate enhances the PEPC-PK activity which phosphorylates PEPC in wheat
leaves in the light, leading to greater light activation. Thus the presence of
nitrate/ammonia are of two kinds: long-term enhancement of PEPC
biosynthesis and short-tcrm: increase in the activity of PEPC/PEPC-PK.

Another important ion which is involved in rcgulation of PEPC is
calcium. PEPC is one of the few plant proteins, photoregulatcd and controlled
by a complex cascade of events, possibly involving calcium. Light dependent
phosphorylation of PEPC in mesophyll protoplasts of sorghum was promoted
by weak bases such as ammonium chloride and methvlamine (Pierre et al.,
1992). These ions were expected to increase the cytosolic pH. raise the levels of
calcium and activate PEPC or PEPC-PK or both. However, the evidences on
the involvement and regulation by calcium of PEPC-PK are contradictory.
These are further discussed in the following pages. Further studies are needed
to resolve the role of pH and calcium in regulating the activity of PEPC and

its phosphorylation by PEPC-PK in C4 and CAM plants.
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Post-translational modification of PEP carboxylase

The post-translational modification of PEPC in plants involves two types of
phenomena: Phosphorylation and oligomerization.
Phosphorylation-Dephosphorylation:

Regulation of enzyme activity in plants by reversible phosphorylation has been
reviewed (Budde and Chollet, 1988; Huber et al., 1994). Regulatory
phosphorylation can result in inactivation or activation and/or changes in the
alosteric properties of the target enzyme. However, the extent of these changes
can vary greatly among different target enzymes. For example, in case of
PPDK, the difference in the catalytic activity between the phosphorylated and
dephosphorylated forms can be so large, up to ten-fold. between the light- and
dark-forms (Huber et al., 1994). On the other hand. alteration in
phosphorylation status of some cnzymes, may result only in two-three fold
changes in the activity, as in case of PEPC. The phosphorvlation of PEPC
occurs at one or more seryl residues in C; and CAM plants (Nimmo, 1993).
Regulatory phosphorylation of PEPC by a PEPC protein-serine kinase is
established, both in vitro and in vivo (Jiao and Chollet. 1991). The

°

phosphorylation of PEPC occurs on ser in sorghum (Jiao et a., 1991; Wang
et al., 1992), ser' in maize (Jiao and Chollet, 1990; Jiao et al.. 1991), ser" in
tobacco (Wang and Chollet, 1993) ser" in soybean root nodule (Zhang et al.,
1995). The phosphorylation occurs on ser (day) in AMesembryanthemum
crystallinum(Jiao and Chollet, 1991; Baur et al., 1992; Nimmo. 1993).
Comparison of amino acid sequences around N-terminal region reveals
that the important structural amino acid motif of “Lvs 'Arg-X-X-Ser”, which
appears to interact with PEPC-PK, is present in al C;. C5-Cy. and C4 forms of
PEPC but not in those of prokaryotes: E. coli ox A. nidulans (Cretin et al., 1991;
Poetsch et al., 1991; Pathirana et al., 1992; Schiffnerand Sheen, 1992). This
observation suggests that PEPC of only higher plants possesses marked

regulatory properties. It is now known that PEPC of also C; plants undergoes
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reversible phosphorylation and changes its allosteric properties, like that of C,
and CAM-PEPC (Gupta et al., 1994).

Limited information is available on post-translational regulation of the
non photosynthetic C; enzyme, although it too is a subject of allosteric control.
Phosphorylation of PEPC has been reported with purified PEPC of maize and
tobacco (Wang and Chollet, 1993), and also in leaves of C; plants (Van Quy et
al., 1991 a, b; Duff and Chollet, 1995), stomatal guard cells (Schnabl et al.,
1992; Zhang et a., 1994), in legume root nodule extracts in vitro (Vance and
Gantt, 1992; Schuller and Werner, 1993) and in vivo (Zhang et al., 1995).
Phosphorylation of afalfa and soybean root nodules in crude extracts by
endogenous protein kinase in vitro has also been reported (Pathirana et al.,
1992). The phosphorylation site is accessible to both homologous and
heterologous protein kinases, c.g. mammalian protein-kinase A (Jiao and
Chollet, 1990; Terada et al., 1990).

The post-translational modification by phosphorylation of PEPC is
promoted further in light by virtue of reversibly light-activated nature of
PEPC-PK (Echevarria et a., 1990; Jiao and Chollet, 1991: McNaughton et al.,
1991; Bakrim et al., 1992; Jiao and Chollet, 1992). The activity of PEPC-PK is
increased, possibly due to de novo synthesis of the enzyme. McNaughton et al.
(1991) speculated that a signal generated in ehloroplast may initiate a sequence
of events that leads to a significant increase in activity of PEPC-PK and
phosphorylation of PEPC in the cytosol. On feeding with photosynthetic
inhibitors like DCMU or DL-glyceraldehyde, phosphorylation of PEPC
decreased indicating the co-ordination of both mesophyll and bundle sheath
cells (Jiao and Chollet, 1992). However. Pierre et al. (1992) have shown that
maize mesophyll protoplasts possess the intrinsic ability. similiar to whole lesf,
in performing PEPC phosphorylation.

While phosphorylation of PEPC is catalyzed by PEPC-PK, the
dephosphorylation is brought about by type 2A protein phosphatase(s) (Carter
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et al., 1991; McNaughton et al., 1991). Although PEPC has been purified from
leaves of several C,4 plants (maize and sorghum), CAM species (Bryophyllum
fedtschenkoi) and C; species (tobacco), attempts to purify PEPC-PK from C,
or CAM plants are still very limited.

Calcium-dependent and calcium-independent protein kinases were
purified from sorghum leaves (Bakrim et al., 1992). Ogawa and Izui (1992)
also have shown that phosphorylation of PEPC is by a calcium-dependent
protein kinase in maize leaves. PEPC from sorghum was phosphorylated in a
calcium-calmodulin dependent manner (Echevarria et a., 1988). However, Jiao
and Chollet (1988, 1990, 1991) have reported that phosphorylation of PEPC in
maize occurs in a calcium independent manner. Such discrepancy in the
reports on the role of calcium during phosphorylation of PEPC could be due to
presence of multiple kinases in cytosol (Ogawa and 1zui. 1992).

The information about PEPC-phosphatase(s) from C4 plants is even
scarce. On treating with alkaline phosphatase, the malate inhibition of PEPC
increases and enzyme functions in a manner similar to that of dark-form (Jiao
and Chollet, 1988: Arrio-Dupont et al., 1992). The co-ordination of both PEPC-
PK and PEPC-phosphatase(s) may determine the net phosphorylation and its
sensitivity to malate during L/D transitions.

Oligomerization:

PEPC is a homotetramer (Andreo et a., 1987) and exists as dimer or monomer.
depending on severa factors: pH, ionic strength (Walker et al., 1986; Wagner
et al., 1987), temperature (Wu and Wedding, 1987) and PEPC concentration
(Willeford and Wedding, 1992). Presence of NaCl causes dissociation of
enzyme into dimer at pH 7.0, and into dimers/monomers at pH 8.0. Presence of
PEP, magnesium or G-6-P prevented dissociation of the enzyme (Wagner et al.,
1987). Effectors such as G-6-P and malate, or presence of solutes (PEG,
glycerol) can effect the aggregation of the enzyme (Podesta and Andreo, 1989;
Manetas, 1990; Wedding et al., 1994). G-6-P increases the aggregation of the
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enzyme (Wu and Wedding, 1994). Wang et al. (1992) have reported that
phosphorylation has no effect on G-6-P and the activation of the enzyme by G-
6-P occurs by a more complex mechanism than the activation by PEP or
inhibition by malate.

Glycerol and high PEPC concentration shifts the enzyme to active
tetrameric form (Podesta and Andreo, 1989). However, Weigend and Hincha
(1992) have reported that there is no relation between the malate sensitivity and
the oligomeric status of the enzyme. Dilution of the enzyme in vitro can change
the oligomeric status of the enzyme (Wu et al., 1990). Most of these
experiments on oligomerization of PEPC have been done in vitro and not much
information is available on the form of PEPC under in vivo conditions. The
physiological condition of the oligomerization of the enzyme in vivo is yet to be
investigated critically and its relevance to phosphorylation would be of great
interest.

A lot of work has been done on the physiology, biochemistry and
molecular biology of PEPC. But there is still a large scope for further work, on
PEPC particularly from C, plants and C;-C,intermediates. For example, PEPC
has been purified to homogeniety from leaves of several C;- and -C, plant
species like spinach, maize, sorghum (Rajagopalan et al.. 1994). and even from
Amaranthus viridis (Iglesias et a., 1986). Nevertheless, a method of rapid
purification, along with long-term storage, is extremely useful for detailed
studies. We have therefore, attempted to purify PEPC from Amaranthus
hypochondriacus and evolve an acceptable method of storage.

Addition of glycerol stabilizes PEPC (Karabourniotis et al., 1983). since
otherwise the enzyme is unstable, particularly on dilution (Selinioti et al..
1987). Inclusion of solutes, like PEG, has been conventionally used for
stabilization of proteins (Reinhart, 1980). The effects of different solutes like
PEG on stabilization and properties of PEPC from Cq4 plants, is not yet studied

in detail.
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Although the existence of at least four isozymic forms of PEPC have
been described in a number of C;, C3-C,4 intermediate and C4 plants (Ting and
Osmond, 19733, b; Peterson and Evans, 1979; Vidal and Gadal, 1983), there is
ambiguity about their distinction. Kinetic and characterization of PEPC from
Amaranthus hypochondriacus, a C4 plant in comparison to that of other C, or
C, dicots/monocots is naturally a topic of interest.

PEPC has become a classic example of enzyme regulation by post-
translational modification by phosphorylation-dephosphorylation cascade (Jiao
and Chollet, 1991; Huber et al., 1994). However there is a lot of debate about
the nature of PEPC-PK regulation of PEPC by calcium. There are conflicting
reports that PEPC-PK is Ca’* dependent or Ca®" independent.

In the present investigation, PEPC was purified from the leaves of
Amaranthus /npochondriacusa NAD-malic enzyme type C, plant and used to
answer some of those questions. The approach and objectives are further

elaborated in the next chapter.
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Chapter 2

Approach and Objectives

Our major objective is to study the biochemical and immunological properties
of PEPC from leaves of a C4-dicot plant. PEPC is located in the cytosol of
mesophyll cells of C4 plants, and this property make it easy to use crude
extracts of a C, plant as the source of enzyme. Further, the leaf tissue of a C,
dicot is soft and easy to extract the cell-sap. Amaranthus hypochondriacus,a
NAD-ME type of C,4 plant, is an important grain crop/leafy vegetable, which
grows vigorously in our semi-arid sub-tropical region. We have therefore used
the leaves of Amaranthus hypochondriacus for studies on purification and
characterization of PEPC. Emphasis was given to the methods of purification
and storage of the enzyme, besides the interaction of PEPC with organic solutes
like PEG, and regulation by cations, particularly ammonium and calcium.

The first set of experiments were designed to purify PEPC from leaves
of Amaranthus hypochondriacus and to identify the best way of storage.
Purification of the PEPC was done through conventional techniques of 40-60%
ammonium sulphate fractionation, followed by DEAE-Sepharose, HAP
chromatography and finaly through Seralose 6-B column and the enzyme was
concentrated with PEG-20,000. The purified PEPC is unstable, and if proper
precautions are not taken, the enzyme loses frequently its N-terminal end and
becomes malate—insensitive (McNaughton et al.. 1989; Duff et al., 1995).
Therefore, we have studied the properties of the purified enzyme by storing
it in the presence and absence of 50% (v/v) glycerol and at different
temperatures (i.e., room temperature, 4 °C, -20 "C, and liquid nitrogen). The
kinetic parameters, such as V..« K., for PEP. K; for malate, and K, for G-6-P
of the purified enzyme, were also studied after storing the preparation for 24 h

al different temperatures.
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Polyclonal antibodies were raised in rabbits against the purified PEPC
from Amaranthus hypochondriacus and also against commerically available
PEPC from maize (Sigma, Chemical CO., USA) using the procedure of Nimmo
et al. (1986). Immunoprecipitation using the antibody confirmed that the PEPC
was precipitated effectively in the crude extracts from leaves. Ouchterlony
double diffusion method was employed to check the antibody titer value and to
assess the cross-reactivity between the PEPC of C, dicots and C, monocots.
Single radial immunodiffusion  was performed to quantitate the amount of
PEPC protein in total leaf crude extracts, after calibration using purified
enzyme as the standard-protein. Further analysis was done through Western
blots to examine the relationship between C,;, C3-C4, C, (monocot and dicots)
species, using anti-PEPC antiserum from Amaranthus hypochondriacus and
Zea mays. This was done to check the specificity of the antiserum prepared.
The technique of Enzyme Linked Immunosorbent Assay (ELISA) using
alkaline phosphatase (Gillina and Greally, 1993), was used to detect and
quantitate very low levels of PEPC in crude extracts of C, species. Our
observations suggest that C, dicot PEPC is distinct from that of C,, C;-C4 and
C4 monocots, while the PEPC of C4 monocot is closer to C; monocot than to
C, dicot. This is similar to the recent assessment of PEPC-evolution by
I.epinice et al. (1993, 1994).

Organic solutes play an important role in maintaining the integrity of
cnzymes, even during adverse conditions of extraction (Rhodes and Hanson,
1993; Drilias et a., 1994). Addition of PEG, ethylene glycol, or glycerol, helps
the enzymes to maintain their homologous interaction and thus improve their
stability (Selinioti et al., 1987; Drilias et al., 1994). Interactions between the
enzymes that exist at a high protein concentrations in vivo can be mimicked in
vitro by addition of compatible solutes (e.g. PEG) to the reaction mixture.
According to Timasheff (1992), the structure stabilizing solutes are excluded

from the domain molecules which are thus confined to a small fraction of the
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total volume and forced to a low-volume conformation. Under such a high
protein concentration during extraction and storage, a situation, closer to the
physiological situation, the stability of oligomeric enzymes is enhanced.

PEPC is likely to be in diluted state in crude leaf extracts. This would
definitely change in the conformation and properties of PEPC. Since the
solutes act as protein concentrating agents, there can be change in the
“oligomeric status of PEPC in the presence or absence of PEG. Therefore, we
have examined the effect of three different types of PEG on the activity and
kinetic characteristics of the enzyme (i.e., response to PEP, malate sensitivity
and G-6-P). The effect of sorbitol was also checked on the enzyme to see if
the enzyme-interaction with these solutes was due to changes in the osmotic
strength. PEPC is known to get activated in light, with marked changes in the
characteristics of the enzyme. Hence the effect of solutes was studied also on
dark/light form of PEPC. The enzyme was assayed at sub-optimal or optimal
substrate concentration.

The expression of PEPC in leaves is affected by the nitrogen availability
to the plant. The levels of PEPC in nitrogen starved leaves of maize increase
markedly on feeding with nitrate or ammonium (Sugiharto et a. 1990;
Sugiharto and Sugiyama, 1992). These reports demonstrated that the induction
of PEPC biosynthesis by ammonium ions was two-fold stronger than that by
nitrate. The effect of several inorganic salts (of monovalent and divalent ions)
on PEPC was evaluated in leaf crude extracts of Amaranthus hypochondriacus.
Among a range of different salts tested, PEPC in the leaf extracts of A.
hypochondriacus was stimulated markedly (180% at 50 M) by ammonium
salts and to some extent by potassium ions. Acetate and sulphate sats of
ammonium, besides chloride, were used to ensure the effect of NH, on PEPC.
On the other hand, salts of monovalent ions like lithium, sodium and rubidium
were also tested, besides those of ammonium or potassium and divalent cations

such as calcium. Magnesium, any way, is essential for PEPC-enzyme reaction.
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PEPC is subjected to phosphorylation-dephosphorylation cascade during
L/D transitions in vivo (Jiao and Chollet, 1991; Nimmo, 1993; Rajagopalan et
al., 1994). A protein-serine kinase catalyses the phosphorylation of PEPC,
while a type 2A protein phosphatase dephosphorylates the enzyme. Recent
reports on the PEPC kinase in C4 plants indicate that de novo cytoplasmic
protein synthesis is an important component. Experiments with mesophyll
protoplasts of maize (Devi and Raghavendra, 1992) and sorghum (Pierre et a.,
1992) have shown that pH and calcium are important factors during light
activation and phosphorylation of PEPC. However, the mechanism of action of
calcium and its interaction with pH during PEPC phosphorylation is under
debate.

Experiments were therefore designed to investigate if calcium modulates
PEPC or PEPC-PK or both. Phosphorylation of PEPC can be studied either
directly or indirectly. An indirect way is to incubate crude extracts with ATP
and determining the extent of activation of PEPC after incubation. On the other
hand, the direct way would be to monitor and assess Pi incorporation into
PEPC in crude leaf extracts. Experiments were therefore conducted to examine
PEPC-phosphorylation using both direct and indirect methods. Incubation with
ATP stimulated PEPC activity and decreased the malate sensitivity particularly
in extracts from illuminated leaves. Pretreatment of leaves with EGTA in vivo,
decreased the extent of stimulation by ATP of PEPC activity (a measure of
PEPC-PK). particularly in leaves exposed to light. Direct evidence of PEPC-
phosphorylation was obtained by either incubation of leaf extracts with AT P
(in vitro) or feeding intact leaves with "Pi ( in vivo). The leaves were
extracted, proteins separated on 10% SDS-PAGE and autoradiographed. In
vivo labelling of leaves with  Pi showed that the phosphorylation of PEPC was
more in light than that in dark treated leaves. Most of the experiments were

therefore conducted with illuminated leaves.
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Further experiments were designed to evaluate the involvement of
cacium and calmodulin as an additional components involved in the
transduction of light signal to activate PEPC or PEPC-PK or both. Leaves were
fed Tirough petiole, a calmodulin antagonist trifluoperazine (TFP) and
diltiazem, verapamil and lanthanum (calcium channel blockers) in light. The

phosphorylation pattern of PEPC from these leaves was analysed, using AT P.

Thus the objectives of present work are to:

1. Purify PEPC from leaves of Amaranthus hypochondriacus and to identify the
best way of storage.

2. Examine the immunological properties of PEPC from A. hypochondriacus
in comparison with those of a few other C; or C; monocot/dicot species.

3. Investigate the effect of polyethylene glycol (PEG) and its interaction with
activity, kinetics and regulation of PEPC in leaf extracts and in purified
enzyme preparations.

4. Study the effect of inorganic cations (including ammonium and potassium)
in vitro on the activity and kinetics of PEPC extracted from leaves of
A. hypochondriacus.

5. Examine and compare the effect of calcium on the activities of PEPC
and PEPC-PK and involvement of calmodulin during the phosphory-
lation of PEPC.

Some of the experiments were conducted with crude leaf extracts of A.
hypochondriacus, while the others were done with purified PEPC from these
leaves. A few experiments, for comparitive purposes, involves PEPC in crude

leaf extracts of a few C;- and Cy plants and C;-C, intermediates.
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Chapter 3

Materials and Methods

Plant Material

Plants of Amaranthus hypochondriacus L. (cv. AG-67) were raised from seeds,
supplied from cytogenetics division, National Botanical Research Institute,
Lucknow. The plants were grown on soil supplemented with farm-yard
manure, in 25-cm diameter earthen pots kept outdoors in the field (approximate
photoperiod 12 h and temperature of 30-40 °C day and 25-30 °C night). The
upper fully expanded leaves of 4 to 6 week old plants (Plate 3.1) were
harvested, about 2-3 h after sunrise.

For some of the studics, plants belonging to C;- or Cy- or C;-C,
intermediate types were used for ascertaining the comparative nature of PEPC.
The plants used for these studies, which were grown in the field, are as follows:

C, species:

Alternanthera sessiles L.
Commelina benghalensis L.
Pisum sativum L. (cv. Arkel)

C, plants:

Amaranthus /nvpochondriacusL. (cv. AG-67)
Alternanthera pungen{L.) H. B. & K.
Amaranthus viridis L.

Pennisetumglaucum (L.) R. Br. (cv. IP-8166)
Sorghum bicolor (L.) M. (cv. CHS-11)

C3-C4 intermediates:

Alternanthera ficoides (L.) R. Br. R.
Alternanthera tenella Colla.

Parthenium hysterophorus L.



Plate 3.1. Plants of 4 to 6 week old Amaranthus hypochondriacus showing

fully expanded leaves.



Experimental Methods

Extraction and Assay of PEPC

Leaves were excised from plants between 9.00 to 9.30 A.M., approximately 3 h
after sunrise. After a period of darkness or illumination (as described in text),
the leaves were cut into small pieces and used for extraction of PEPC.

For some of the experiments leaf discs were used. Discs of ca. 0.2 cm?
were cut from leaves under water with help of a sharp paper puncher. Twenty
discs were kept in a Petri dish (5-cm diameter) containing 10 ml of water and
left in darkness for 2 h. If, necessary, the discs were illuminated at 1000 uE
m? 5™ for 20 min (after pre-darkening).

Leaved/leaf discs were extracted with 100 mM Hepes-KOH pH 7.3,
containing 10 mM MgCl,. 2 mM K-11PO,, 1 mM EDTA, 20% (v/v) glyceral,
2 mM PMSF and 10 mM 2-mercaptocthanol. The extract was filtered through
4 layers of cheese cloth and rapidly centrifuged a 15.000 g for 5 min (Hermle
Z-320 K centrifuge). An aliquot was kept aside, prior to centrifugation, for
chlorophyll estimation.

PEPC activity was assayed by coupling to NAD-malic dchydrogenase.
Enzyme activity was determined at 30 °C by monitoring NADH oxidation at
340 nm in adua beam UV-Vis Spectrophotometer (Shimadzu UV-160A).

The reaction mixture (1 ml) contained 50 mM Hepes-KOH (pH 7.3),
5 mM MgCl,, 10 mM NaHCO;, 2 units of NAD-MDH. 0.2 mM NADH and
leaf extract (equivalent 1 g of chlorophyll). The extract or the purified enzyme
was incubated in the asssy medium for 30 s and reaction was started by
addition of 50 ul of 50 mM PEP (stock solution of PEP prepared in 50 mM
Hepes-KOH pH 7.3). The reaction was linear for at least 8 min with crude
extracts and 5 min with purified enzyme.

One unit of enzyme activity is the capacity of the enzyme to catalyze

the formation of 1 umol of oxaacetate min" .
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Protein and Chlorophyll Estimation

Total protein was determined by using either Folin-phenol reagent (Lowry et
al,, 1951) or the protein-binding dye, Coomassie brilliant blue G (Bradford,
1976) with bovine serum albumin as a standard.

Chlorophyll was estimated after extraction with 80% (v/v) acetone and
using the formula of Arnon (1949). 125 ul of crude leaf extract was added to
5 ml of 80% (v/v) acetone and the absorbance of solution was measured at 652
and 710 nm, using a Shimadzu Spectrophotometer UV-160A. The absorbance
at 652 nm is due to chlorophyll while A5, reflects the turbity of solution. The
concentration of chlorophyll was calculated using the following formula

Chl (mgml™) = (Agsy - A7j0) x 11.11
Kinetics of the Enzyme
The maximum velocity of the enzyme (V,,,,) ad K, for PEP on PEPC were
examined in the presence or absence of solutegeffectors. The cnzyme was
allowed to incubate for 30 s in the assay medium and the reaction was started
by addition of PEP (0.5 to 5 mM). K,, values were calculated from Lincweaver-
Burk's plots.

Malate sensitivity was determined in a 1 ml assay mixture containing
50 mM Hepes-KOH pH 7.3. 5 mM MgCl,, 10 mM NaHCOj, 2 units of NAD-
MDH, 0.2 mM NADH, enzyme (extract) and + malae (0 to 5 mM). The
reaction was initiated by the addition of 25 mM PEP and the change in A;yp
was monitored. K; values were calculated from linear inhibition-equation
using "Enzkinet" computer program.

The activation of PEPC by G-6-P was also studied in a similar manner
as described above, except that different concentrations of G-6-P (0 to 5 mM)
was added instead of malate in the assay medium. K, (G-6-P) vaues were
caculated by activator equation, using “Enzkinet” computer program.

The stock solutions of PEP, malate and G-6-P were prepared in 50 mM
Hepes-KOH pH 7.3.
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Purification of PEPC from Amaranthus hypochondriacus

The purification protocol was similar to that described for the enzyme from
Amaranthus viridis (Iglesias et al., 1986), but with dight modifications. The
details are described below.

Extraction and ammonium sulphate fractionation
The leaves (40 g) of Amaranthus hypochondriacus picked from the field-
grown plants (exposed to sunlight for 2-3 h) were washed, cut into small pieces
and suspended in 200 ml of buffer containing 100 mM phosphate buffer, pH
7.2, 25% (vIv) glycerol, 5 mM DTT, 5 mM MgCl,, 2 mM K,HPO,, 1 mM
EDTA, 2 mM PMSF ad 10 mM 2-mercaptocthanol. Solid
polyvinylpyrrolidone (0.5 g/1 g of leaves) was added to the medium. The leaves
were then homogenised using a Waring blendor (1.5 min; maximum speed).
The homogenate was filtered through a cheese cloth and the filtrate was
centrifuged at 15,000 g for 10 min. The above procedure was performed at 4 °C
and the subsequent steps were carried out at room temperature, about 20-22 "C.
The supernatant (300 ml) was brought to 40% saturation with saturated
ammonium sulphate solution. The suspension was stirred dowly for 30 min and
then centrifuged a 15,000 g for 15 min. The precipitate was discarded, the
supernatant was brought to 60% (v/v) saturation by further addition of saturated
ammonium sulphate solution and the precipitate was collected by centrifugation

a 15,000 g for 30 min.

DEAE-Sepharose chromatography

The above precipitate (after 60%, v/v. saturation of ammonium sulphate) was
suspended in 5 ml of 200 mM potassium phosphate buffer (pH 7.2) plus 10%
(v/v) glycerol. The suspension could be stored overnight at 4 °C, without any
loss of enzyme activity. The next day, the solution was didyzed against 20
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mM potassium phosphate buffer (pH 7.2) and 10% (v/v) glycerol and then
loaded, on to a DEAE-Sepharose CL-6B column (1 x 7 cm), equilibrated with
20 mM potassium phosphate buffer (pH 7.2) and 10% (v/v) glycerol. The
column was washed with same buffer at a flow rate of 05 ml min™ until A,g,
nm returned to baseline. A linear gradient of 40 to 200 mM potassium buffer
(pH 7.2) containing 10% (v/v) glycerol was used to elute PEPC. PEPC duted
as a broad peak and eluted at around 70-80 mM Pi (Fig. 3.1). The active
fractions containing maximum PEPC activity was pooled (20 ml) and the
enzyme was precipitated with 60% (v/v) saturated ammonium sulphate
solution.

Aliquots of the active fractions (Nos 8-15) were checked separately for
the protein profiles on 10% SDS-PAGE (Plate 3.2).

HAP chromatography

The precipitate from the above step. after ammonium sulphate precipitation,
was dissolved in 200 mM phosphate buffer pH 7.2 containing 10% (v/v)
glycerol, and dialyzed against 20 mM phosphate buffer (ptl 7.2) containing
10% (v/v) glycerol. The dialyzcd sample was applicd ontoa 1 x 7 cm HAP
column. HAP column was prepared as described by Oishi (1971). 25 ml each
of 05 M cacium chloride and 0.5 M disodium hydrogen phosphate from
separate burettes were mixed dropwise 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 alowed 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 125 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 just boil (avoid boiling). The gd (HAP) was washed
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Figure 3.1. The pattern of PEPC from a DEAV-Scpharose column. The
enzyme from 60% ammonium sulfate fraction of leaf extract was loaded,
alter dialysis, on a DEAE-Sepharose (1 x 7 cm) column, equilibrated with 20
mM potassium phosphate buffer (pH 7.2) containing 10% (v/v) glycerol. The
column was washed with the same buffer and was euted with a linear gradient
from 40-200 mM phosphate buffer (7.2) containing 10% (v/v) glycerol. The
activity of PEPC was assayed at ptl 7.3 with 25 mM PEP. Further details are
described in the text.
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Plate 3.2. 10% SDS-PAGE of the active PEPC fractions (8 tol5) eluted from
the DEAE-Sepharose column. The pattern of elution and other details are
described in Fig. 3.1.



with 20 mM phosphate buffer pH 7.2 and stored at room temperature until
required. Later it was transferred on to a column of 1 x 7 cm and equilibrated
with 20 mM phosphate buffer (pH 7.2) containing 10% (v/v) glycerol.

The dialysed eluate was applied dowly on the column and the eluate
which passes out of the column is 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 7.2) plus 10% (v/v) glycerol. The PEPC
was eluted in a single peak around 50-60 mM Pi (Fig. 3.2). The active fractions
were pooled and then precipitated with saturated ammonium sulphate solution

(60% viv).

Seralose 6-B Chromatography

The precipitate was dissolved in 20 mM potassium buffer (1.5 to 2 ml)
containing 10% (v/v) glycerol and applied on to a column of Scralose 6-B
(1 x 25 cm) equilibrated with 20 mM potassium phosphate buffer pH 7.2
containing 10% (v/v) glyccerol. Elution was accomplished at a flow rate of 15
ml h”'. The enzyme eluted as a single peak (Fig. 3.3). The fractions containing
high activity were pooled.

Concentration and Storage

The pooled active fractions were transferred into a diaysed bag (2.1 x 3.3 cm)
and concentrated by covering with solid PEG 20,000 (Sigma Chemical Co..
USA). As protein concentration progressed, PEG became sticky and fresh PEG
was added. The concentrated purified PEPC was stored in multiple aliquots
with 50% (v/v) glycerol in liquid nitrogen.
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Figure 3.2. 1:lution profile of PEPC from a hydroxylapatite column. The active
fractions obtained through DEAL-Sepharose column  were pooled and
precipitated by 60% ammonium sulphate. The precipitate was dissolved in 20
mM phosphate buffer (pH 7.2) and dialysed against the same buffer. The
diayscd enzyme was applied on to 1 x 7 cm hydroxylapatite column,
equilibrated with the same above buffer. PEPC was eluted by employing a
linear gradient of 40-200 mM phosphate plus 10% (v/v) glycerol. further
details are as described in the text.
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Figure 3.3. Elution profile of PEI'C from a Seralosc 6-B column, equilibrated

with 20 mM potassium phosphate buffer (pll 7.2) containing 10% (v/v)

glyceral. Further details as described in the text.



Electrophoresis

SDS-Polyacrylamide gel electrophoresis (SDS-PAGE)

Mini-gels (8 cm long x 8 cm wide) of 10% SDS-polyacrylamide were used and
electrophoresis was performed, as per the principles of Laemmli (1970). The
stacking gel (2 cm long x 8 cm wide) contained 0.5 mM Tris-HCl pH 6.7,
4% of acrylamide (from stock solution of 30: 0.8 of acrylamide and
bisacrylamide), 0.1% (w/v) of SDS. The resolving gel (6 cm long x 8 cm wide)
was polymerised using 15 M TrisHCI buffer pH 8.8, 10% of acrylamide
(from stock solution of 30: 0.8 of acrylamide and bisacrylamide) and
0.1% (w/v) of SDS.

The electrode buffer contained 25 mM Tris-HCI, 192 mM glycine, pH
83 and 1% (w/v) SDS. Proteins were dissolved in sample buffer containing
50 mM TrissHCI, pH 8.8, 8% (w/v) SDS, 50% (v/v) glycerol. 10% (v/v)
2-mercaptoethanol, 0.04% (w/v) bromophenol blue and boiled at 100 "C for
2 min and loaded onto 10% SDS-PAGE. Initidly the gd was supplied with
75 volts until the dye migrated into the resolving gd and later the
electrophoresis power supply was raised to 120 volts. Power was supplied
through Atto Digi-Power (SJ-1081) for a total period of about 2 h. 40-60 |ig of
protein was loaded in each of the well, unless otherwise specified. The gels
after the electrophoresis were fixed for 1 h with fixative solution containing
40% (v/v) methanol and 7% (v/v) glacial acetic acid.

Some of 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%, viv, acetic acid) and some by silver stain.

Silver staining was done according to 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) ethyl acohol and 05 ml of 37% (v/v)
formaldehyde/litre for 1 h. Later the gel was washed thrice with 50% (v/v)

35



ethanol for 20 min each. The gd was pretreated with 0.02% (w/v) sodium
thiosulphate solution for 1 min and rinsed with water for 1 min. The gd was
impregnated with 0.2% (w/v) silver nitrate and 0.75 ml of 37% (v/v)
formaldehyde/litre for 20 min. The gel was again washed with water for 1 min
and developed with 6% (w/v) sodium carbonate and 0.5 ml of 37% (v/v)
formaldehyde/litre for 10 min. The reaction was stopped with mixture
containing 50% (v/v) methanol and 12.5% (v/v) acetic acid for 10 min after
washing the gd with water for 4 min. Findly, the gd was washed well with
50% (v/v) methanol (for more than 20 min). After staining, the gd was
destained with destaining solution containing 50% (v/v) methanol and 12.5%
(v/v) acetic acid.

A st of molecular weight markers ( 29 to 116 kD, from Bio-Rad) was

used as standard, for assessing molecular weight of proteins on SDS gels.

Non-denaturing PAGE

Native gel was run as described by Davis (1964). A 10% polyacrylamide gel
(15 em long x 13 cm wide) was polymerised without SDS, using 15 M Tris-
HC] buffer pH 88, 10% of acrylamide (from stock solution of 30: 0.8 of
acrylamide and bisacrylamide).

After the resolving gl is polymerised, 1 cm-wide wells were cut
directly on the resolving gd with help of a comb. The polymerised gel was
cooled at 4 °C before loading the protein. The electrode buffer contained 25
mM Tris-HCl, 192 mM glycine pH 8.3 and electrophoresis performed at 4 °C.
The run was started with 75 volts for 2 h and the electrophoresis power supply
of 120 volts was supplied through Atto Digi-Power ( SJ-1081) for about 10 h.
20 pg of purified PEPC was loaded into each of the well.

Saining the gels for PEPC activity
Activity staining for PEPC was carried out a& 30 °C as described by
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Nimmo and Nimmo (1982).

After the native gel was run, glycine (which may inhibit PEPC) was
removed from the gels by presoaking them in 50 mM Tris-HCI (pH 8.0), 0.1%
(v/v) 2-mercaptoethanol,10 mM CaCl,, as it inhibited PEPC for 10 min. The
staining mixture contained 50 mM Tris-HCI, pH 8.0, 5 mM MgCl,, 2 mM PEP,
10 mM NaHCO;, 0.1% (v/v) 2-mercaptoethanol and 10 mM CaCl, a 30 °C.
The gd was incubated for about 30 min at room temperature with the staining
mixture. On reaction with PEPC, white bands appear on the gel. The PEPC
(active) present in the gel on reaction with PEP and NaHCO; catalyses the
formation of oxalacetate and Pi. The released Pi reacts with CaCl, present in
the medium and forms calcium phosphate which appears as white bands on the

gel. Control sets were run without PEP in the staining mixture.

2-D Electrophoresis

A two-dimensional electrophoresis system was peformed to confirm  the
electrophoretic behaviour and subunit composition of PEPC (Vance and Stade,
1984).

The protein samples were run on (1 mm thick) native polyacrylamide gel
(15 cm long x 13 cm wide) in first dimension as described above. After
electrophoresis, the gel was cut into 12 cm long x 1 cm wide segments. One
gd segment (12 cm long X 1 cm wide) was stained for PEPC  activity and
other segment was stained with Coomassie brilliant blue R-250. The remaining
gel segments were frozen and stored overnight. Next day, gel-segments were
thawed and incubated individually in three changes of an equilibration buffer
[0.2 M Tris-HCI (pH 6.7), 22% (v/v) glycerol, 10 mM 2-mercaptoethanol and
4% (w/v) SDS in total volume of 120 mi] for 15 min each. The gel-segment
(12 em long x 1 cm wide) was then placed on top of a 15 mm thick SDS dab
gd (15 cm long x 13 cm wide) composed of a 10% running gdl (12 cm long X
13 cm wide) and a 3% spacer gel (3 cm long x 13 cm wide). The gel-
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segment was recemented in with warm 1% agarose. Electrophoresis and
staining/destaining were aready described above.

A set of molecular weight standards (29-205 kD) were included during
the running of SDS-PAGE in second dimension.

Gel Filtration on Sephadex G-200

Gd filtration of leaf extracts on a Sephadex G-200 (1 x 30 cm) column, was
performed to assess the molecular size of PEPC. Leaf crude extracts were
prepared with or without solutes (20% (v/v) glycerol or 5% (w/v) PEG or both)
in 100 mM Hepes-KOH, pH 7.3, containing 10 mM MgCl,, 2 mM K,HPO,,
1mM EDTA, 2 mM PMSF and 10mM 2-mercaptoethanol.

The standard buffer used for al gel chromatographic experiments was
50 mM Hepes/NaOH (pH 7.3) with or without PEG and/or glycerol, as
mentioned in text. The column was washed and equilibrated with 50 mM
Hepes/NaOH (pH 7.3) with additions as described. A standard quantity of
500 pl of protein containing 450-500 pg of protein or the leaf extract was
applied to the column. All runs were made at a flow rate of 10 mi/h at 30 °C.
Fractions of 1 ml were collected and the elution pattern of PEPC was checked
by assaying the enzyme activity.

The column was cdibrated by using four protein-standards:
thyroglobulin (669 kD), apoferritin (443 kD), alcohol dehydrogenase (150 kD),
BSA (66 kD). The void volume V,, was determined with blue dextran
(2,000 kD).

Immunological Characteristics of PEPC
Preparation of anti-PEPC antiserum
Anti-PEPC antiserum was raised in 6 month-old white rabbits, as per the

principles described by Nimmo et al. (1986).
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Pre-immune serum was collected from ear-vein of the rabbit. Then,
0.5 mg of purified PEPC in 500 ul, emulsified in equal volume (500 pul) 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 ul of purified enzyme, emulsfied with equal
volume (250 ul) 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 10,000 g for 30 min. The
antiserum was split into several small aliquots and stored at -20 °C.

The anima was again inoculated with a further 0.25 mg in 250 ul of
enzyme emulsified with equa volume (250 ul) of 50% Freund's incomplete
adjuvant. Blood was collected after a further period of 6 to 8 weeks. Anti-PEPC
antiserum was collected as described above by centrifugation and stored in

multiple aliquots.

Ouchterlony double-dimensional diffusion

The specificity of PEPC antiscrum was checked by using 1% (w/v) agarose
gels prepared on glass microscope slides. Five wells (0.5-cm diameter) were
punched in agarose gels, with the help of a sharp gel-puncher. One well was in
the center and was surrounded by four wells located symmetrically in the outer
ring. A graph sheet was placed below the glass dide, so as to achieve symmetry
and precise distance between wells.

In the center-well, the purified PEPC or leaf extract from A.
hypochondriacus (or other plants) was loaded. Different dilutions of crude
anti-PEPC antiserum (1/10 to 1/100) was loaded into other four wells in the
outer ring. The precipitin band was observed within 24 h of incubation at
10-12 °C. The reaction was stopped by washing the gel several times with
0.9% (w/v) NaCl, to remove unbound proteins. Non-immunized serum

showed no cross-reaction (i.e, no precipitation) with either purified PEPC
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or leaf extracts of A. hypochondriacus. The cross reactivity of PEPC from
A. hypochondriacus with other species was examined by loading purified
enzyme/crude extracts of various C;, C;-C4 and C, dicot and C, monocot

species in the outer wells and center well was filled with anti-PEPC antiserum.

Immunoprecipitation of PEPC in leaf extracts
The efficacy of anti-PEPC antissrum was checked by performing
immunoprecipitation, as described by Vidal et al. (1983).

The leaves of Amaranthus hypochondriacus were extracted as described
above for PEPC assay. The leaf extracts were cleared by centrifugation for
5 min a 15,000 g and the supernatants were assayed for PEPC. Extract
containing 0.2 Units of PEPC-activity (approximately 300 ul) was mixed with
different volumes of anti-PEPC antiserum (0 to 100 ul) solution and Ieft
overnight at 4 °C. The mixture was later centrifuged for 5 min at 15,000 g. The
supernatant was assayed for PEPC activity, while the pellet was checked for
PEPC-protein by SDS-PAGE. The control sets were run with the prc-immune
serum from the same rabbits.

The pellet was 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 Tris-HCI. pH 8.0. The pellet was
finaly suspended in SDS-PAGE sample buffer [50 mM TrissHCI, pH 8.8, 8%
(w/v) SDS. 50% (v/v) glycerol, 10% (v/v) 2-mercaptoethanol, 0.04% (w/v)
bromophenol blue] and boiled a 100 “C for 2 min and loaded onto 10% SDS-
PAGE (Laemmli. 1970).

Sngle radial immunodiffusion

10 ml of 1% (w/v) agarose was prepared in 10 mM phosphate buffered saline,
pH 7.5 by boiling. When the solution was cooled, 50 ul of the anti-PEPC
antiserum was added. This agarose-gel mixture was used for polymerisation on

glass microscope slides. Five circular wells, each of 05-cm in diameter,
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were punched in a row on the 1% (w/v) agarose gel containing anti-PEPC
antiserum. Purified PEPC (1 to 5 ug), crude extracts of A. hypochondriacus, of
different volumes (15, 30, 40 g of protein) were added to the wells. The dlides
were incubated overnight at 4 °C for 24 h. After the precipitin ring was formed
the gels were washed several times with 0.9% (w/v) NaCl, to remove any
unbound proteins.

The amount of PEPC in crude extracts of A. hypochondriacus, can be
quantified by measuring the diameters of outer ring of immunoprecipitate and
correcting these values with the diameter of inner well. The amount of PEPC in
leaf extracts can be easily extrapolated from the standard graph obtained by
plotting the diameter of immunoprecipitate of purified PEPC (known antigen)

in each well.

Western Blotting

Cross reactivity of PEPC between C;, C;-C4 and C, plants was evauated
through Western blots (Betz and Dictz, 1991), after transferring
electrophoretically the proteins from the gd on to the polyvinylidene difluoride
(PVDF) membranes (Towbin et al., 1979).

Leaf extracts were prepared and subjected to SDS-PAGE, as described
above. The proteins were transferred on to PVDF membranes (Immobilon-PC,
from Millipore, procured from Sigma Chemica Co., USA). The gel, PVDF
membranes and chromatography papers were soaked in transfer buffer
containing 25 mM Tris-HCl/192 mM glycine, pH 8.3 and 20% (v/v) methanol
for 30 min. The g and membranes were sandwiched between the filter papers
(three on each side) saturated with the buffer and blotted using a semi-dry
blotter (LKB 2117 Multiphor) for 3 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
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repeated washing with distilled water. The membranes were blocked with
5% non-fat milk powder in Tris-buffered saline (TBS) containing 25 mM Tris-
HC1, pH 7.5 and 150 mM NaCl. Blocking was necessary to saturate the non-
specific binding sites. The blocking was alowed for 1 h at room temperature
with constant shaking.

The blocked membranes were probed for 1 h with antiserum of PEPC
from A. hypochondriacus or Zea mays, diluted 1:500 and 1:400 respectively, in
blocking solution. The blotted membranes were washed three times (15 min
each wash) with TBS and incubated with anti-IgG-alkaline phosphatase
conjugate (1:7500) for one hour and washed for three times. The washed blot
was developed with 33 ul 5-bromo-4-chloro-3-indolylphosphate (BCIP)
(50 mg ml” stock solution) and 60 ul of p-nitro blue tetrazolium chloride
(NBT) (50 mg ml" stock solution) in 10 ml of 16 mM Tris-l1ICI (pH 9.3).
4 mM NaCl and 0.2 mM MgCl,.

Two types of blots were made for comparison: with equal amounts of
either specific activity or equa amounts of PEPC-protcin (in leaf extracts of
different plants) on SDS gels. Similarly, blots were developed by probing with

antiserum against PEPC ofeither A. hypochondriacus or Zea mays.

Enzyme Linked Immunosorbent Assay (ELISA)
Attempts were made to estimate PEPC-protein in crude extracts of P. sarivum
and A. hypochondriacus, by the technique of ELISA, as per the procedure of
Gillina and Greally (1993).

Leaf extracts were prepared from leaves of P. sativum or
A. hypochondriacus, as described above. The leaf extract (antigen) was diluted
(ug or ng level) in coating buffer (0.05 M carbonate buffer. pH 9.6). The
ELISA plates (96 flat bottomed wells, Tarsons Products) were coated with 100
pl of the above leaf extracts in coating buffer in each well (in triplicates) and
were |eft overnight at 4 °C. Triplicate wells were left uncoated to be later
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used as enzyme and substrate blanks. The unbound antigen from each well,
after overnight incubation, was discarded. The plates were washed four times
(250 ul per well per wash) with TBS. Then 200 ul of blocking solution
(containing 5% non-fat milk powder in TBS) was added and then left for 1 h at
room temperature. Later the wells were washed 5 times with TBS and
incubated with 100 ul containing 1: 3000 of primary antibody in coating
buffer (antiserum against PEPC from A. hypochondriacus) in each well for 2 h.
The wells were washed again 5 to 6 times and incubated for 1 h in secondary
antibody conjugated to akaline phosphatase (1: 7500 in 50 mM Tris-HCI,
pH 7.4, 5 mM MgCl, and 0.1% BSA). The wells were thoroughly washed (5 or
6 times) with 200 ul of TBS containing Tween-20 and developed by adding
150 ul p-nitrophenylphosphate to each well (1 mg/ml stock in coating buffer
containing 5 mM MgCl,). The plate was left a 37 °C until the color
development and the reaction was stopped with 50 ul 3 M NaOH.

The color was read at 405 nm using an ELISA-Plate Reader (Molecular
Devices, USA, Model UVT-06050).

Light Activation of PEPC in leaves/leaf discs

Leaves were excised from the plant, with petiole cut under water. Leaf discs of
ca. 0.2 cm? were punched under water (with a sharp paper-punch). One lesf
was kept in each of 100 ml conical flasks containing 100 ml water.
Alternatively, 20 leaf discs {ca. 80 mg) were floated on 10 ml of water in a
5-cm diameter Petri dishes. After pre-darkening for 2 h. the leaves/leaf discs
were illuminated (white light; Philips Comptalux R95 flood bulbs) a an
intensity of 1000 UE m™ s (after passing through a water filter of 10-cm
thickness). The 10-cm thick water filter helped to dissipate the heat and to

maintain an optimal temperature, during illumination.

43



Interaction of PEPC with PEG (or other solutes) during assay and/or
extraction

The effect of PEG or other compatible solutes on PEPC was checked by
incubating with 2 pg ml™! of purified PEPC (unless otherwise specified) with
different concentrations of sx types of solutess PEG-6000, PEG-8000,
PEG-20,000, ethylene glycol, glycerol or sorhitol.

The stock solutions (50%, wi/v) of these solutes were prepared in
distilled water. The purified enzyme or the extract was left in 1 ml of the assay
medium (* solutes) for 30 s and reaction was started by the addition of 50 pl of
50 mM PEP. The reaction was linear up to 5 min with purified enzyme. To
ascertain  the response of PEG in relation to PEPC concentration in the
medium, 1 to 5 pg of PEPC- protein mI”’ was used in 1 ml of the assay
medium..

In a further extension of these experiments, leaf extracts were prepared
without or with PEG. For this 20 lesf discs were extracted with extraction
buffer in presence of different concentrations (0-10%, w/v) of PEG-6000. Thus,
PEPC activity was examined by including PEG-6000 during extraction alone,
assay alone or during both extraction and assay.

Effect of NHCland other in organic salts on PEPC in vitro

Activity of PEPC was examined in presence of several test sdlts, for eg.
acetate, chloride or sulphate salts of ammonium, K*,Rb*, Na®, Li*, and Ca™.
These salts were included during the assay of PEPC. The concentration of these
sdlts, in the standard assay medium (already described), ranged from 0-500 uM.
The reaction was started by addition of 2.5 mM of PEP.

Phosphorylation of PEPC and assay of PEPC-protein kinase

Phosphorylation of PEPC in leaves or leaf extracts was studied both indirectly
and directly.
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When PEPC in leaf extracts is incubated with 1 mM ATP and 5 mM
MgCl,, the activity of PEPC increases while the inhibition of enzyme by malate
decreases, both due to the phosphorylation of PEPC. Thus, the increase in
PEPC activity/decrease in malate sensitivity after incubation with Mg-ATP
reflects indirectly the phosphorylation of PEPC and can conveniently be
monitored by assaying the PEPC activity, before and after incubating the leaf
extracts with Mg-ATP.

On the other hand, PEPC can be phosphorylated directly by using **Pi.
Such phosphorylation can be achieved by feeding the leaves in vivo with *?Pi:
or incubating the leaf extracts in vitro with AT*2P. In both these techniques, the
extent of radioactive label in the PEPC-protein is determined after extraction,
separation of proteins on SDS-PAGE and autoradiography.

ATP-dependent activation of PEPC in leaf extracts
The leaves were excised, with petiole cut under water, left in 100 ml beaker
containing water and were stabilized for 30 min under light. The leaves were
fed with 2 mM EGTA or water (control) (through the petiole) and Ieft in
darkness for 2 h followed by illumination (1000 pE m °s ) for 30 min. The
illuminated leaves were extracted for assaying PEPC activity before and after
incubation with ATP and MgCl,.

The crude extracts were incubated with 1 mM ATP and 5 mM MgCl, for
60 min. Control sets contained MgCl, (without ATP). Aliquots of incubated
extracts were assayed for PEPC before and after the 60 min incubation. The
stimulation of PEPC activity on incubation with ATP + 1 mM represents the
phosphorylation of PEPC and activity of PEPC-PK. The malate sensitivity of
PEPC was also examined by including 1 mM maate during assay. The
experiments were performed at both sub-optimal (pH 7.3) and optimal pH
(pH 7.8).



The response to Ca** of PEPC and PEPC-PK activity was examined by
including CaCl, (0 to 500 [iM) during either assay of PEPC or preincubation of
leaf extracts with ATP.

In vivo Labelling of PEPC with *Pi-
Labelling of PEPC with *Pi in vivo was done by following procedure
described by Bakrim et al. (1992).

Excised leaves were fed through petiole with 100 ul (60 wCi) of
KH,*PO, (Specific activity of 10 mCi/ mmol) under moderate illumination
(400 uE m2 sy for 1 to 2 h. The leaves were Ieft in darkness for 2 h to ensure
that PEPC is mostly dephosphorylated. A set of leaves were exposed to light
(1000 uE m? §') for 30 min, after the 2 h pre-darkening period, while the
others were Iéft in darkness for further period of 30 min.

The light or dark-adapted leaves (about 1 g fresh weight) were extracted
in 5 ml of extraction medium described above. An diquot was examined for
PEPC activity. Another aliquot of leaf extract was subjected to
immunoprecipitation by incubation with 100 pl anti-PEPC antiserum overnight
a 4 °C. The precipitation was collected by centrifugation and the
immunoprecipitates were dissolved in sample buffer containing 50 mM Tris-
HC1, pH 8.8, 8% (w/v) SDS, 50% (v/v) glycerol, 10% (v/v) 2-mercaptoethanol
and 0.04% (w/v) bromophenol blue and was boiled for 2 min a 100 °C. The
solublized proteins were separated by SDS-PAGE and autoradiographed. The
details of autoradiography are described below.

In vitro Phosphorvlation of PEPC with AT™P
Phosphorylation of PEPC in vitro was performed for 45 min at 30 °C according
to Jiao and Chollet (1992).

Assays (60 pl) were made with a reaction mixture containing 0.1 M
Tris-HCI (pH 7.5), 20% (v/v) glycerol, 35 pl of leaf extract (60 pg of protein),
10 mM MgCl,, 4 mM MgCl,, 4 mM phosphocreatine, 10 pl  creatine
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phosphokinase, 0.25 mM P' P*-di (adenosine-5')-pentaphosphate, 0.5 M DTT,
10 mM NaF and 20 pCiy-AT™P (Specific activity of 3000 Ci/mmol). The
mixtures were incubated at 30°C for 45 min. The reaction was stopped by
addition of 20 pl of SDS sample buffer containing 0.25 mM Tris-HCI, pH 6.8,
8% (w/v) SDS, 40% (v/v) glycerol, 10% (v/v) 2-mercaptoethanol, 0.04% (w/v)
bromophenol blue. The mixture was boiled for 2 min at 100 °C.

Various concentrations of EGTA, Ca® or metabolite inhibitors were

included in the reaction mixture, as required for the experiments.

SDSPAGE and Autoradiography
Proteins in solubilized extracts were separated by SDS-PAGE, as dready
described in the previous pages. The gels were subjected to autoradiography to
assess the incorporation of *Pi label (from **Pior AT""P)into PEPC-protein.
Gels were stained with Coomassie brilliant blue R-250 and destained
thoroughly by using destaining solution. These gels were dried under vacuum.
The X-ray film was cut to the gel-size and was placed on top of the gel. The
gel and X-ray film were placed between two intensifiers, inside an X-ray
cassette. The gel position was marked by cutting the corner of the X-ray film.
The cassette was left in the deep freezer (-80 °C). After 20 to 25 days (in vivo
labelling with **Pi) or 4 to 5 days (in vitro incorporation of AT*P) the X-ray
film was developed using X-ray film-developer and fixer. The developed and
fixed X-ray film was washed thoroughly and was alowed to dry.

Pretreatment of leaves with EGTA or CaCl, or other metabolic inhibitors
Leaves were cut with petiole under water and were stabilised for 12 h under
light (400 pE m™ s"). They were then fed through petiole with EGTA or CaCl,
or test solutions and used for phosphorylation studies (both in vivo or in vitro).
The test solutions of diltiazem, lanthanum and TFP were prepared in

distilled water, while verapamil was dissolved in ethyl alcohol.



Chemicals/Materials

BCIP, Coomassie brilliant blue R-250, Dialysis tubing, Diltiazem, DTT,
EGTA, G-6-P (barium salt), L-Malic acid (sodium salt), MDH (from porcine
heart, cytoplasmic), NBT, p-nitrophenylphosphate, PEG-8000, PEG-20,000,
PEP (mono cyclohexylammonium salt), PMSF, Purified PEPC from maize,
PVDF membranes, Secondary antibodies (goat anti-rabbit antibodies
conjugated to akaline phosphatase), DEAE-Sepharose CL-6B, Tris and
Verapamil were procured from Sigma Chemical Company., U.S.A. Molecular
weight markers (29-205 kD) were from Bio-rad, USA and Sephadex G-200
from Pharmacia, Sweden. 96-well ELISA plates (Flat bottom wells) were from
Tarsons Products, Bombay. TFP was a gift from SKF. Bombay.

YIAT*P] and [7P)-labelied KH,PO, were procured from Board of
Radiation and Isotope Technology, Bombay. Indu X-ray film (QX16) from
Hindustan photofilms Mfg. Co. Ltd. X-ray Developer and Fixer from Allied
photographers India Limited.

All other chemicals were of analytical grade from either Sisco Research
Laboratories E-Merck (India)  Spectrochem, Loba Chemie, Himedia
Laboratories al from, Bombay or Ranbaxy Laboratories from New Delhi,

India.
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Chapter 4

Purification, Storage and Immunological Properties of PEPC

Purification

PEPC from Amaranthus hypochondriacus was purified to homogeneity using
the steps of 40-60% ammonium sulfate fractionation, followed by DEAE-
Sepharose column, HAP chromatography and findly through a Seralose 6-B
column (Table 4.1). The enzyme eluted as a broad peak with a specific activity
of 152 U mg"' protein on DEAE-Sepharose. Later the enzyme, when loaded on
a HAP column, appeared as a single peak with an activity of 52 U mg"
protein. The purified enzyme (after elution from Seralose 6-B column) had a
specific activity of 54 U mg protein. This is one of the highest specific
activities reported for PEPC from C, plants. Further. the yield aso was as high
as 50%. Our method of purification of PEPC therefore appears to be one of the
best.

The activity of the enzyme varies highly depending on the type of
extraction, pH, ionic strength and sdt used for elution. All the conventional
purification methods include ammonium sulfate or PEG fractionation, ion
exchange chromatography in which elution is performed with step wise or
linear gradient of a salt, most often chloride or phosphate. Purification
protocols are available for PEPC from leaves of several species like maize
(Uedan and Sugiyama, 1976; Reibach and Benedict. 1977, Hague and Sims,
1980; O’Leary et al., 1981; Hatch and Heldt, 1985), cotton (Mukerji, 1977),
Amaranthus viridis (Iglesias et a., 1986), sugarcane (lglesias and Andreo,
1989), latex of Hevea brasiliensis (Jacob et al., 1979) and seeds of Brassica
campestris (Mehta et al., 1995).

Phosphate is known to be stabilizer of purified PEPC from leaves of
Amaranthus viridis (Podesta et a., 1990). Phosphate has also been used for
elution of PEPC from soybean root nodule (Schuller and Werner, 1993) and
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Table4.1. Purification of PEPC from leaves of Amaranthus

hypochondriacus

Step Total Activity Total  Specific Activity  Purification Yield
Protein
(umol min™) (mg) (umol min” fold (%)
mg protein)

Crude extract 164 410 04 - 100
40-60%
(NH,4),S0O, 152 117 13 3 93
DEAE-
Sepharose 136 90 152 38 83
Hydroxyl-
aptatite 88 17 52.0 130 54
Seralose 6-B 81 15 54.0 135 49




from leaves of maize (Reibach and Benedict, 1977; Hague and Sims, 1980).
Apart from chloride and phosphate, acetate has been used to elute PEPC from
genus of Spartina species (Smith and Woolhouse, 1984). Iglesias et al. (1986)
reported that PEPC from A. viridis also eluted around 50-60 mM Pi. However,
in sugarcane PEPC eluted a 120 mM Pi (Iglesias and Andreo, 1989). In our
experiments, PEPC from leaves of Amaranthus hypochondriacus was eluted
from HAP column, at a Pi concentration of 50-60 mM (Fig. 3.2).

PEPC can be purified, also by using affinity chromatography or HPLC
or FPLC (Cretin et al., 1984; Jiao and Chollet, 1988, 1989; McNaughton et al.,
1989; Jiao et a., 1991; Arrio-Dupont et al., 1992; Wang and Chollet, 1993;
Zhang et d. 1995). Rapid purification of PEPC by immunoaffinity
chromatography has been successful with leaves of sorghum (Vidal et al..
1980; Bakrim et al., 1992; Arrio-Dupont et al., 1992).

A review of the literature, revealed that the specific activities of PEPC
varied from low values of 4-10 U mg" protein (Coombs ct al., 1973;
Hayakawa et al., 1981; O'Leary et al., 1981; Sugiyama et al., 1984; Wedding
and Black, 1986) to as high values as 180-220 U mg'l protein (Mukerji, 1977,
Reibach and Benedict, 1977). 1t is concluded however that a reasonable range
of average specific activity of purified PEPC is about 20-25 U mg' protein
(Uedan and Sugiyama, 1976; Hatch and Heldt, 1985: Iglesias et a., 1986;
Wedding et a., 1988; McNaughton et al., 1989; Bandarian et al., 1992; Baur et
al., 1992; Arrio-Dupont et al.,1992; Wang and Chollet. 1993). With specific
activity of 54 U mg" protein and high yield of 50%, we fed that our method of
PEPC-purification from leaves of 4. hypochondriacus is quite good.

The enzyme PEPC appeared as a single band on 10% SDS-PAGE with a
MW of about 100 kD protein (Plate 4.1). The enzyme appeared as two distinct
bands on non-denaturing gel electrophoresis and both these bands stained for
PEPC activity (Plate 4.2). Two-dimensiona electrophoresis was therefore

performed to check the nature of two bands. Both these bands merged as a

51



1 2 3 4 5 6 7w

-- - —— P I'-ﬂﬁ
‘-—-_97

. 66
-

Plate 4.1. Silver stained gels after SDS-PAGE of PEPC at different steps of
purification from the leaves of Amaranthus hypochondriacus. Lane 1: Crude
extract, Lane 2: 40-60% saturated ammonium sulfate fraction, Lane 3: DEAE-
Sepharose pool, Lane 4: Hydroxylapatite pool, Lane 5: Seralose 6-B pool, Lane
6: Purified PEPC, after concentration with PEG-20,000 and storage in presence
of 50% (v/v) glycerol. Lane 7. Molecular weight markers (29-116 kD). Lanes 1
and 2 contained 10 pgprotein, while lanes 3 to 6 contained 4 g of protein.



Plate 4.2. Electrophoresis of purified PEPC on a nondenaturing 10%
polyacrylamide gel. (A) Gels stained with Coomassie brilliant blue R-250. (B)
Gels stained for PEPC activity, showing the presence of two isoforms. 20 ug of
purified PEPC was loaded in each of the lanes 1 to 3.



broad single band on 10% SDS-PAGE (Plate 4.3), indicating that two bands are
identical subunits of the holoenzyme. We suggest that these two bands may
be isozymes of homotetramer, since dimer or monomer are not expected to
stain for PEPC activity. Further studies on amino acid sequence and
corresponding mRNA patterns may be necessary to confirm the identity of
these two bands on the native gel.

The first demonstration of the existence of three PEPC isozymes in
cotton leaf tissue was by Mukerji and Ting (1971). Severa reports appeared
later indicating the existence of multiple forms of PEPC in the leaf tissue of
higher plants. For example, Hatch et al. (1972) have separated three distinct
types of PEPC proteins (two from C, plant species and one from C; plant
species) by PAGE. Ting and Osmond (1973a) have observed two PEPC
proteins (C; and Cy types) by ion-exchange chromatography from Zea mays,
while Goatly and Smith (1974) have demonstrated existence of two isozymes in
etiolated and light-grown sugarcane Icaves. Mukerji (1977) reported the
presence of two isoforms in maize leaves. Besides higher plant-PEPCs, two
isozymes of PEPC were reported in an unicellular green aga, Chlamydomonas
reinhardtii (Chen and Jones, 1970).

However, there have also been conflicting reports on the presence of
PEPC isozymes. In maize leaves, Uedan and Sugiyama (1976) have observed a
single band of 100 kD protein after SDS-tube gel electrophoresis. But Hague
and Sims (1980) have reported two bands of PEPC. again from maize leaves,
on highly resolving SDS-PAGE dab gels. Budde and Chollet (1986) have
reported that a doublet protein band is observed at 94 to 100 kD protein which
may be PPDK and PEPC, and these polypeptides get merged on the gd,
particularly at higher loads (>30 |ig of total protein).

In our experiments, a single band of PEPC was observed when the SDS
gels were loaded with either low (>10 pg) or high (>30 ug) amounts of pure
PEPC-protein. On the other hand, two bands of PEPC appeared on the native
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Plate 4.3. Two dimensiona electrophoresis of purified PEPC. In the first
dimension, purified PEPC was resolved on nondenaturing gel. A segment of
this gel was resolved on SDS-PAGE in second dimension. Gel A: Purified
PEPC (10 ng). Gel B: SDS-PAGE of molecular weight markers (29-205 kD).
Further details are described in "Materials and Methods".



gel electrophoresis and both these bands stained for PEPC activity (Plate 4.2).
The possibility of contamination with PPDK can be ruled out.

Ting and Osmond (1973a), while purifying PEPC from maize,
speculated that one of the PEPC-isozymes might have originated from
mesophyll and other from adjacent bundle sheath cells. However, there is now
overwhelming evidence that PEPC is present exclusively in mesophyll cells of
C, plants (Perrot-Rechenmann et al., 1982). We therefore suggest that these two
bands of isozymes are present only in mesophyll cells. However, the function
of these two isozymes of PEPC is not known, though they may have an
anaplerotic function as suggested by a few workers (Coombs et al., 1973; Wong
and Davies, 1973).

A detailed examination of the kinetics of our enzyme - PEPC purified
from Amaranthus /i3 pochondriacus leaves reveded a V,,,, of 54 U mg"
protein and a K, for PEP of 04 mM, at pH 7.3 (Table 4.2). The cnzyme was
activated by G-6-P with K, of 0.3 mM and inhibited by malate with a K; of
0.5 mM. These values of our enzyme are similar to the kinetic parameters of
light-form of PEPC reported in the literature.

There is considerable variation in the kinetic characteristics of PEPC
from the leaves of Cs;- and C, plants (O'Leary, 1982; Andreo et a.. 1987,
Rajagopalan et al., 1994). The V,,,, of PEPC was 20 to 40 fold higher and the
K,, values for PEP were about 5 fold higher for the enzyme from C, plants than
those of the enzyme from C; plants (Ting and Osmond, 19738). PEPC in C;
plants differ from that in C, species with respect to aso the regulatory
properties, as indicated by the response to metabolites such as malate or G-6-P.
K,, values for PEP of PEPC from algae, bacteria and C; and CAM species
varied from 0.1-1.6 mM (Utter and Kolenbrander, 1972).

The kinetic characteristics of PEPC are dependent markedly on pH. In
C, plants, the PEPC exhibits sigmodial kinetics a pH 7.0 and hyperbolic
kinetics at higher pH 8.0 (Nakamoto et a., 1983). Maize enzyme shows several
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Table 4.2. Kinetic characteristics of PEPC purified from leaves of

Amaranthus hypochondriacus

Parameter Value

Vmax (HMol min~ mg™ protein) 54 £1.0
K, PEP (mM) 04 + 0.02
K; malate (mM) 0.5 +0.01

K, G-6-P (mM) 0.3 +0.06




fold higher K., a pH 7.0 (with sigmoidal kinetics) than that a pH 80 (with
hyperbolic kinetics). However, hyperbolic kinetics have also been reported for
PEPC from several plants such as, cotton (Mukerji and Ting, 1971), C; and C,
Atriplex species (Ting and Osmond, 1973d), Pennisetum purpureum (Coombs
et al.,, 1973, 1974, 1975), Digitaria sanguinalis (Huber and Edwards, 1975) and
Bryophyllum fedtschenkoi (Pays et al., 1980).

The K, value for PEP of purified PEPC from maize was 2.6 mM (Uedan
and Sugiyama, 1976). Iglesias et al. (1986) and Iglesias and Andreo (1989)
reported a K., value of 0.29 mM for PEP in Amaranthus viridis and 0.25 mM
for PEP in sugarcane leaves. The K, for PEP of purified PEPC from tobacco
leaf was 95 uM (Wang and Chollet, 1993) and from germinating cotyledons of
Ricinus communis was 62 pM (Podesta and Plaxton. 1994b). In case of PEPC
purificd from developing seeds of Brassica campestris, the K, for PEP was
0.125 mM (Mehta et a., 1995).

O'Leary (1982) observed that a wide range of K; values for malate were
obtained for PEPC from various C, plants (0.04-10 mM) or CAM plants
(0.006-6.2 mM). K; of malate was 25 mM for PEPC from Amaranthus
(Iglesias et al., 1986), 0.14 mM in purified PEPC from tobacco (Wang and
Chollet, 1993), 125 mM in developing seeds of Brassica campestris (Mehta et
al., 1995). Light-form PEPC in maize leaves had I, for maate of 0.35 mM
(Jiao and Chollet, 1988) and PEPC purified from soybean nodule had a 15, for
malate of 0.5 mM at pH 7.0 (Schuller and Werner, 1993). The K, for G-6-P of
0.6 mM was reported for PEPC from maize leaves (Uedan and Sugiyama,
1976) and 0.28 mM for PEPC from developing seeds of Brassica campestris
(Mehtaet al., 1995).

Storage

There is a vast amount of literature available on purification and the kinetic

properties of C4-PEPC, as described in three recent exhaustive reviews
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(Lepiniec et al., 1994; Rajagopalan et al., 1994; Toh et al., 1994). However, the
properties of PEPC can vary depending on the assay pH, presence or absence of
glycerol and storage conditions of enzyme. We have therefore studied the
kinetic properties of the enzyme under different conditions of storage at

different temperatures and presence or absence of glycerol.

PEPC is highly unstable and loses its N-terminal, due to proteolysis.
The loss of N-terminal from PEPC during storage is a common problem, but
can be detected easily by the extent of malate sensitivity of enzyme. The extent
of malate inhibition of PEPC decreased as the enzyme logt its N-terminal and
became smaller in its molecular mass (McNaughton et a., 1989). Proteolysis of
PEPC occurs, particularly in absence of protease-inhibitors like PMSF or
chymostatin during purification. According to McNaughton et a. (1989),
addition of chymostatin is essential to prevent proteolysis of PEPC and to retain
the high malate sensitivity of the enzyme. However, the externa pH may have
an additional role, since the effects of chymostatin are evident at pH 7.0, but
not at pH 80 (Salahas et a., 1994). Chymostatin may affect also the oligomeric
status of the enzyme (either directly or indirectly) and favors the equilibrium of
enzyme towards tetrameric state (Salahas et al., 1994). We have used the
protease inhibitor such as PMSF, so as to avoid proteolysis and to maintain the

stability of the enzyme during extraction and purification.

Apart from the need of protease inhibitors for stability. there are several
reports in literature that instability of the enzyme can be prevented by inclusion
of glycerol under i vitro conditions (Uedan and Sugivama, 1976; Manetas et
al., 1986; Sdinioti et a., 1987; Podesta and Andreo, 1989). Therefore we have
examined the stability of the purified enzyme by storing in the absence or
presence of glycerol and under different conditions of temperatures (room

temperature, 4 °C, -20 °C, liquid nitrogen). The properties of purified PEPC
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were examined after storage for either 24 h or a very long period of up to

3 months.

Table 4.3 shows the effect of temperature on the activity of purified
PEPC &fter storage for 24 h. At ambient room temperature, in the absence of
glycerol, the enzyme lost amost completely its activity within 24 h. The
enzyme retained only about 16% and 33% of its initia activity at 4 °C and
-20 °C, respectively, whilein liquid N, the enzyme retained 50% of activity: dl
these in the absence of glycerol and after 24 h of storage. However, on the
addition of glycerol, the enzyme retained only 27% of its initial activity at room
temperature, and maintained > 77% of the initial activity at 4 °C, -20 °C and in
liquid N,. During the extended period of study for 3 months, the enzyme
retained its activity only when stored at liquid N,. in presence of 50% (v/v)
glycerol (Fig. 4.1). The enzyme showed a marked decrease in activity by
2 months at cither -20 °C or 4 °C. The decrease in activity was associated with a

decrease in malate sensitivity.

The kinetic characteristics of purified PEPC wcere studied after a
24 h-storage. The V,,,, of the enzyme was maintained only at liquid nitrogen in
presence of 50% (v/v) glycerol. The afinity of PEPC for PEP was not much
affected, when stored in liquid nitrogen, while the affinity decreased markedly
a even -20 °C (Table 4.4). K, for G-6-P increased a 4 °C and -20 °C in
comparison to PEPC stored in liquid N,. The high specific activity of the
enzyme, malate sensitivity, response to G-6-P, and affinity towards PEP are
maintained (close to the values of freshly purified enzyme) only in presence of
glycerol. The malate sensitivity and the specific activity of the enzyme were
quite stable when stored in liquid nitrogen with 50% (v/v) glycerol for
3-4 months.

Mukerji (1977) observed marked inactivation of purified PEPC from
corn, when PEPC was left a 45 °C or 50 °C. In Cynodon dactylon, the
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Table 4.3. The stability of purified PEPC in leaf extracts as indicated
by the activity of the preparation, after storage for 24 h.

Storage temperature Glycerol in the suspension medium

0 (control) 50% ( v/v)

PEPC activity (umol min” mg" protein)

Before storage 53 +0.8 54 +0.1

After storage for 24 h

Ambient (30 °C) 13+1.0 15 +0.2
4°C 83 +4.0 42 +08
-20°C 16.0+2.3 49+1.3

Liquid nitrogen 27.0 £1.2 54+ 17
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Figure 4.1. ‘The stability of PEPC purified from

hypochondriacus. "The enzyme was stored in dther

leaves of Amaranthus

liquid nitrogen, or

freezer (-20 ©C), or arefrigerator (4 ©C) in presence of 50% (v/v) glycerol. The

enzyme activity was maintained fully for 2 months and later there was a

marginal 10ss of activity by 3 months, when stored at liquid N». PEPC activity

was assayed & pl | 7.3 with 2.5 mM PEP.



Table 4.4. Kinetic characteristics of purified PEPC after storage (with
50% (v/v) glyceral) for 24 h at different temperatures

Storage temperature Parameter
\4 Km Ki Ka
PEP Malate G-6-P
(wmol min” mg protein)  (mM) (mM) (mM)
Before storage 54+02 0.44 05 0.3
After storage for 24 h
4°C 41+2.0 0.27 7.0 23
-20°C 45432 0.24 25 18
54 £1.0 0.40 05 0.3

Liquid nitrogen




desdted enzyme shows considerably a high activity only in presence of
glycerol a 25 °C, compared to decline of activity in assays without glycerol
(Drilias €t al., 1994). Mehta et al. (1995) have shown that PEPC purified from
developing seeds of B. campestris loses 60% of activity on incubation at 45 °C
for 5 min in absence of glycerol. Glycerol has been added to stabilize the
PEPC enzyme during storage (Manetas, 1982; Karabourniotis et a., 1983). The
addition of a solute such as glycerol during storage helps to stabilize severa
enzymes including PEPC (Sdlinioti et al., 1987; Drilias et al., 1994), PPDK
(Shirahashi et a., 1978) and cytosolic pyruvate kinase (Podesta and Plaxton,
1993). Glycerol appears to act as a cryo-protectant in maintaining the stability
of PPDK, a chloroplastic enzyme of C, pathway (Shirahashi et a., 1978). The
dissociation of PPDK from an active tetramcric form to a dimer a low
temperature is prevented by glycerol. sucrose or sorbitol. On the other hand. the
exact mechanism as how glycerol can stabilize the PEPC  during storage, till

remains to be elucidated.

Since the purified enzyme is unstable, it is essential to store the purified
enzyme under proper conditions. SO as to maintain not only the maximum
activity, but also high malate sensitivity. Several authors attempted PEPC-
storage in different ways. The enzyme is usualy stored with 5 to 50% (v/v)
glycerol at either 4 °C (Vidal et a.. 1980; Jiao and Chollet. 1988; Arrio-
Dupont et al.,1992), or -15 °C (Nimmo et al., 1986), or -20 °C. (Coombs ¢t al.,
1973; Hatch and Heldt, 1985; Jiao and Chollet, 1988; Jawali. 1990; Willeford
et al., 1990; Baur et al., 1992; Zhang et a., 1995). or -70 °C or liquid N,
(Coombs et al., 1973; Iglesias et al.. 1986; Iglesas and Andreo. 1989;
Bandarian et a., 1992; Schuller and Werner, 1993). Addition of glycerol,
during storage of maize PEPC, helped to maintain N-terminal end and retention

of the enzyme's malate sensitivity (McNaughton et al., 1989).
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There are also reports of storing PEPC without glycerol. Mukerji (1977)
has stored PEPC purified from corn leaves at -2 °C for severd months. Jones et
al. (1978) stored PEPC purified from B. fedtschenkoias suspension (2mg/ml) at
4 °C. Sorghum PEPC purified through an immunoadsorbent column was stored
directly a 4 °C in absence of glycerol for 15 days without loss of activity
(Bakrim et al., 1992). PEPC from developing seeds of B. campestris was
stored for one week a 4 °C (Mehta et al., 1995).

Thus, there is lot of variation in published reports describing the storage
of PEPC from different sources. Our observations, while confirming the good
stability of enzyme in presence of glycerol, provide a comprehensive
information on the storage of PEPC at four different temperatures and for a
long period of 3 months. The enzyme therefore appears to be best stored in
presence of 50% (v/v) glycerol in liquid N,. Addition of 510 mM malate or
G-6-P has also been recommended (Nimmo et al., 1986; Willcford et al., 1990;
Zhang et a., 1995). Protease inhibitors like PMSF or chymostatin have been
included during storage by McNaughton et al.(1991) and Arrio-Dupont et al.
(1992).

We conclude that purified PEPC can be easily stored, aong with
50% (v/v) glyceral, in liquid N, at least for 3 months. In our hands, addition of

malate or PMSF was not necessary.

Immunological Characteristics

In contrast to extensive literature on purification and storage of PEPC. the
studies on immunological properties of PEPC are quite limited. An attempt has
therefore been made to study comprehensively the immunological properties of
PEPC purified from A. hypochondriacus, a NAD-ME type Cy-dicot plant and
assessed its cross-reactivity with a few other C3- and C,-type dicots and

C4-monocots.

58



Antibodies were raised in rabbits against PEPC purified from the leaves
of Amaranthus hypochondriacus. The antibody showed a titre value of 1/100
against purified PEPC from leaves of A. hypochondriacus (Plate 4.4 A) as well
as PEPC in leaf extracts of A. hypochondriacus or Alternanthera pungens(Plate
44B & C).

The monospecificity of the PEPC-antiserum was checked initialy by
immunoprecipitation. The leaf extracts were incubated with anti-PEPC
antiserum and incubated overnight to precipitate down the PEPC-protein.
There was a marked decrease in PEPC activity on treatment with anti-PEPC
antiserum, presumably due to the precipitation of PEPC from the supernatants
(Fig. 4.2). In controls, when leaf extracts were treated with non-immunised
rabbit serum, there was no change in PEPC activity in the supernants. and
obvioudy PEPC was not precipitated from the supernatants. The examination
of protein precipitate on 10% SDS-PAGE confirmed the presence of PEPC in
the precipitate. The levels of PEPC-protein in the precipitate increased as the
amount of PEPC antiserum increased (Plate 4.5). This indicates the antisera
prepared was farly specific to PEPC protein even in crude leaf extracts.
Sugiyama et al. (1984) have shown the specificity of the antiserum prepared
against purified maize PEPC by immunotitration with crude extracts of maize
PEPC.

The technique of single radia immunodiffusion was used to assess the
quantitative relation between the amounts of PEPC-protein in crude leaf
extracts and anti-PEPC antiserum. When purified PEPC was used for
calibration, there was a linear relationship between the diameter of
immunoprecipitate and the quantity of antigen-protein (PEPC) in the agarose-
wells (Fig. 43 A & B). A similarly linear relationship was observed between
the diameter of the immunoprecipitate-ring and leaf extracts of

A. hypochondriacus containing 15, 30 or 45 pg of protein. Based on these
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Plate 4.4. Ouchterlony double-diffusion to determine the titer value of anti-
PEPC antiserum. Outer wells 1 to 4 contained the dilutions of anti-PEPC
antiserum in the order of 1/10, 1/20, 1/50, and 1/100. The center well contained
purified PEPC from Amaranthus hypochondriacus. (A) or leaf extracts of A.

hypochondriacus (B) or Alternantherapungens (C).
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Figure 4.2. Immunoprecipitation of PEPC extracted from illuminated leaves.
To a fixed volume of leaf extract, containing 0.2 units of PEPC, variable
volumes of anti-PEPC antiserum or preimmune scrum (0-100 ul) were added
and the mixtures were left overnight a 4 9C. After centrifugation, the
supernatant was checked for PEPC activity. | he pellet was washed and
examined by SDS-PAGE for the presence of PEPC (sce Plate 4.5). The control
samples were treated with non-immunised scrum. further details are as in
‘Materials and Methods".
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Plate 4.5. PEPC from leaf extracts of Amaranthus hypochondriacus was
precipitated by addition of 0-100 ul of anti-PEPC antiserum and were subjected
to 10% SDS-PAGE as described in "Materials and Methods'. PEPC bands
were observed only on precipitation with anti-PEPC antiserum. In controls
(pre-immune serum) no PEPC bands was observed indicating that precipitation

of the enzyme did not occur.
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Figure 4.3. (A) Single radia immunodiffusion of PI:PC. The wells contained 1

to 5 pg purified PEPC-protein (from Amaranthus  hypochondriacus), in
increasing order, from I€ft to right. The diameter of the immunoprecipitin ring
increased along with increase in PEPC concentration in the well. (B) The
quantitative relation between the amount of purified PEPC in the agarose well

and diameter of immunoprecipitate. Further details are described in "Materials
and Mcthods™.



measurements, we could estimate that the leaf extracts of A. hypochondriacus
contained t.2 ug of PEPC per mg of tota protein (Plate 4.6).

Sugiyama et al. (1984) used single radia immunodiffusion to quantify
the levels of PEPC protein in leaf extracts of maize, grown with different
concentrations of nitrate. Huber and Sugiyama (1986) also have attempted to
determine, by single radial immunodiffusion the amount of PEPC protein from
illuminated or dark-adapted leaves of maize. They found only a marginal
increase in PEPC-protein on illumination.

The cross reactivity of PEPC from Amaranthus hypochondriacus, a C,
dicot, with PEPC in leaf extracts of C; or C4 mono- and dicots was examined
by Ouchterlony double-diffusion. When pre-immune serum was used and there
was no immunoprccipitation with any of the plant species (Plate 4.7 A). The
anti-PEPC antiserum. raised againg PEPC of Amaranthus hypochondriacus,
showed very strong reaction (as indicated by the precipitin-band) with
Amaranthus viridis and A/ternanthera pungens (C4 dicots). On the other hand
the same anti-PEPC antiserum, showed only a faint reaction with PEPC from
Zea mays, a C, monocot (Plate 47 B). This suggests that PEPC from
Amaranthus hypochondriacus has only limited identity with the tertiary
structure of PEPC from either Zea mays (C;-monocot) or C;-dicot or C;.C,
intermediates. Iglesias et al. (1986) observed through the Ouchterlony
technique, that the PEPC of Zea mays exhibited only limited cross reaction and
thereby partial identity with anti-PEPC antiserum raised against PEPC purified
from A. viridis. The distinctness of C, dicot-PEPC from that of C; monocot
species was further confirmed by Western blot analysis.

Although, Ouchterlony double diffusion did not show much cross-
reactivity of PEPC from Amaranthus hypochondriacus, a C, dicot with Cs
plants or C;-C, intermediates (Plate 4.7 C & D), it could be aso because of the
limited sensitivity of Ouchterlony technique. Since the immune-reaction can be

amplified with Western blot, we checked the cross-reactivity with C; and C5-C,4
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Plate 4.6. Single radia immunediffusion to assess cross-reactivity of anti-
PEPC antiserum with PEPC in leaf extracts of Amaranthus hvpochondriacus.
The wells were loaded with different concentrations of protein (15, 30, 45 pg
protein), from left to right.



Plate 4.7. Ouchterlony double-diffusion, to assess the cross-reactivity of anti-
PEPC antiserum (against PEPC of Amaranthus hypochondriacus) with PEPC in
leaf extracts of C4 dicots or C4 monocots or C3 dicots or C3-C4 intermediates.
The center wells contained either preimmune serum (A) or anti-PEPC
antiserum of purified PEPC from A. hypochondriacus (B to D). The outer wells
1 to 3 contained in the given order. A: leaf extracts of C4 dicots - A
hypochondriacus, Amaranthus viridis. and Alternanthera pungens. B 1eaf
extract of A . pungens, purified enzyme of Zea mays (C4 monocot), and lesf
extract of A. viridis. C: Leaf extracts of C3 plants - Pisum  sativum,
Alternanthera sessiles, and Commelina benghalensis. D : Leaf extracts of C3-
C4 intermediates - Alternanthera tenella, Alternanthera ficiodes, Parthenium
hysterophorus. Outer well No 4 contained purified PEPC from A.

hypochondriacus for an easy comparison.



species with that of C4 dicot and C, monocot plants using anti-PEPC antiserum.
The extent of homology of PEPC was examined (by Western blots), by using
leaf extracts equa in terms of either protein or specific activity of PEPC. When
probed with the anti-PEPC antiserum against PEPC of A. hypochondriacus,
very good cross-reactivity was obtained (i.e.,intensely stained blots) with PEPC
in leaf extracts of three C, dicot plants, Amaranthus hypochondriacus,
Amaranthus viridis and Alternanthera pungens (Plate 4.8 A). In case of these
Cg-dicots, the leaf extracts containing 40 ug were to be loaded on the gd for
visual appearance of blot. The PEPC in the leaf extracts of three monocots {Zea
mays, Sorghum bicolor, and Pennisetum) could also be visuaized by Western
blot using the anti-PEPC antiserum against C,-dicot PEPC (Plate 4.8 B).
However the protein to be loaded on the gd in case of C;-monocots (60 g of
protein) was more than that (40 ug protein) needed in case of C, dicots (Plate
48 A & B). Such need for higher levels of C, monocot protein than that of C,
dicot protein for similar intensity on Western blots, suggests that the PEPC of
C,-dicot is immunologically similar yet distinct from that of C, monocot.

In another sat of experiments, leaf extracts of C; and C;-C4 were loaded
in such way so as to have equal cnzyme units, i.e. specific activity. One blot
was probed with anti-PEPC antiserum of PEPC from A. hypochondriacus and
other blot was probed with anti-PEPC antiserum raised against commercialy
available PEPC from Zea mays (Sigma Chemical Co., USA). Since PEPC
activity was more in C, dicot and monocot than with PEPC from C; and C3-C4
intermediates, the protein needed was about 60 ug for C; species (Pisum
sativwn, Commelina benghalensis, Alternanthera sessiles) as seen in Plate 4.9
(A & B), C;-C, intermediates (Parthenium hysterophorus, Alternanthera

ficoides, Alternanthera tenella) (Plate 4.10 A & B) compared to only (3 (ig)
equal to 0.01 U mg" protein needed for C, monocot {Zea mays) or C,-dicots
{Amaranthus hypochondriacus, Alternanthera pungens, Amaranthus viridis)

(Plate 4.11 A & B). With these combinations, PEPC in C;-species or C;-Cs
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Plate 4.8. Western blots of PEPC in leaf extracts of C4 dicots or C4-monocots.
A: C4-dicots - Lane 1: purified PEPC from Amaranthus hypochondriacus, Lane
2: Leaf extract of A. hypochondriacus, Lane 3. Amaranthus viridis, and Lane
4: Alternanthera pungens. B: Monocots - Lane 1. Purified PEPC from Zea
mays, Lane 2: Sorghum bicolor, Lane 3: Pennisetum glaucum. The amount of
protein loaded on to the ge was either 10 pg (purified PEPC from A
hypochondriacus or 40 (ig (leaf extracts of C4-dicots) or 60 pg (lesf extracts of

C4-monocots).
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Plate 4.9. Western blots of PEPC in leaf extracts of a C3 dicot and two C3
monocots. The leaf extracts were assayed for PEPC activity and about 60 pg of
protein (equal to 0.01 U of specific activity) were loaded in each lane for SDS-
PAGE and for later developing the immunoblots. A: Immunoblot probed with
anti-PEPC antiserum from Amaranthus hypochondriacus. Lane 1. Pisum
sativum, Lane 2. Commelina benghalensis, Lane 3: Alternanthera sessiles. B:
Immunoblot probed with anti-PEPC antiserum from Zea mays. Lane 1. P.

sativum, Lane 2: C. benghalensis, Lane 3; A. sessiles.
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Plate 4.10. Western blots of PEPC in leaf extracts of three C3-C4 intermediate.
The leaf extracts were assayed for PEPC activity and about 60 pg of protein
(equal to 0.01 U of specific activity) were loaded in each lane for developing
immunoblots.  A: Immunoblot probed with anti-PEPC antiserum from
Amaranthus /vpochondriacus. Lane 1. Parthenium hysterophorus, Lane 2:
Alternanthera ficoides. Lane 3: Alternanthera tenella. B: Immunoblot probed

with anti-PEPC antiserum from Zea mays. Lane 1: P. /nsterophorus, Lane 2:

A. ficoides" Lane 3: A. tendlla.



Plate 4.11. Western blots of PEPC in leaf extracts of three C4 dicots and a C4
monocot. The leaf extracts were assayed for PEPC activity and about 3 pg of
protein (equal to 0.01 U of specific activity) loaded in each lane for developing
immunoblots. A: Immunoblot probed with anti-PEPC antiserum from
Amaranthus hypochondriacus, Lane 1.  A. hypochondriacus, Lane 2
Amaranthus viridis. Lane 3. Alternanthera pungens, Lane 4. Zea mays. B:
Immunoblot probed with anti-PEPC antiserum from Zea mays. Lane 1: A

hypochondriacus, Lane 2: A. viridis, Lane 3: A. pungens,.Lane 4: Z. mays.



intermediates could be visudized by anti-PEPC antissrum of A
hypochondriacus, but not of maize (Plates 4.9 & 4.10). The blot with leaf
extracts of C4 dicot species showed up when probed with only with antiserum
against PEPC of A. hypochondriacus, but not of maize (Plate 4.11 A & B). The
antiserum against maize PEPC could react and show up only the maize enzyme
on the gels, but not of C, dicots.

These observations suggest that the antisera of Amaranthus
hypochondriacus-PEPC recognized PEPC of different species in the following
order: C, dicot > C;-C4 intermediate > C; dicot > C4 monocot. On the other
hand, antiserum of maize PEPC recognized C, dicot-PEPC is closer to C;/CAM
isoforms than to C4, monocot as suggested by Lepiniec et al. (1993).

We noticed that at least two bands of PEPC appear on Western blots
with leaf extracts of C; and C;-Cy intermediate species indicating the existence
of different isoforms (94 kD to 100 kD) of PEPC. In C, species, only a single
band was obtained on 10% SDS-PAGE gels or immunoblots, particularly when
loaded with 30 or more ug of protein. The pattern of double-bands (with leaf
extracts C; or C;-C,4 intermediates) after immunoblotting remained unaltered
even in presence of protease inhibitor like PMSF during extraction. We can
therefore eliminate the possibility of proteolysis during extraction.

The appearance of two or three PEPC bands on Western blots indicating
the presence of isoforms in C; have been noticed in extracts from C; plants
(Hofner et al., 1989) and CAM plants (Weigend and Hincha. 1992; Siocombe
et a., 1993). Weigend and Hincha (1992) have observed only one PEPC band
with C, and CAM species while two bands appeared on immunoblots of
extracts from C; plants using antiserum against maize PEPC. Schulz et al.
(1992) has shown the presence of one PEPC band in mesophyll cell protoplasts,
while two PEPC bands were detected in mesophyll tissue preparations, and
three in guard cell protoplasts and epidermal tissue of Vicia faba. Western blot

analysis of stomatal enzyme from Vicia faba showed two bands on cross
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reacting with antibodies against K. daigremontiana (Denecke et al., 1993).
Slocombe et al. (1993) has also shown two or three bands appearing in C,
performing M. crystallinum using antisera directed against PEPC from CAM-
performing K. daigremontiana. Sangwan et al. (1992) and Podesta and Plaxton
(1994a) have also observed the presence of two PEPC bands in germinating
cotyledons of Ricinus communis on probing with antiserum against maize leaf
PEPC.

ELISA is useful to detect and quantitate the antigen-protein in given
sample and can be employed in diagnostic kits. The standardization of ELISA
technique with PEPC, has the potential of developing diagnostic kits for PEPC
in leaf extracts of particularly C; species. The amounts of PEPC-protein in
crude extracts of Amaranthus hypochondriacus and in Pisum sativum. a Cj
plant could be quantitated by ELISA. There was a linear relationship between
the amount of color developed after ELISA and the amount of PEPC-protein
used in the sample. However, the dopes of these linear curves, representing the
avidity of the enzyme for the antibody, were different for the two forms of
enzymes from pea or amaranth. The color development after ELISA was linear
in the range of 0-100 ng m" PEPC-protein in leaf extracts of A
hypochondriacus (Fig. 4.4), while the linearity was with a higher range of O to
35 ug ml”' PEPC-protein in case of lesf extracts from Pisum sativum (Fig. 4.5).
If high concentrations of PEPC were used with leaf extracts of
A. hypochondriacus. the color developed after ELISA was too strong to
maintain linearity. In contrast, low levels (ng) of PEPC-protein from lesf
extracts of Pisum sativum could not be detected as the color was faint and could
not be read on the ELISA reader.

We conclude that ELISA could be used for quantitative detection of
PEPC in leaf extracts, after proper standardization. The antiserum against PEPC
of A. hypochondriacus could be used for both A. hypochondriacus and
P. sativum, but the range of detection varied by markedly by an order of
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Figure 4.4. Application of EILISA for detection and determination of PEPC in
leaf extracts of Amaranthus hypochondriacus. The specific activity of PEPC in
leaf extracts ol 4. hypochondriacus was 0.19 U mg-! protein. The wells of an
HLISA plate were loaded with varying dilutions of leaf extracts, containing ng
protein. as indicated. After HLISA, the color, based on assay with alkaline
phosphatase was read at 405 nm. The absorbance a 405 nm was linear in the

range of 20-100 pg protein in the wells. Fui(her details are described in
"Materials and Methods".
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Figure 4.5. Use d" ELISA to detect and determine PEPC in extracts of pea
(Pisum sativum) leaves. The specific activity of PEPC in leaf extracts of P.
sativin was 0.01 U mg-! protein. The linearity of developed color was in the

range of 5-35 pg of protein. The figure may be compared with Fig. 4.4. Further
details are described in “Materials and Methods™.



magnitude. ELISA can be used for detecting and determining PEPC at ng level
in case of Amaranthus hypochondriacus, but could detect PEPC in extracts of
Pisum sativum only at much higher levels of ug range. ELISA further confirms
our data from Western blot analysis that there are both similarities and
differences are present between the PEPC of C; and C4 type of dicotyledonous
plants, reflected immunological reaction of anti-PEPC antiserum.

There are very few reports of use of ELISA with PEPC or other
enzymes of C, pathway. ELISA was used to evaluate the immunologica
difference between the NADP-malic enzymes extracted from C; and CAM tyPe
of plants (Saitou et al., 1994). ELISA has been used by Schnabl et al. (1993) to
identify and purify the multiple isoforms of stomatal PEPC after gd
clcctrophoresis. Our experiments (Figs. 4.4 and 4.5) demonstrate that ELISA
can be used as a diagnostic kit to detect and determine PEPC-protein in C4 or

even C; plants.

Major conclusions from the results presented in this chapter are:

1. PEPC was purified from leaves of A. hypochondriacus with a very good
specific activity of 54 U mg protein. This is one of the highest specific
activities of PEPC reported in the literature.

2. Purified PEPC could be stored for at least 3 months in liquid nitrogen, along
with 50% (v/v) glycerol, without any significant loss of specific activity.

3. Antibodies were raised in rabbits against purified PEPC from
A. hypochondriacus. The anti-PEPC antiserum showed a titer value of
1: 100.

4. The monospecifity of PEPC-antiserum was confirmed by
immunoprecipitation and the amount of PEPC protein in leaf extracts of
A.  hypochondriacus could be quantified by single radia

immunodiffusion.
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5. Ouchterlony double diffusion and Western blot analysis showed that the C,
dicot-PEPC was similar to other C,-dicots, but was distinct from C,
monocots or C; species or C;-C, intermediates, as indicated by
immunological cross-reactivity.

6. An ELISA-technique was standardized to detect and determine PEPC
in leaf extracts of A. hypochondriacus (a C4-dicot) and P. sativum
(aCj-dicot).

65



Chapter 5
Interaction of PEPC with PEG and Other
Compatible Solutes: Studies with Purified Enzyme
and Crude Leaf Extracts



Chapter 5
Interaction of PEPC with PEG and Other Compatible Solutes: Studies
with Purified Enzyme and Crude Leaf Extracts

The tetrameric form of PEPC is reported to be the most active form (Walker et
al., 1986; Podesta et al., 1990; Wu et al., 1990), while dissociation of the
enzyme results in a marked decrease in the catalytic activity of the enzyme
(Walker et a., 1986; Wagner et al., 1987, Podestaet al., 1990; Willeford et al.,
1990; Wu et a., 1990). The oligomeric status of the enzyme in solution
depends on conditions such as pH (Waker et a., 1986), ionic strength
(Wagner et a., 1987) or temperature (Wu and Wedding, 1987). In vitro
experiments have indicated that dilution of the enzyme may be an important
factor while inducing dissociation of PEPC into dimer and/or monomer
(Angelopoulos and Gavalas, 1988; Wu and Wedding, 1987; Kleczkowski and
Edwards, 1990). Thus, the dilution of the enzyme leads to a marked instability
of PEPC.

Several authors have noted that the instability of PEPC activity in
extraction or assay media could be overcome by addition of glyccrol (Manetas
et al., 1986; Uedan and Sugivama 1976; Manetas, 1982; Karabourniotis €t a.,
1983; Sdlinioti et al., 1987). The action of glycerol as a stabilizer of this
protein structure and enzyme activity is known (Gekko and Timasheff, 1981).
Besides glycerol, other organic solutes (PEG, proline, betaine) also promote
self association of proteins and stabilize their structure (Timasheff et al., 1982).
Besides PEPC, other cytosolic enzymes, known to be activated by PEG include
pyruvate kinase from germinating castor seed endosperm (Podesta and
Plaxton, 1993) and fructose-1,6-bisphosphatase from endosperm of germinating
castor seeds (Hodgson and Plaxton, 1995). In agreement with above, we also
have observed that PEPC is unstable when extracted, primarily due to dilution.

Therefore detailed studies were made with purified enzyme and later with crude
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extracts to use solutes, such as PEG or glycerol, to keep up the high activity
and tetrameric state. Attempts were made to assess the oligomeric status, to see
if any changes occur in vivo.

Experiments were designed to study in detail the interaction of PEPC,
with four different solutes, namely PEG, glycerol, ethylene glycol and sorbitol.
Initially, experiments were performed with purified enzyme and the enzyme
was incubated with PEG or other solutes in vitro. In the next phase, the
properties of PEPC were evaluated by including PEG and/or glycerol during
both extraction of enzyme from leaves of Amaranthus hypochondriacus and
subsequent assay of reaction. Inclusion of PEG or other solutes during the
assay medium may reflect closely the physiological situation and is likely to be
away of mimicking the intracellular environment in vivo. Assays were run at
pH 7.3, which seems to be close to microenvironment of PEPC in vivo, i.e.
cytosol. Similar approach was made while assaying PEPC at both optima and
sub-optimal pH in earlier reports (Huber and Edwards, 1975; Karabourniotis et
al., 1985; Sdlinioti et al., 1985).

The first set of experiments were conducted to know the effect of
PEG-6000 or 8000 or 20,000 on the purified enzyme during the assay. All the
three type of solutes activated the enzyme at both sub-saturating (0.5 mM PEP)
and saturating (2.5 mM PEP) substrate concentrations (Fig. 5.1). Among the
three types of PEGs, PEG -6000 exerted greater activation than PEG-8000 and
20,000 at both substrate concentrations. The stimulation by PEG-6000 of PEPC
was nearly 35 fold at 0.5 mM PEP while being 2.5 fold at 25 mM PEP. The
stimulation of PEPC was nearly 2 fold with PEG-8000 at either 0.5 or at
25 mM PEP. The stimulation by PEG-20,000 a 0.5 mM PEP was dightly less
than that at 2.5 mM PEP.

The specific activities of PEPC on stimulation by PEG-6000 are shown
in Fig. 5.2. The decrease in the effectiveness of PEG-8000 or PEG-20,000,
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Figure 5.1. Effect of P:(; on the activity of PEPC purificd from leaves of
Amaranthus hypochondriacus. PEPC was assayed at pH 7.3 with either 0.5
mM (sub-optimal) PHP (A) or 25 mM (optimal) PEP (B). The enzyme activity
in absence of PEG (control) was 16 + 05 and 46 + 0.2 pmol min-! mg-!
protein, when assayed with 0.5 mM and 25 mM PEP, respectively. The assay
medium (1 ml) contained 2.0 |ig of purified PEPC. Data represents average *
SE of data from three independent experiments. Errors not seen are within the
symbols. Further details are described in "Materials and Methods". The specific
activities of PEPC with PEG-6000 arc directly plotted in Fig. 5.2.
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compared to that of PEG-6000, may be due to the increase in the viscosity of
the assay medium with the enlargement of the polymer weight.

At 0.5 mM PEP, the activity of PEPC is stimulated by dl three types of
PEG even a high concentration as 10% (w/v). At 10% (w/v) PEG, the enzyme
gets inhibited at 2.5 mM PEP. The high concentration of PEG-8000 may cause
a precipitation of the protein which may result in the apparent decrease in the
activity. Similar decrease in the extent of activation of cytosolic pyruvate
kinase under high concentration (>10% w/v PEG) has been reported by
Podesta and Plaxton (1993).

A concentration of 1.25% (w/v) PEG was optima for stimulation of
PEPC activity, irrespective of PEPC-protein concentration in the medium
(Fig. 5.3). Similarly, a protein concentration of 2 ug mi”'. PEPC was optimal
for eliciting maximal stimulation by 125 % (w/v) PEG-6000 (Fig. 5.4). This
indicates PEPC was stimulated at particularly low concentration of PEG and
gets inhibited at higher concentrations of PEG. High concentrations of PEG up
to 40% (w/v) have been used for precipitation of PEPC (Stamatakis et al., 1988;
Angelopoulos and Gavalas, 1991).

The effect of solute on enzyme docs not seem to depend on the osmoatic
potential as the osmotic potentials of PEG a concentrations capable of PEPC
stimulation are very low. Therefore, the activation of the enzyme by PEG can
be best interpreted to be due to "exclusion-volume theory" which promotes
self-association of enzyme-protein, and mimics the intracellular situation where
the enzyme is usually much-concentrated. Stamatakis et al. (1988) have tested
low concentrations of different PEGs: 200 to 20,000 (0.005M to 0.28 M), on
PEPC from desdted extracts of Cinodon dactylon and have shown that
stimulation of PEPC is not due to osmotic potential but by self-promotion of

homologous protein molecules in solution.

Inclusion of ethylene glycol or glycerol, a a concentration of

1.25% (v/v), during the assay stimulated the activity of PEPC, similar to the
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Figure 5.3. The effect of PEG at different PEPC concentration in the assay
medium. Maximum stimulation of purified PEPC occurred a 1.25% PEG,
when the enzyme was assayed a pH 7.3 with 25 mM PEP. The activity of
PEPC in the control sets (without PEG) was 46 + 0.2 umol min-! mg-!

protein.
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effect of like PEG-6000. There was a marked variation in the extent of
response to glycerol at 0.5 mM or 25 mM PEP. Maximum stimulation of PEPC
(2-fold) occurred a 1.25% (v/v) of glycerol when PEPC was assayed a sub-
optima (0.5 mM) PEP, while high concentration of glycerol (>10%, v/v) was
needed to exert similar stimulation at optima (2.5 mM) PEP (Fig. 5.5). A few
earlier reports indicated that the addition of glycerol in assay medium increased
the enzyme activity when assayed at low PEP levels of 1 mM (Gavalas et al.,
1982; Stamatakis et a., 1988), or a suboptima pH (Uedan and Sugiyama,
1976). Podesta and Andreo (1989) have shown that addition of glycerol
(20%, v/v) to assay medium at pH 7.0 and a& 1 mM PEP produced a marked
increase in enzyme activity, up to 180% of the initid value. Podesta et al.
(1995) have recently shown that dark-and light-form of purified PEPC from
A. viridis shows stimulation by ethylene glycol up to 20% (w/v). tlowever
higher concentrations (>25% wi/v) of cthylene glycol inhibit the enzyme.

Sorbitol had only a margina effect of- about 14 fold stimulation - on
PEPC activity at optimal (25 mM) PEP (Fig. 5.6). However, the effect of
sorbitol on PEPC was less than that of other solutes namely PEG, glycerol and
ethylene glycol. Manetas (1990) has reported that effect of sorbitol on PEPC is
neutral and does not protect the enzyme against NaCl attack.

Our observations confirm that PEPC in solution can be stimulated in
presence of even low concentrations of at least six different types of solutes.
Drilias et a. (1994) have shown that the activation effect and protection of
PEPC activity against temperature was not specific to only glycerol but was
effected by other solutes like PEG. PEG and proline are effective in protecting
enzyme-proteins a low concentrations (Lee and Lee, 1979). PEG aso acts by
promoting self association of the enzyme in solution and therefore underlies its

use for fractiona precipitation of proteins (Miekka and Ingham, 1978).
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As PEG-6000 exerted a much more marked stimulation of PEPC than
that the other two forms of PEG (namely 8000 or 20,000), we have used
PEG-6000 for further detailed studies with purified enzyme and crude extracts.

The kinetic characteristics of PEPC were evaluated in presence of
PEG-6000. In presence of PEG, the affinity for PEP of PEPC decreased, while
the sensitivity to malate or G-6-P decreased as indicated by the increase in the
values of their K; and K,, respectively (Table 5.1). These observations are
similar to a earlier reports in the literature. The decrease in the affinity for PEP,
in presence of PEG was shown by Stamatakis et al. (1988). Huber and
Sugiyama (1986) have shown that PEG relieves L-maate inhibition in both
crude extracts and purified enzyme. Podesta and Andreo (1989) have aso
shown that presence of glycerol can help to overcome the inhibition of the
enzyme by L-maate We suggest that PEPC becomes less susceptible to
L-malate inhibition in presence of PEG, possibly because of the shift of enzyme
towards active tetrameric form.

It is a common experience that during the extraction and the assay of
PEPC as per the norma procedures, a marked dilution of the enzyme occurs in
leaf extracts. Such dilution can affect adversely the quaternary structure of
PEPC due to the dissociation of the enzyme (Willeford and Wedding, 1992).
These adverse effects can be counteracted either by increasing PEP
concentration (Wagner et al., 1987; Willeford and Wedding, 1992) or by
addition of solutes (Selinioti et al., 1987; Stamatakis et al., 1988; Podesta and
Andreo, 1989). Hence, we extended our studies on interaction of PEPC with
PEG and glycerol to crude leaf extracts. This serves two purposes. first to
evaluate the effects of PEG on PEPC activity in crude leaf extracts and second.
to identify the best way of extraction/assay of enzyme.

We have examined the effect of only PEG-6000 on PEPC in leaf crude
extracts, as this compound was the most effective in stimulating the purified

enzyme. The activity of PEPC was determined while including PEG-6000

71



Table5.1. Effect of inclusion of PEG, when included during the assay,

on the characteristics of PEPC purified from |eaves of Amaranthus

hypochondriacus

Parameter

Solute (w/v)
None PEG-6000
1.25%
Vmax (Mmolmin” mg’ protein) 26 £3.2 52 +2.2
K. PEP (mM) 0.27 +0.01 0.19 +0.06
K; malate (mM) 0.4 £0.03 09 £ 017
K, G-6-P (mM) 0.5 £0.05

0.7 £ 023




during either extraction alone, or only during assay or both during extraction
and assay. Presence of PEG-6000 during both extraction and assay resulted in
maximum catalytic activity of PEPC (Fig. 5.7). The effect is pronounced at
25 mM PEP (>4- fold stimulation compared to the activity in the absence of
PEG) compared to that at 0.5 mM PEP (3.5 fold). Maximum stimulation
occurred at 2% (w/v) PEG when PEPC was assayed with 0.5 mM PEP,
although 5% (w/v) PEG was the most effective with 25 mM PEP. Thus, there
was a dlight variation in the optimal concentrations of PEG-6000 needed for
maximal stimulation of PEPC in crude extracts or in the purified form. We have
no immediate explanation for this phenomenon. However our observations
demonstrate that inclusion of PEG during assay as well as extraction is
necessary to maintain maximal activity of PEPC when assayed at cither 0.5 or
25 mM PEP (Fig. 5.7).

The kinetic properties of PEPC changed in response to PEG even in
leaf crude extracts. These changes are reflected in the sensitivity of PEPC to
PEP or malate or G-6-P (Table 5.2). The K,, for PEP of PEPC decreased from
0.75 (control) to 0.44 (in presence of PEG), K; for malate decreased from 104
(control) to 0.74 (+ PEG). On the other hand, the response to G-6-P, as
indicated by K, G-6-P, increased from 0.25 (control) to 1.17 mM (in presence
of PEG).

Podesta and Plaxton (1993) have shown that in presence of PEG, the
K, for PEP and ATP of pyruvate kinase decreased. Hodgson and Plaxton
(1995) have recently reported that PEG decreases the K,,, for pyruvate kinase of
fructose-1,6- bisphosphatase. K, for PEP of PEPC in desdted extracts of
Cynodon dactylon was lowered in presence of PEG or glycerol (Stamatakis et
al., 1988; Manetas, 1990). We therefore conclude that PEG causes marked
conformational changes in PEPC. In case of enzymic proteins, the aggregation
state is often a significant factor determining the catalytic efficiency. The

presence of solutes may therefore, modify dramatically the kinetic parameters
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Table 5.2. Effect of 1%(w/v) PEG and/or 20% (v/v) glycerol during
extraction and assay on the characteristics of PEPCin leaf extracts

of Amaranthus hypochondriacus

Parameter

Extraction medium

No PEG. no + Glycerol Glycerol + PEG
glycerol
V max (pmolh'l mg'l chl) 581 + 12 1316 £20 2323 £33
K., PEP (mM) 0.75 £ 0.04 0.60 + 0.26 0.44 + 0.1
K; malate (mM) 104 £0.21 0.20 £ 0.03 0.74 £0.14
K G-6-P (mM) 0.25 +0.07 0.17 £0.02 117 +0.31




of the enzyme reaction and/or the modulation of enzyme activity by
metabolites (Stamatakis et al., 1988).

The light activation, and stability of PEPC in presence or absence of
glycerol and/or PEG during extraction were studied. Even after 2 h of
extraction, the enzyme was highly stable when glycerol and PEG were present
in both extraction and assay media (Table 5.3). These results indicate that of dl
the combinations the presence of glycerol and PEG provides in a maximum
protection of the enzyme against dilution, enhances the catalytic efficiency of
PEPC and stabilize the protein. The effect of PEG appears to be primarily due
totherisein loca protein concentration.

The influence of solute (PEG) on light- and dark-form of PEPC in crude
leaf extracts was examined. When assayed at sub-optimal PEP and optimal-
PEP concentrations the dark-form of enzyme showed much more marked
stimulation by PEG than that of light-form (Fig. 5.8). The reports on the
response of oligomerization/dissociation of PEPC-protcin in response to light
or darkness are ambiguous. Stimulation of PEPC by PEG a 125 mM PEP was
reported by Huber and Sugiyama (1986). The light-form of the enzyme is not
stimulated than the dark-form of the enzyme in presence of PEG (Chadwick,
1994).

Glyceral is known to stabilize the activity of PEPC and is frequently
included during extraction of enzyme from various plant tissues, including
those of C, plants (Manetas, 1982; Karabourniotis et a., 1983; Manetas et al.,
1986; Stamatakis et al., 1988; Jawali, 1990; Manetas, 1990; Drilias et a.,
1994).  Chidwick (1994) has observed that addition of 10% (w/v) PEG in
extraction buffer, followed by rapid extraction, stabilizes PEPC in Kalanchog
blossfeldiana. However very few reports indicated the need for addition of
glycerol while assaying PEPC.. Thus the use of compatible solutes during in
vitro assay, appears to be highly relevant to in vivo situation, at least for
oligomeric enzymes such as PEPC and PPDK (Salahas et a., 1990). Further
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Table 5.3. Effect of different combinations of 20 % (v/v) glycerol and 1 % (w/v) PEG
during extraction/assay on the activity, light activation and stability of PEP C

Extraction Assay Soon after extraction After 2 h of extraction
medium
Light Dark L/D Light Dark L/D
(umol h'mg'chly  Ratio (umol K' mg’'chl) Ratio
NoPEG.no NoPEG.no 628+ 35 51028 12 71622 581 £4.2 12
giycerol alveerol
+ Glyeerol 968 +5.6 S03+2.0 19 1258+1.0 716 1.0 18
Glycerol 1142+26 332+1.5 2.1 1142+15 610+6.0 19
+ PEG
+ Glycerol + Glycerol 943 +24 561 * 12 17 1065 +1.5 542 +£1.2 2.0
+ Glycerol 1065 =20 639zx16 17 1379£31 619+10 2.2
+ PEG
+ Glveerol + Glycerol 1258 = 18  619+22 20 137920 793 £22 17

+ PEG + PEG
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Figure 5.8. Stimulation by PEG of PEPC extracted from leaves of Amaranthus
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mM PEP). The data are averages of four experiments+ SE.



studies are needed to elucidate the exact molecular mechanism involved in the
regulation of PEPC by PEG and/or glycerol invivo.

Our results demonstrate that the presence of PEG and/or glycerol during
extraction and assay not only enhances the catalytic activity of PEPC but aso
improves the stability of enzyme. The main reason for this effect can be
assumed to be the prevention of the PEPC dilution during the extraction. We
therefore recommend that PEG and/or glycerol could be valuable additives to
the medium to determine maximum catalytic efficiency of the enzyme.
However it should also be kept in mind that PEG and/or glycerol change the
kinetic properties of PEPC.

Oligomerization state of PEPC in crude leaf extracts

To gain further insight into the possible interaction of PEPC with compatible
solutes, we have examined the quaternary structure of PEPC by ge filtration in
crude leaf extracts of PEPC on Sephadex G-200 column.

The elution profile of the enzyme in crude extracts was compared with
the calibration of the column with standard proteins of known molecular
weight (Fig. 5.9). The caibration curve obtained by eution pattern of four
protein standards of different molecular weight was used to assess the
oligomeric status of PEPC and to determine the form of PEPC: tctramer, dimer,
or oligomer. The number of the fraction at which a peak of elution can be taken
as the indication of its apparent molecular weight. Thus the protein peaks
eluting at the fraction Nos. 10. 18 and 25 correspond to molecular weights of
about 450 kD, 225 kD and 100 kD. respectively. These molecular weights
correspond to tetramer, dimer and monomeric forms of PEPC in leaf extracts.

In one set of experiments, glycerol and/or PEG are included during both
extraction of the enzyme from leaves as well as elution from Sephadex column.

In another set of experiments 5% (w/v) PEG and/or 20% (v/v) glycerol were
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present only during extraction but were excluded while elutiggs om the,
column.

When the leaves of A. hypochondriacus were extracted with a medium
containing neither glycerol nor PEG, PEPC eluted at two peaks numbering
18 and 25 (Fig. 5.10). These peaks correspond to dimer and monomers. If the
extracts were prepared with glycerol and/or PEG in the buffered medium,
PEPC eluted mainly at fraction No. 12, i.e. as a tetramer of about 450 kD
(Fig. 5.11 & 5.12). On the other hand, if PEG or glycerol were omitted while
eluting the column with only buffer, PEPC appeared as a mixture of tetramer
and dimer, as indicated by peaks at No.10 and 18 (Fig. 513 & 5.14). These
results provide a good demonstration of variability in oligomeric status of
PEPC in leaf extracts, and its modulation by glycerol and PEG.

The osmotic potential of the cell sap (> 330 mM) is much above that of
the norma buffer strength (up to 50 to 100 mM) used during extraction or
assays. During organelle isolation, 0.3 to 04 M sorbitol or mannitol is
employed to mimic the osmotic microenvironment of cel sap. We have
therefore examined the effect of 0.3 M sorbitol on the size of PEPC in leaf
extracts. The presence of 0.3 M sorhitol in extraction and clution buffer a minor
tetramer peak appears along with dimer and monomer peaks (Fig. 5.15). Thisis
in well correlation with the marginal stimulation observed with our
spectrophotometric assays. Sorbitol aso can shift the enzyme towards active
tetramer form.

Gd filtration technique has frequently been employed to assess the
molecular size of PEPC from a few C;-, C4- and CAM species. While many of
these attempts were with purified enzyme, some of the reports used crude
extracts. Jones et al. (1978) reported a dissociation, on dilution, of purified
PEPC from a CAM plant, Bryophyllum fedtschenkoi, using a Sepharose
CL-6B column. McNaughton et a. (1989) detected changes in the oligomeric
status of the PEPC, extracted from illuminated and dark-adapted leaves of
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Figure 5.10. Elution profile from a Sephadex G-200 column. of PEPC in lcaf
extracts of Amaranthus hypochondriacus. The dark-adapted leaves were
extracted with the medium. containing neither glycerol nor PEG. Leaf extract
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buffered medium containing 50 mM HepessKOH pH 7.3. One ml fractions
were collected and assayed at pH 7.3 with 25 mM PEP. Further details are
described in «'Materials and Methods'.
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Figure 5.13. Effect of glycerol on the oligomeric status of PEPC in leaf
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Sephadex G-200 column. 20% (v/v) glveerol was included in the extraction
medium, but was excluded from elution buffer. Further details are as in Fig

5.10.



0.10

= 008}
'
2P
.; a
o i 0.06 -
5 X
& &
O o=
& 004}
& B
= 00l

0.00

0 4 8 12 16 20 24 28 32
Fraction number

Figure 5.14. Effect of PEG on the oligomeric status of PEPC in leafextracts of
Amaranthus hypochondriacus. as indicated by its clution from a Sephadex G-
200 column. 5% (w/v) PEG and 20% (v/v) of glycerol were included in the
extraction medium. but was excluded from elution buffer. Further details are as
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mai ze when passed through a Superose 6 column. Further, the oligomeric status
of PEPC was found to change with dilution of enzyme suspension. The
enzyme eluted as a single peak, with molecular weight corresponding to
tetramer state, when the column was loaded with 500 ug of protein. However,
on loading with a low amount of protein (0.5 ng), the enzyme appeared as a
dimer. Jawali (1990) purified PEPC from maize which appeared as a dimer on
Superose 12 column. Willeford et al. (1990) have aso reported that PEPC
predominantly exists as tetramer in presence of saturating substrate
concentrations and as dimer under sub-saturating (<0.4 mM PEP) substrate
level.

Podesta and Andreo (1989) have examined the effects of glycerol on
oligomeric status of purified PEPC from maize. They observed that PEPC
eluted as a tetramer on cluting with buffer containing glycerol. However in the
absence of glycerol in elution buffer the enzyme appeared as both tetramer and
dimer a pH 7.0. NaCl induces dissociation even in presence of glycerol and
shifts the enzyme to dimeric state (McNaughton et a., 1989; Podesta and
Andreo, 1989; Willeford et al., 1990).

Although the existence of different oligomers (mono, di- and tetramers)
of PEPC is well documented, the information on the activity of monomer or
dimer of PEPC is ambiguous and controversial. Jones et a. (1978) have shown
that the PEPC-dimer, from Bryophyllum fedtschenkoi, possess about 50% of the
specific activity of that of tetramer in PEPC. Huber et al. (1986) have shown
that PEPC eluted as a tetramer from both illuminated and darkened maize
leaves in vivo. Under such high concentrations of PEPC the addition of 2 mM
malate in elution buffer did not ater the elution pattern. There are reports
showing that under high protein concentration, PEPC exists as tetramer in vivo
(O'Leary, 1982; Andreo et al., 1987; Wagner et al., 1987; Wu and Wedding
1987; Stiborova, 1988). Willeford et al. (1990) have shown that maize PEPC

eluted as a dimer on a size-excluson HPLC a pH 7.0, in the presence of
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20% (v/v) glycerol and 100 mM NaCl. They found that the dimer had
considerably enzyme activity under standard assay conditions or getting
converted to the tetramer form in the assay. On the other hand, Meyer et al.
(1991) reported that only a tetramer, but not a dimer, is active on native gels.
On loading a native gel, with 20 ug of protein, PEPC appears as homotetramer,
while diluting the enzyme to 10 to 5 pg shows a dimer which is not active on
staining.

Apart from PEPC, several oligomeric enzymes are markedly influenced
by the presence of PEG or glycerol. Examples for such enzymes are: Rubisco
activase and PPi-dependent phosphofructokinase (Salvucci, 1992; Podesta and
Plaxton, 1993; Moorehead et al., 1994), cytosolic pyruvate kinase (Podesta
and Plaxton. 1993) and cytosolic FBPase (Hodgson and Plaxton. 1995). The
addition of PEG or glycerol shifted the enzyme to active tctramcric form, in
case of pyruvate kinase ( Podesta and Plaxton, 1993) or FBPase (Hodgson and
Plaxton, 1995). In the absence of PEG or glycerol, the enzymes appeared
mostly in an inactive form.

Stimulation of PEPC activity was possibly due to microconcentration of
enzyme (or) remova of water/hydrophobic interaction. Such possibility is
further confirmed by the effect of sorbitol with enzyme from Amaranthus
hypochondriacus (present studies, see Fig. 5.6). Podesta et a. (1995) have
shown stimulation with other solvents, such as methanol or ethylene glycol on
PEPC purified from Amaranthus viridis. We therefore suggest that an increase
in  homologous protein-protein interaction, probably promoting subunit
aggregation, is responsible for the PEG-mediated activation.

Most of the earlier reports on the effects of PEG or glycerol on PEPC
focussed on the properties, regulation and oligomeric status of enzyme only in
vitro. The present work is the first attempt to assess in detail the oligomeric
status of PEPC, on extraction from leaves in presence or absence of solutes in

the medium. Our results demonstrate that PEG or glycerol or even sorbitol help

7



in keeping PEPC in its native active tetrameric form even in crude leaf extracts.
Besides glycerol or PEG-6000 or sorbitol can also be used to modulate the
oligomeric status of PEPC. These studies are quite relevant to the situation
in vivo, and may be extended further to assess changes in oligomerization of
PEPC, for eg. on illumination.

Most of the observations on changes in oligomeric status of PEPC were
made in vitro (Wu and Wedding, 1985; Wagner et al., 1987; Podesta and
Andreo, 1989; Willeford et a., 1990). Attempts to record such changes in vivo
of oligomerization or dissociation of PEPC have so far not been successful
(Wagner et a., 1987; Podesta and Andreo, 1989; Weigend and Hincha, 1992).
As a result, the physiological significance of changes in oligomeric status of
PEPC has been questioned (McNaughton et al.. 1989; Wu et d., 1990).

High concentrations of sat, such as 200-400 mM NaCl induce
dissociation of PEPC (Wagner et a., 1987), while presence of PEP or G-6-P
counteract the sdt effect, favoring equilibrium toward tetramer formation
(Walker et a., 1986; Wagner et a.. 1987). McNaughton et a. (1989) have
shown that purified maize PEPC dissociates into dimcric form with
progressive dilution. Using light scattering as the probe, Willeford et al. (1990)
have shown that PEPC exists in vitro in an equilibrium of aggregates. The
enzyme shifted to a predominantly tetramer state on addition of Mg-PEP. while
malate (an inhibitor of PEPC) shifted the equilibrium to dimer. Wu et a. (1990)
have shown that at neutral pH, the enzyme exists as tetramer. At low or high
pH, the tetramer form is dissociated. resulting in a largely inactive form. Meyer
et al. (1991) also have indicated that dilution induced dissociation of the active
tetramer to a less active dimer. Incubation in presence of PEP or G-6-P
stabilizes the tetramer while presence of malate induced dimer formation in
Crassula species. Wedding et a. (1992) have shown that dissociation of
tetrameric form of PEPC into their subunits in presence of 1.5 M urea. The

dissociation by urea was protected by PEP and G-6-P. Thus, the presence of
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substrate (PEP) or an activator (G-6-P) promote aggregation of PEPC, while the
inhibitor promotes enzyme dissociation.

Our findings confirm. that the structural, kinetic and regulatory
properties of PEPC are influenced by the microenvironment. For example, the
concentration of PEPC while being assayed in vitro, is far below its expected
concentration in vivo. Precautions must therefore be taken while studying the
properties and regulation of PEPC. A similar situation may exist in case of also
other plant enzymes, particularly cytosolic ones, such as pyruvate kinase

(Podesta and Plaxton, 1993).

Major conclusions from the results presented in this chapter are:

1. The inclusion in assay medium of solutes such as PEG. glycerol or even
sorbitol, stimulated the activity of purified PEPC. Of dl the solutes,
PEG-6000 was the most effective in stimulating PEPC.

2. In the presence of PEG, the &ffinity for PEP of purified PEPC or PEPC in
|eaf extracts decreased, the K, of G-6-P increased, while the K; of
malate decreased suggesting that the regulation of PEPC is dampened.

3. Addition of both PEG and glycerol during both extraction and assay
helps to stabilize the enzyme and to maintain the highest activities,
possibly preventing dilution and dissociation of enzyme.

4. The stimulation by PEG of the dark-form of PEPC was more than that of
the light-form under sub-optimal or optimal PEP concentrations.

5. Gel filtration of PEPC in leaf extracts on Sephadex G-200, showed up
the existence of three different oligomeric forms: tetramer, dimer and

monomer.
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6. The absence of PEG, glyccrol or sorbitol during extraction and subsequent
assay, resulted in a marked shift of the enzyme into dimer and/or
monomer, with a very small proportion of tetramer.

7. Presence of PEG and/or glycerol both during extraction and/or elution results

in the enzyme maintaining predominantly atetrameric shape.
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Effect of Inorganic lons on the Activity of PEPC
from Amaranthus hypochondriacus in vitro



Chapter 6
Effect of Inorganic lons on the Activity of PEPC from Amaranthus

hypochondriac usin Vitro

Inorganic ions like nitrate or ammonium are not only constituents of plant
components but also regulate plant metabolism by modulating the biosynthesis
and activity of enzymes. The activities of at least three key enzymes namely:
cytosolic sucrose phosphate synthase (SPS), nitrate reductase (NR) and PEPC,
respond to L/D transitions and appear to be modulated by regulatory protein
phosphorylation in response to light, N, or both (Duff and Chollet, 1995). An
attractive hypothesis is that nitrate or a downstream product of its assimilation
would activate PEPC and inactivate SPS by modulating the respective protein
kinase/phosphatase activity ratios to favor increased phosphorylation (Van Quy
et al., 1991 a, b; Champigny and Foyer, 1992).

Thus, nitrate functions as a signad metabolite activating the cytosolic
protein kinase, modulating the activities of the two key enzymes and redirecting
the flow of carbon away from sucrose synthesis towards amino acid synthesis
(Champigny and Foyer, 1992). Biosynthesis of PEPC in leaves is cffected by
the extent and form of nitrogen available to the plant. For eg. the levels of
PEPC increased when the leaves of maize were fed with nitrate or ammonium.
Sugiharto and Sugivama (1992) have reported that anmonium salt is a much
more effective inducer of PEPC biosynthesis than nitrate. However these
effects in vivo of nitrate or ammonium are long-term ones on biosynthesis of
PEPC protein.

Ammonia is a toxic metabolite and inhibits several enzymes of plant and
animal metabolism (WHO, 1968). Nevertheless, a few enzymes such as
pyruvate kinase are stimulated by ammonium (Hiller, 1970; Kanazawa et al.,
1972; Peterson and Evans, 1978). Ammonium ions enhance assimilation of

carbon into C, acids in higher plants, agal cells and cyanobacteria (Ohmori et
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al., 1986; Miiller et al., 1990; Vanlerberghe et al., 1990). Further, ammonia
assimilation rates in vivo are well correlated with PEPC activity in green alga,
Selanastrum minutum (Vanlerberghe et al., 1990). When leaf discs and
mesophyll cells were fed with ammonia, PEPC and pyruvate kinase activity
were stimulated (Hammel et al., 1979). Although an increase in the activity of
PEPC is assumed to be the reason for elevated rates of dark carbon fixation, the
direct effects of ammonium salts on PEPC activity are not assessed.

The present chapter is an attempt to examine the effect in vitro of
ammonium and several other inorganic ions on PEPC from L/D adapted leaves
of Amaranthus hypochondriacus,a NAD-ME type of C, plant.

The activity of PEPC was stimulated markedly by ammonium chloride,
particularly a low concentrations. The enzyme activity was enhanced by
80% (over control) at 50 uM NH,CIl. However, the extent of stimulation
declined as NiI,Cl concentration was raised above 100 puM. The effect of
NH,CI, a 3-4 mM, on PEPC was only margina and the enzyme activity
decreased at 5 mM NH,CI (Fig. 6.1).

When a range of different salts were tested, PEPC was stimulated only
by ammonium salts and to some extent by potassium ions. Besides chloride,
acetate and sulphate salts of ammonium also stimulated the activity of PEPC.
On the ailier hand, monovalent ions like lithium, sodium and rubidium had only
a marginal effect on PEPC (fable 6.1). The presence of calcium chloride
decreased the activity of PEPC. The inhibition of PEPC by calcium has been
reported earlier (Gavalas and Manetas, 1980).

The stimulation by potassium ions was not as marked as that by
ammonium ions. At 0.5 mM KC1, the activity of PEPC was stimulated by
35% over control. However, the activity of PEPC was dlightly decreased at
higher concentrations of potassium ions (about 20-25% inhibition at 2-5 mM
KC1) (Fig. 6.2). Potassium ions, which promote stomatal opening (Raschke,

1979) and swelling of guard cell protoplasts (}lampp and Schnabl, 1984) are
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Figure 6.1. Stimulation by NH4Cl in vitro of PEPC extracted from dark-
adapted leaves of Amaranthus hypochondriacus. The enzyme was assayed at
pH 7.3 and the reaction was started by 25 mM PEP. The insst shows the
response of the enzyme to low concentrations of ammonium chloride.
Maximum stimulation of about 80% (over control) occurred a 50 uM
ammonium chloride. Enzyme activity in the absence of ammonium chloride
(control) was 544 + 10 umol h-! mg-1 chl. Data are averages + SE of at least

three separate experiments. If not seen, the errors are within the symbols.



‘Table 6.1. Effect of different saltsin vitro on the activity of PEPC extracted

from leaves of Amaranthus hypochondriacus

Salt Optimal Enzyme activity ~ Activity compared to
concentration control
(umol h' mg'chl) (%)
None (control) 0 627 + 23 100
Ammonium chloride 50 1130 % 10 180
Ammonium sulphate 50 11505 183
Ammonium acetate 50 1121 +9 179
Potassium chloride 500 821+1 131
Sodium chloride 500 7301 116
Lithium chloride 500 697+ 1 B8
Rubidium chloride 500 697 + 1 111
Calcium chloride 500 3712+ 15 41
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Figure 6.2. Stimulation in vitro of PEPC from dark by KCl Maximum
stimulation was a2 0.5 mM KC1, while PEPC activity decreased at higher
concentrations of KCIL. The activity of PEPC in the absence of KCI (control)
was 627 + 23 umol b~} mg-1 chl. Further details were asin Fig. 6.1.



reported to stimulate PEPC activity in guard cell protoplasts (Michake and
Schnabl, 1990) and epidermal strips (Willmer et al., 1990).

In the presence of NH,CI, the affinity to PEPC was not much altered,
although V., increased by 85%. The double reciprocal plots revealed similar
K., for PEP in the presence or absence of NH,Cl (Table 6.2). Also, there was
no significant change in the sengitivity of the enzyme to malate in the presence
of NH,Cl (Table 6.2).

G-6-P is an alosteric activator of PEPC from C, plants (O'Leary,
1982). However, the responseto G-6-P was quite different in the presence of
NH,Cl. G-6-P activated PEPC markedly in the absence but not in the presence
of NH,Cl. The enzyme was stimulated by more than two fold by G-6-P. But
there was only a marginal stimulation (<20%) by G-6-P in the presence of
NH,CI. Further, there was a decrease in PEPC activity at higher concentrations
of G-6-P (>3 mM) in the presence of NH,CI (Fig. 6.3). The K, of PEPC for
G-6-P was 0.17 mM in the absence (control) and 0.94 mM in the presence of
NH,C! (Table 6.2). A mgor reason for ineffectiveness of G-6-P appears to be
that the enzyme is already activated by NH,Cl. Similarly, the decrease in the
enzyme activity at higher concentrations of G-6-P may be due to the marked
dteration of regulatory site by ammonium ions. Therefore, NH,Cl appears to
modulate PEPC in vitro by changing the sensitivity of the allosteric regulatory
site.

On illumination, the activity of PEPC is stimulated two to three fold in
leaves of C, plants (Rajagopalan et al., 1994; Doncaster and Leegood, 1987).
We have therefore tested the response to the ammonium of the enzyme
extracted from illuminated leaves. However, unlike the dark-adapted enzyme,
the light-activated form of PEPC was not stimulated, but was inhibited
(Fig. 6.4). The light-activated form of PEPC differs from the dark-adapted form
in several characteristics: malate sensitivity, phosphorylation status and K, for

PEP (Rajagopalan et al., 1994). When leaves are illuminated, conformational



Table 6.2. Kinetic characteristics of PEPC from leaves of Amaranthus

hypochondriacus in the presence or absence of 50 pA/ ammonium
chloride

Parameter Control Nii,Cl

Vi (tmol h o mg chl) 1316 + 20 2436 + 17

K,, PEP (mM) 0.60 + 0.03 0.70 £0.12
K; malate (raM) 0.20 = 0.05 0.25 +0.01
KA G-6-P (raM) 0.17+0.01 0.94 + (.22 **

** Apparent, due to non-typical kinetics.
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Figure 6.3. Response to G-6-P of PEPC from dark-adapted leaves of
Amaranthus hvpochondriacus. The enzyme was assayed a pH 7.3 in the
presence or absence of 50 pM ammonium chloride and different concentrations
of G-6-P. PEPC was activated markedly (>two fold) by G-6-P only in the
absence of ammonium chloride. The stimulation by G-6-P was marginal
(<20%) in the presence of ammonium chloride. Further details were as in Fig.

6.1.
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Figure 6.4. Response to ammonium chloride of PEPC extracted from dark-
adapted or illuminated leaves of Amaranthus hypochondriacus. Leaves which
were kept in darkness for 2 h, were either retained in darkness or illuminated at
1200 pE nr? s-1 for 20 min. PEPC was assayed at pH 7.3 with 2.5 mM PEP.
The activities of PEPC in the control sets (i.e. without NH4Cl) were 836 + 4
umol h-! mg-1 chl (dark-adapted leaves) and 2090 + 10 umol h-1 mg-! chl

(iluminated leaves). Further details were asin Fig. 6.1.



changes are likely to occur in PEPC. The absence of stimulation by NH,CI or
PEPC from illuminated leaves indicates that the dark-form of the enzyme aone
has the conformational status capable of responding to ammonium ions.

Light dependent phosphorylation of PEPC in mesophyll protoplasts of
sorghum was promoted by wesk bases such as ammonium chloride and
methylamine (Pierre et al., 1992). These ions were expected to increase the
cytosolic pH, raise the levels of calcium and activate either PEPC or PEPC-PK
or both. Our present observations demonstrate that ammonium ion is an
alosteric activator of PEPC from C, plants.

In C, plants, the reactions of carbon and nitrogen metabolism are
spatially separated between the mesophyll and bundle sheath cells (Hatch,
1987). PEPC is located in cytosol of mesophyll cells in leaves of C, plants. The
reduction of nitrate to ammonium aso occurs in Cy mesophyll cclls (Hatch,
1987). Allosteric activation by ammonium of PEPC fits well with intercellular
enzymic distribution. An increase in the availability of ammonium ions can
stimulate PEPC and thus promote carbon and amino acid metabolism. Our
observations can therefore form an additional basis of a better nitrogen use
efficiency in C, plants than that in C; species (Hatch, 1987).

This is the first report on direct activation by ammonium ions in vitro of
PEPC, a key enzyme of C, pathway. The effects of calcium on PEPC are
studied further in the next chapter.

Major conclusions from the results presented in this chapter are:

1. Among the different salts tested acetate, chloride and sulphate salts of
ammonium were the most effective in enhancing the activity of PEPC,
during assay i.e., in vitro. PEPC was stimulated to a limited extent also
by potassium ions.

2. Ammonium chloride stimulated PEPC activity at a low concentration of 50

uM in dark-adapted leaves from Amaranthus hypochondriacus.
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3. The extent of stimulation of PEPC by ammonium chloride in dark-adapted
leaves was more than the light-adapted |eaves.

4. The V.« and malate sensitivity was not much altered in presence of
ammonium chloride. However, G-6-P activation decreased in the
presence of ammonium chloride.

5. Ammonium chloride modulates PEPC activity in vitro by changing the

sengitivity of the allosteric regulatory site.
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Chapter 7
Effect of Calciumon PEPC and PEPC-PK in Leaves
of Amaranthus hypochondriacus



Chapter 7
Effect of Calcium on PEPC and PEPC-Protein Kinase in Leaves of
Amaranthus hypochondriacus

Reversible protein phosphorylation of enzymes is an important
mechanism of metabolic regulation in plants (Budde and Chollet, 1988). During
this cascade, the target enzyme (protein) is phosphorylated by a protein kinase,
while the dephosphorylation is catalyzed by a protein phosphatase. Both of
these steps form areversible cycle. In most cases, both the phosphorylation and
dephosphorylation reactions are active a the same time and the relative
activities would determine the steady state level of phosphorylation status of
enzyme (Stadtman and Chock. 1977).

PEPC is one of the best examples of plant enzymes regulated by
phosphorylation-dephosphorylation cascade. PEPC is phosphorylated by a
PEPC-PK and dephosphorylatcd by a type-2A protein phosphatase (Budde and
Chollet, 1988; Huber et al., 1994; Rajagopalan et al., 1994). The coordination
of both PEPC-PK and PEPC-phosphatase(s) determines the phosphorylation
status of PEPC and its sengtivity to malate during L/D transitions. The
phosphorylated form of the enzyme is more active than the dephosphorylated
form. The physiological significance of such modification is that the
phosphorylated form of PEPC is less sensitive to malate and G-6-P than the
dephosphorylated form.

The post-translational modification of PEPC involves phosphorylation
at the serine residues. The phosphory lation of PEPC occurs on scr in tobacco,
ser in sorghum, ser " in maize and ser in Mesembryanthemum (Lepiniec et
a., 1994; Raagopaan et a.. 1994).

Despite the extensive literature available on PEPC-phosphorylation, the
regulation by metabolites or the pattern of messengers involved in the
transduction of light signal is not completely characterized. Phosphorylation of
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PEPC was not affected by a number of putative light-modulated cytoplasmic
effectors including calcium/calmodulin, fructose-2,6-bisphosphate, PPi, and
thioredoxin h (Jiao and Chollet, 1989; Chollet et al., 1990; McNaughton et al.,
1991).

Calcium acts as a secondary messenger in a variety of physiologica
responses. The marked changes on illumination in the levels of cytosolic
calcium suggested that calcium could be a part of light-transduction mechanism
in plants (Pooviah and Reddy, 1993; Bush, 1995). Gavalas and Manetas (1980)
have shown that C, plants are calciphobes, i.e., they keep soluble calcium at
low levels in their leaf tissues, and this property may be a prerequisite for
normal functioning of the C4-pathway. However, the reports on involvement of
cdcium in the function of PEPC phosphorylation or PEPC-PK is not clear.
Some of the reports described the occurrence of a calcium-independent PEPC-
PK in C4 plants (Carter et al., 1991; Jiao and Chollet, 1991; Bakrim et al., 1992;
Li and Chollet, 1994; Wang and Chollet, 1993). On the contrary, PEPC
phosphorylation was reported to be mediated by a calcium-dependent PEPC-
PK by some authors (Echevarria et al., 1988; Bakrim et al., 1992; Ogawa and
Izui, 1992; Ogawa et a., 1992; Pierre et a., 1992).

The present Chapter describes our experiments designed to reexamine
the role and regulation by cacium of PEPC in extracts from leaves of
Amaranthus hypochondriacus. Attempts were made to assess the activity of
PEPC in leaf extracts in the presence or absence of calcium, when assayed
under sub-optimal (pH 7.3) or optimal pH (pH 7.8). Initialy, the experiments
were performed on PEPC activity. Later, the experiments were extended to
study the pattern of PEPC-phosphorylation in the presence or absence of

calcium.
The presence of calcium inhibited the PEPC activity at both pH 7.3 and

pH 7.8. However, the extent of inhibition by calcium chloride, particularly at
05 or 10 mM was more a pH 7.8 (> 50%), than that a pH 7.3 (<20%)



(Fig. 7.1). At low concentrations of calcium chloride (0-100 uM), there was a
marginal stimulation of PEPC activity when assayed at pH 7.3.

It is possible that the response of PEPC to calcium changes when the
leaves are illuminated, since light stimulates PEPC activity in leaves of
particularly C4 plants. We have therefore checked the effect of calcium chloride
on PEPC activity in leaf extracts prepared from illuminated or dark-adapted
leaves.

In light treated samples, the inhibition by 0.5 mM cacium chloride was
less than 30% at pH 7.8 while there was no inhibition a pH 7.3 (Fig. 7.2).
There was, in fact , a dight stimulation by low concentrations of (<100 uM)
calcium chloride of PEPC at both pH (7.3 and 7.8). We conclude from the data
of Figs. 7.1 and 7.2 that low concentration of calcium is beneficial for PEPC
activity of particularly the light-form while high concentrations are inhibitory
for both dark- and light-forms (Fig. 7.2).

These results are similar to our earlier observations (in previous Chapter
6) that calcium chloride inhibits PEPC enzyme (Gayathri and Raghavendra,
1994). Mukerji (1977) reported that calcium inhibited the residua activity of
PEPC obtained without magnesium, but detailed investigation of this effect has
not been made. Gavalas and Manetas (1980) have shown that calcium inhibits
PEPC activity at a concentration of 1 mM in Atriplex ratarica a pH 7.7.
Calcium acted not only as an inhibitor of the enzyme but also as a stabilizer at
low concentrations of PEP (< 0.6 mM) and in absence of dithiothreitol.

It is possible that calcium affects the phosphorylation of PEPC by
modulating PEPC-PK. The phosphorylation of PEPC can be studied either
directly or indirectly. When leaf extracts containing PEPC (and presumably
PEPC-PK) are incubated with ATP and MgCl,, the activity of PEPC is
stimulated while the inhibition by malate of PEPC is decreased. Since the
decrease in malate sensitivity is a reflection of the PEPC-phosphorylation, the
stimulation of PEPC activity by ATP-incubation is taken as a measure of
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Figure 7.1. Effect of calcium chloride on PEPC activity in leaf extracts from
dark-adapted leaves of Amaranthus /inpochondriacus, when assayed with 2.5
mM PEP either at sub-optima pH (7.3) or optima pH (7.8). Various
concentrations of calcium chloride were included in the assay medium while
measuring the PEPC activity. The inset shows the response of enzyme to
calcium up to a high concentration of 1000 uM. Data represent the averages +
SE of at least three independent experiments. Further details are described in
"Materials and Methods".
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Figure 7.2. The response to calcium chloride of PEPC activity in leaf extracts
prepared from dark-adapted (A) or illuminated (B). The enzyme was assayed
at either sub-optimal (pH 7.3) or optimal (pH 7.8). The activities of PEPC in
dark-adapted leaves when assayed without calcium (control) were 458 + 56
and 610 + 10 pmol h-l mg! chl, a pH 7.3 and pH 7.8, respectively. The
activities of PEPC in light-adapted leaves when assayed without calcium
(control) were 852 + 63 and 1752 % 29 umol h-1 mg-1 chl, a pH 7.3 and pH
7.8, respectively. Further detailswere asin Fig 7.1.



PEPC-phosphorylation and/or PEPC-PK activity. We have therefore measured
the PEPC activity, before and after incubating the crude leaf extracts with
1mM ATP and 5mM MgCl,.

When extracts prepared from leaves were preincubated with ATP and
MgCl; for an hour, the activity of PEPC was stimulated. Stimulation by ATP
was more when PEPC was assayed at pH 7.8 than that when assayed at pH 7.3
(Table 7.1). Such ATP dependent stimulation of PEPC activity occurred in
extracts from illuminated leaves but not of dark-adapted leaves, irrespective of
PEPC assay: a pH 7.3 or pH 7.8. As a result of ATP-stimulation of PEPC
activity, the L/D ratio increased from 19 to 32 a pH 7.3 and 16 to 3.1 a
pH 7.8 (Table 7.1). The presence of calcium chloride increased the extent of
stimulation of PEPC activity by ATP. when assayed at either optimal or sub-
optima pH. However, the extent of stimulation by ATP of PEPC activity was
nearly 80% at pH 7.8, while being 50% at pH 7.3 (Fig. 7.3).

Our observations confirm that PEPC is phosphorylated in leaf extracts
by an endogenous protein kinase and this process can further be stimulated by
the addition of ATP to the medium. We aso fed that the PEPC-PK activity in
leaf extracts is obvioudly limited by ATP and/or Ca® levels in leaf cytosol.
These results emphasize that calcium is a positive effector of PEPC-PK
activity, the enzyme responsible for PEPC-phosphorylation.

As per the literature, there were very few attempts to incubate the tissue
extracts with ATP to modulate PEPC activity. Jiao and Chollet (1988) have
shown that on incubation with ATP with purified PEPC in presence of partially
purified PEPC-PK the stimulation in PEPC activity occurs within 60 min.
Schuller and Werner (1993) have shown stimulation of PEPC activity on
incubating with Mg-ATP for 60 min in desalted extracts of soybean root
nodules.

Since there will be some calcium within the lesf, we have attempted to

chelate the internal calcium so that it would be possible to assess the effect of
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Table 7.1. Simulation by ATP of PEP C activity in extracts prepared from
leaves exposed to either light or darkness

Incubation
Assay pll LExposure of leaves  No ATP (Control) +ATP Stimulation (+)
or inhibition (-)
by ATP
(wmol W' mygeht) (%)
7.3 Darkness 458 + 56 34+ 64 <) 13
Light 852 + 63 1277 £ 21 (+)50
Light/Dark (Ratio) 1.9 32
78 Darkness 610+ 10 566 £ 51 )7
Light 92 + 44 1752 + 30 (Y77
Light/Dark (Ratio) 1.6 31
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Figure 7.3. ATP-dependent activation of PEPC activity in leaf extracts from
illuminated leaves, when assayed at either sub-optimal pH of 7.3, or optimal
pH of 7.8. The extracts from illuminated leaves were incubated with 1 mM
ATP and 5 mM MgCly for 1 h and assayed for PEPC activity in presence or
absence of calcium chloride. The stimulation by ATP is a measure of PEPC-PK

activity. Further detailswere as in Fig. 7.2.



externally added cacium on both PEPC and PEPC-PK activity. EGTA is an
effective chelator of calcium. We, therefore, fed the leaf with EGTA and
studied the effect of calcium on PEPC activity in leaf extracts, before and after
incubation with ATP. PEPC activity was assayed at pH 7.3.

On feeding with EGTA, there was not much effect on the activity of
PEPC in dark-adapted leaves, indicating that calcium was not inhibitory for
basal PEPC activity. However, there was a marked decrease in PEPC activity
in extracts from illuminated leaves, when preincubated with EGTA and a
conspicuous amplification in the response to externa calcium (Table 7.2). On
incubation with ATP, of extracts prepared from leaves fed with EGTA, there
was stimulation in PEPC activity and such response of apparent PEPC-PK
activity increased markedly on addition of calcium chloride. The response to
different concentrations of calcium chloride was particularly remarkable in
leaves preincubated with EGTA and on incubation of these extracts with ATP
(Fig. 7.4). These data indicate that the pretreatment with EGTA sharpens the
response to calcium in presence or absence of ATP at pH 7.3, and that calcium
is an important factor while regulating PEPC-PK activity.

We could not locate in the literature any attempts of pretreatment of
leaves with EGTA while assessing PEPC activity in C, plants. However, EGTA
was included by some authors during phosphorylation assays in vitro and
recovery of PEPC eactivity was noticed in presence of calcium chloride
(Echevarria et al., 1988; Ogawa and Izui, 1992; 1zui et al.. 1992).

After using ATP-stimulation of PEPC activity as a measure of PEPC
phosphorylation, we have attempted to examine directly the phosphorylation of
PEPC and its response to calcium. PEPC phosphorylation can be studied
directly in two ways: in vivo and in vitro. For in vivo studies, leaves were fed
with *2Pi, left in light for at least 2 to 4 h, so as to label PEPC and later PEPC in
leaf extracts was immunoprecipitated. In our in vitro experiments, leaf extracts

were incubated with y-AT‘32P and the incorporation of radioactivity into



‘fable 7.2. Effect of calcium chloride on PEPC activity before and after
incubation with ATP in leaves treated with or without EGTA.

Activity
Pretreal ment Before incubation After incubation ~ Stimulation
with ATP with ATP by ATP
(umol h'mg " chl) (%)
No EGTA
No calcium 852 + 63 1277 + 21
+ 20 uM calcium
chloride 968 + 12 1597+ 22 65
EGTA
No calcium 589+ 16 629 + 49 )

+ 20 uM calcium
chloride 920 + 49 1210+ 49 32
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Figure 7.4. Effect of calcium chloride on PEPC activity in leaves without or
with  pretreatment of 2 mM EGTA. The extracts were incubated with or
without 1 mM ATP and 5 mM MgCly and PEPC activity was assayed at pH
7.3. The stimulation of PEPC activity by ATP-incubation is considered to be a
measure of PEPC-PK activity. The response of PEPC to calcium chloride on
PEPC was amplified on treatment with EGTA irrespective of incubation of |eaf
extracts without (A) or with ATP (B). Further details were as in Fig. 7.1 and
7.3.



PEPC-protein was assessed at pH 7.3. Most of the recent work on C4-PEPC
has been performed at pH of around 7.3, since this pH is physiologically
relevant (Echevarria et a., 1994).

When leaves were fed with "P and equilibrated, the extent of
phosphorylation of PEPC was greater in illuminated tissues than that in dark-
adapted leaves (Plate 7.1). Phosphorylation of PEPC has always been observed
to be more in illuminated leaf tissue than that in dark-adapted leaves of
sorghum or maize (Nimmo et al., 1987; Vidal et al., 1990; Jiao and Chollet,
1991). Phosphorylated enzyme is more active and less sensitive to malate
inhibition. These reports and our observations (Plate 7.1) show that PEPC-PK
was activated considerably by light and its activity was amost not detectable
in dark-adapted tissue. Most of the experiments on PEPC phosphorylation. both
in vivo and in vitro were therefore performed with illuminated leaves.

While PEPC is phosphorylated by PEPC-PK, the enzyme (protein) is
also dephosphorylated by a protein phosphatase. In our system, the inclusion
of NaF was necessary to visualize phosphorylation of PEPC-protein. Hence
we included NaF a non-specific protein phosphatase inhibitor in al our
preliminary phosphorylation studies. Inclusion of NaF during the preparation
and incubation of leaf extracts was essential and enhanced the phosphorylation
of PEPC, presumably inhibiting the endogenous phosphatase(s). In the absence
of NaF, we were unable to detect any phosphorylation and the leve of
phosphorylation declined, presumably due to hydrolysis (Plate 7.2). An
incubation period of 45 min was better than 30 min for observing PEPC-
phosphorylation. Presence of calcium and magnesium. besides NaF, was aso
necessary.

Incubation of crude leaf extracts with NaF and ATP-regenerating system
and adenylate kinase inhibitor was necessary to overcome the problem of
endogenous protein phosphatase(s) (Budde and Chollet, 1986). Echevarria et al.
(1988) and Ogawa et al. (1992) have shown that addition of KF was necessary
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Plate 7.1. Phosphorylation of PEPC in vivo. Leaves were fed through petiole 60
uCi KHy 32P0y. After a period of illumination or incubation in darkness, the
leaves were extracted and PEPC was immunoprecipitated with anti-PEPC
antiserum. The precipitated proteins were separated by 10% SDS-PAGE. The
gel was stained with Coomassie brilliant blue R-250, destained, dried under
vacuum and autoradiographed at -80 °C for 20 to 25 days. The top part (A)
represents Coomassie blue stained gel, while bottom set (B) represents the
corresponding autoradiogram. Lanel: Extracts from dark-adapted leaves, Lane
2: Extracts from illuminated leaves. Further details are described in "Materials

and Methods".
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Plate 7.2. Phosphorylation of PEPC from total leaf extracts in vitro. Illuminated
leaves were extracted and incubated with phosphorylation mixture containing
y—(AT32P) and with or without NaF. Later the proteins were separated on 10%
SDS-PAGE. The gd was dained with Coomassie brilliant blue R-250,
destained, dried under vacuum and autoradiographed at -80 °C for 4 to 5 days.
The top part (A) represents Coomassie blue stained gel. while bottom set (B)
represents the corresponding autoradiogram. Lanes 1 and 2: contained extracts
without NaF, lanes 3 to 6 contained 10 mM NaF during incubation with
AT32p, Lanes 5 and 6: 20 uM CaCly was present during incubation. Lane 1,
3 and 5: Extracts incubated for 30 min. Lanes 2, 4, 6: Incubation for 45 min.
Further details are described in "Materials and Methods'.



to stabilize the phosphorylation of PEPC. Leaves of C, plants, like Amaranthus
hypochondriacus, contain adenylate kinase which will rapidly randomize the
labelled phosphate between ADP and ATP. Thus, the adenylate kinase inhibitor
AP;A was included in al our in vitro phosphorylation studies. We have also
added an ADP-scavenging system composed of phosphocreatine and creatine
phosphokinase. Budde and Chollet (1986) have also included AP;A, creatine
and creatine phosphokinase for phosphorylation by ATP of PEPC in vitro.

To reconfirm if PEPC-PK activity was dependent on calcium, the leaves
were pretreated with EGTA and the effect of cacium was investigated. On
pretreatment with EGTA, there was decrease in the incorporation of *?Pj into
PEPC in light treated leaves than in the dark. The extent of PEPC
phosphorylation recovered considerably by feeding with 20 uM calcium in the
pretreated EGTA leaves. This effect was enhanced in the presence of both
calcium and magnesium (Plate 7.3).

Incubation with only calcium aone, or magnesium alone, did not show
any enhanced PEPC phosphorylation in extracts from leaves exposed to light.
But inclusion of both calcium and magnesium promoted PEPC phosphorylation
and this effect was sharpened further in EGTA-fed leaves (Plate 7.4 A & B).
These observations suggest that low concentration cacium is needed for
PEPC-PK activity, though calcium was inhibitory at higher concentrations for
PEPC activity. EGTA amplified the response to calcium. Both calcium and
magnesium had a synergistic effect on PEPC phosphorylation.

Similar effect of EGTA on light-adapted leaves was observed under in
vitro conditions. When EGTA was fed to the leaves under light, the
phosphorylation of PEPC was amost suppressed a 2 mM EGTA and
recovered on addition of different concentrations of calcium chloride (Plate 7.5
A & B). Echevarria et al. (1988) have reported that calcium effect was
abolished by EGTA treatment and recovered back on adding calcium. Ogawa et
a. (1992) suggested that the protein kinase that phosphorylated and activated
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Plate 7.3. The effect of EGTA, calcium and magnesium on phosphorylation of
PEPC in vivo. Leaves were fed with 2 mM EGTA followed by either water or
CaClp and/or MgCla. The top part (A) represents Coomassie blue stained gel,
while bottom set (B) represents the corresponding autoradiogram. Lanes 1 to 4:
Extracts from dark-adapted leaves and lanes 5 to 8: Extracts from illuminated
leaves. Lanes1 and 5 are control samples (leaves fed with water). Lanes 2 to 4
and 6 to 8 are of samples from leaves pretreated with EGTA and fed with either
water or contain both 20 uM CaCly and 5 mM MgCly (lanes 4 and 8:). Lanes 2
and 5, i.e, EGTA , 20 uM CaCly (lanes 3 and 7:), Further details were as in
Plate7.1.



Plate 7.4. The effect of EGTA, calcium or magnesium on phosphorylation of
PEPC in vitro. The leaves were pretrested with or without 2 mM EGTA and
then exposed to light for 20 min. The extracts from illuminated leaves were
incubated with AT32P for 45 min in presence or absence of 20 uM CaCly
and/or 5 mM MgCl. At the end of incubation, the reaction was stopped with
sample buffer and proteins were separated by 10% SDS-PAGE. The gels were
subjected to autoradiography. The top st (A) represents leaves which were not
treated with EGTA (control), while the bottom set (B) is of leaves which were
pretreated with 2 mM EGTA. Lane 1: Control (no calcium and no magnesium
during phosphorylation), Lane 2: Only 5 mM MgCly, Lane 3: only 20 uM
CaCl2, Lane 4: Both CaCly and MgCly. Further details were as in Plate 7.2.
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Plate 7.5. Effect of CaCl, on phosphorylation of PEPC in vitro in extracts
prepared from leaves treated with or without EGTA. Leaves were extracted
after illumination and phosphorylation of PEPC was alowed in vitro in
presence of different concentrations of CaCl, in the reaction medium. Set A:
Lane 1: control (no CaCl,), Lanes 2 to 5: Increased concentrations of CaCl,, in
the order.-of 10, 20, 50, and 100 uM. Set B: Leaves were fed with different
concentrations of EGTA and then illuminated before preparing the extracts for
phosphorylation assays. Lane 1. control (no CaCl,) Lanes 2 to 5: Increasing
concentrations of EGTA, in the order of 05, 1, 2 and 3 mM. Set C:
Illuminated |eaves were fed with 2 mM EGTA expect in case of Lane 1: (water-
control) Lanes 2 to 7: are extracts from leaves pretreated with EGTA. Lane 2:
No CaCl,, Lanes 3 to 7: increasing concentrations of CaCl,, in the order of 20,
50, 100, 200, 500 [iM during phosphorylation assays. Further details as
described in Plate 7.2.



maize PEPC was calcium-dependent. In their experiments, the activity of
partialy purified PEPC kinase preparations could be inhibited completely by
micromolar levels of EGTA, and the inhibition was reversed by 20 uM calcium
but not magnesium.

Bakrim et al. (1992) purified partialy two protein kinases from
sorghum leaves. One of the protein kinases was calcium-dependent, while the
other was calcium-independent. Ogawa et a. (1992) have reported that partia
proteolysis of PEPC-PK can cause desensitization to calcium. The
phosphorylation of PEPC activity was inhibited by the additions of EGTA in
standard phosphorylation assays (Ogawa and Izui, 1992). The kinase
responsible for PEPC-phosphorylation can therefore be attributed to the
calcium-dependent protein kinases rather than calcium-independent kinases.
The group of Ogawa suggests that at Icast four protein kinases or its catalytic
subunit in the PEPC-PK preparation, may be present and two of them are
calcium-dependent. Immunopurified C; PEPC from sorghum and maize could
be phosphorylated in vitro by various kinases, including calcium- or
magnesium-dependent protein kinase, both in crude extract and in a
reconstituted system (Bakrim et al., 1992) or catalytic-subunit of cAMP-
dependent protein kinase from bovine heart (Tcrada et al., 1990; Bakrim et a.,
1992).

On the other hand, PEPC-PK preparations partially purified through
Blue-dextran agarose either from maize or sorghum were reported by severa
groups to be active even under calcium depleted conditions (Chollet et al.,
1990; Echevarria et a., 1990; McNaughton et al., 1991). Vidal et al. (1990)
isolated a calcium-dependent protein kinase(s) from sorghum leaves that could
phosphorylate dark-form PEPC in vitro, but phosphorylation did not change
the properties of the target enzyme, i.e., PEPC. Thus, the reports on regulation
of C, PEPC-PK by calcium have been controversial.
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Our experiments endorse the opinion that PEPC-phosphorylation (and
PEPC-PK activity) is promoted by calcium in crude extracts. The effect may be
direct but could also involve other cytosolic components, such as calmodulin.
Further experiments are needed to purify PEPC-PK from C, leaves and
elucidate its exact nature by performing reconstitution assays in vitro. As a
preliminary attempt, we examined the effect of calcium-calmodulin antagonists
and calcium-channel blockers on PEPC-phosphorylation in vitro.

Leaves were fed with either TFP (calmodulin antagonist), or diltiazem,
verapamil and lanthanum (calcium channel blockers). All of them inhibited
PEPC phosphorylation in light (Plate 7.6 A & B), suggesting that apart from
calcium, camodulin is also involved in PEPC phosphorylation. These data
suggest that PEPC from Amaranthus hypochondriacus is phosphorylated in a
calcium-CaM dependent manner.

TFP (calmodulin antagonist) inhibited calmodulin activity in protoplasts
of carrot (Gilory et al., 1987) and guard cells of Vicia faba(Shimazaki et al.,
1992). Lanthanum and verapamil (calcium channel blockers) caused a
reduction of internal calcium in suspension cultures of Zinnia (Roberts and
Haigler, 1990). Diltiazem aso inhibited ATP dependent calcium uptake in
maize root microsomes (Vaughan et a., 1984).

Calcium-dependent protein kinase from wheat embryo was inhibited by
calmodulin antagonists such as TFP or chlorpromazine and aso by lanthanides
(Polya and Micucci. 1985). TFP inhibited the protein kinase of soluble starch
synthase in spinach leaves indicating that the protein kinase is calmodulin-
dependent (Dreier et a., 1992). Vergpamil, diltiazem and lanthanum are
known to restrict Ca® influx and inhibit the related physiological responses
such as spore germination, organogenesis, and setting of circadian rhythms
(Bush, 1995).

Our results indicate that calcium promotes PEPC-PK activity and PEPC

phosphorylation. But low concentration of calcium is necessary for optimizing
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Plate 7.6. Effects of calcium- or calmodulin antagonists on PEPC-

phosphorylation in vitro. Leaves were fed with either CaCly or these metabolic
inhibitors, and were illuminated before preparing the extracts and examining
phosphorylation of PEPC in vitro. Set A: Lane 1: Leaves fed with 20 uM
CaClj (control), Lane 22 2mM EGTA, Lane 3: 100 uM TFP, Lane 4: 2 mM
EGTA + 20 uM CaCl». Set B: Lane 1: 20 uM CaCly (control), Lane 2: 100
UM verapamil, Lane 3: 200 uM verapamil, Lane 4: 1 mM lanthanum, Lane 5:
0.5 mM diltiazem. Lane 6: 1 mM diltiazem. Further details were as described

in "Materials and Methods' and in Plate 7.2.



the PEPC activity, since high concentrations inhibit PEPC in leaf extracts of
A. hypochondriacus. The effect of cacium appears to be dependent on
camodulin and calcium channel activities. Ca-calmodulin-dependent PEPC-
protein kinases occur in plant tissues (Echevarria et al., 1988; Ogawa and Izui,
1992). The activity of calcium channels can regulate cytosolic free calcium in
plant cells (Bush, 1995). We suggest that a fine tuning of calcium levels is
essential for maximal PEPC activity particularly at alkaline pH prevaent in

mesophyll cytosol of illuminated leaves of C4 plants.

Major conclusions from the results presented in this chapter are:

1. Calcium inhibits PEPC activity a both pH 7.3 and pH 7.8 in extracts from
dark- adapted leaves of Amaranthus hypochondriacus.

2. Low concentrations of cacium (20-50 uM) stimulated PEPC activity in
extracts from light-adapted leaves, when the enzyme was assayed at
either pH 7.3 or 7.8.

3. Incubation of leaf extracts (particularly from illuminated leaves) with ATP
and MgCl, dtimulated PEPC activity, suggesting that PEPC was
phosphorylated, presumably by PEPC-PK in leaf extracts. The extent of
ATP stimulation, indicating the PEPC-phosphorylation, was more at
pH 7.8 than that at pH 7.3.

4. 20-50 pM CaCl, enhanced markedly (by about 80%) the stimulation by ATP
of PEPC activity, indicating the simulation of PEPC
phosphorylation/PEPC-PK activity by calcium.

5. Thus, calcium affected PEPC and PEPC-PK in different ways.

6. Pretreatment of leaves with EGTA amplified the response of PEPC and
PEPC-kinase activity to calcium.
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7. Presence of NaF was essentia to stabilize the phosphorylation of PEPC
presumably by minimizing the dephosphorylation by protein
phosphatase. Besides Mg *, calcium was necessary to activate the
process of phosphorylation. Both calcium and magnesium  have
synergistic effect in stimulating PEPC phosphorylation.

8. The phosphorylation of PEPC in extracts from illuminated leaves was
inhibited by pretreatment of leaves with TFP (a camodulin antagonist),
or diltiazem, or verapamil or lanthanum (calcium channel blockers).
These obsen'ations indicate that phosphorylation of PEPC is dependent
not only on free-calcium but also camodulin and calcium-channel

activity.
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Chapter 8

Summary and Conclusions

PEPC is an important enzyme, mediating the primary carbon fixation in C, and
CAM plants. In C; plants and algae, the enzyme plays an auxiliary role
(O'Leary, 1982; Latzko and Kelly, 1983; Andreo et al,, 1987). Due to its
strategic importance, the properties, regulation, molecular biology and
evolution of C4; PEPC have been studied extensively (Lepiniec et al., 1994,
Rajagopalan et a., 1994; Toh et al., 1994). The main objective of present work
isto study the properties and regulation of C,-PEPC  using the leaves of
Amaranthus hypochondriacus, a NAD-ME type C, plant, as the source of the
enzyme.

The first set of experiments were designed to purify PEPC from leaves
of A. hypochondriacus and to examine the stability of PEPC under different
conditions of storage. As per literature, PEPC has been purified from several C,
plants (Andreo et a., 1987; Rajagopalan et al., 1994). Our purification method
involved 40-60% ammonium sulphate fractionation, followed by DEAE-
Sepharose, HAP chromatography and finaly through a Seralose 6-B column.
The protocol was efficient and resulted in a high yield of nearly 50% and with
PEPC having one of the highest specific activities reported for C; plants
(54 Unitsmg™ protein). The purified PEPC was homogenous and appeared as a
single band on 10% SDS-PAGE. Purified PEPC appeared as two bands on
native gels and stained positively when examined for PEPC activity. Two-
dimensional electrophoresis of these two bands resulted in a single band on
SDS-PAGE indicating that PEPC is composed of only one-type of subunits,
with a molecular mass of about 100-kD. We suggest that these two bands may
be isozymes of a homotetramer, since dimer or monomer are not expected to

stain for PEPC activity.
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Purified PEPC is highly unstable and loses its N-terminal. The loss of
the N-terminal is reflected in the loss of its malate sensitivity (McNaughton et
al., 1989). Proteolysis of PEPC during purification is observed, particularly in
the absence of protease inhibitors like PMSF or chymostatin (McNaughton et
al., 1989). We have used PMSF as the protease inhibitor, so as to avoid
proteolysis and to maintain the stability of the enzyme during extraction and
purification.

In literature, there are severa reports that the instability of PEPC could
be prevented by inclusion of glycerol under in vitro conditions (Uedan and
Sugiyama, 1976; Manetas et al., 1987; Sdlinioti et al., 1987; Podesta and
Andreo, 1989). Hence, we studied the properties of the purified enzyme after
storing at different temperatures (i.e.. room temperature. 4 °C, -20 "C, liquid
nitrogen) in the presence or absence of glyccrol. High activity of PEPC was
maintained for up to four months, in liquid nitrogen when stored along with
50% (v/v) glycerol. A sudy of the purified PEPC, &fter storage at different
temperatures, revesled that the enzyme stored in liquid nitrogen with
50% (v/v) glycerol maintained al the three key characteristics, cven after
4 months; high V,,... stimulation by G-6-P, and inhibition by malate.

Although extensive literature is available on purification, properties
and regulation of PEPC, studies on immunological properties of PEPC are quite
limited. An attempt has therefore been made to study the immunologica
properties of PEPC and assess its cross-reactivity with the enzyme in leaf
extracts of afew C;- or Cy-type dicots, or C;-C4 intermediates or C4-monocots.

Antibodies were raised in rabbits against the purified PEPC from
A. hypochondriacus. The antibody exhibited a titer value of 1/100 against the
PEPC of A. hypochondriacus (in leaf extracts and purified enzyme) and
Alternantherapungens. The antibody showed limited cross-reactivity with the
PEPC from C, monocot (Zea mays), as indicated by the intensity of
precipitation. This was confirmed further by Western blot analysis.
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Immunoprecipitation experiments were conducted to assess the
specificity of the antiserum. A fixed volume of leaf extract was mixed with
different volumes of antibody solution. In the control samples, a serum of non-
immunised rabbit was used. When the concentration of the antibody was
increased, the amount of PEPC precipitated from the supernatants increased. In
contrast, there was no PEPC precipitation with non-immunised serum. There
was a proportionate decrease in PEPC activity in the supematants with increase
in PEPC precipitation. The immunoprecipitates were later analysed by
10% SDS-PAGE to confirm the identity and quantity of PEPC protein.

Single radial immunodiffusion was performed to quantitate the amount
of PEPC protein in crude leaf extracts using the anti-PEPC antiserum of
Amaranthus hvpochondriacus. There was a proportionate increase in the
diameter of the ring with the increase in the antigen concentration.

The cross-reactivity between PEPC of C,, C;-C, and C, plants was
examined by Ouchterlony double diffusion. The anti-PEPC antiserum raised
against PEPC from Amaranthus hypochondriacus showed very strong
immunoreaction with PEPC in leaf extracts of Amaranthus viridis,
Alternanthera pungens (C, dicots) and faint reaction with Zea mays, a C,
monocot. However, we could not detect much cross-reactivity with PEPC in
leaf extracts of C; plants or C;-C, intermediates. Hence we evaluated the
immunological identity with also Western blots.

Anti-PEPC antiserum raised against A. hypochondriacus enzyme
showed high cross-reactivity with purified PEPC from A. hypochondriacus, or
the enzyme from leaf extracts of Amaranthus viridis or Alternanthera pungens
(al three C, dicots), but limited reactivity with that of C, monocots: maize,
sorghum or pearl millet. PEPC in leaf extracts of C; plants (Pisum sativum,
Commelina benghalensis, Alternanthera sessiles) and C;-C; intermediates
(Parthenium hysterophorus, Alternanthera tenella, Alternanthera ficoides),

exhibited stronger crossreactivity with anti-PEPC  antiserum  of
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A. hypochondriacus than that with the anti-PEPC antiserum against maize-
PEPC. All these results indicated that C4 dicot PEPC was closer to C; species,
or C3-C4 intermediates than with C, monocot PEPC.

Using ELISA, it was possible to quantitate very low levels (ng) of PEPC
protein in crude leaf extracts of A. hypochondriacus, as indicated by the linear
relationship between immuno-precipitate-linked absorbance and PEPC protein
in leaf crude extracts. In contrast, pg amounts of PEPC protein was required for
detecting PEPC in pea leaf extracts indicating that the cross-reactivity of C,
dicot PEPC with C4-PEPC was less than that of C, dicot PEPC.

The tetrameric form of PEPC is reported to be the most active form
(Walker et al., 1986; Podesta et al., 1990 Wu et al., 1990). Organic solutes such
as PEG, proline, betaine play an important role in maintaining the integrity of
the enzyme, even in adverse conditions (Drilias et al., 1994). The presence of
solute helps in maintenance of the homologous interaction of the protein and
thus increase enzyme stability. Normally, the enzyme in crude leaf extracts
tends to be in diluted state. Several authors have reported that the instability of
PEPC in extraction or assay media could be overcome by addition of glycerol
(Manetas, 1982; Sdlinioti et al., 1987). Besides glycerol, other organic solutes
(PEG, proline, betaine) also promote self-association and stabilize the structure
of proteins (Timasheff et al., 1982). We have therefore studied in detail the
interaction of PEG with PEPC from A. hypochondriacus purified form as well
as in crude leaf extracts.

The effect of three different PEGs (PEG-6000, 8000 and 20,000) were
studied on purified enzyme a ether saturating (2.5 mM) or sub-saturating
(0.5 mM) concentration of PEP. The activity of PEPC was markedly
enhanced by PEG and such stimulation by PEG-6000 was more than that by
PEG-8000 or PEG-20,000, irrespective of substrate concentration. The extent
of activation by (1.25% w/v) PEG-6000 was more at 0.5 mM PEP, than at
25 mM PEP. There was a decrease in PEPC activity as the PEG concentration
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increased above 10% (w/v). This may be due to the possible precipitation of the
enzyme at higher levels of PEG. The activity of PEPC increased also in
presence of ethylene glycol, or glycerol but the extent of activation, when
compared to that with PEGs, was low. Sorbitol had only a margina effect on
PEPC.

In presence of PEG, the &ffinity for PEP of PEPC decreased and the
enzyme was less malate sensitive. This indicates that PEG relieved malate
inhibition of PEPC while activating the enzyme. The K, for G-6-P increased in
the presence of PEG. G-6-P and PEG were reported to shift PEPC from maize
to an active state (Huber and Sugiyama, 1986).

Further experiments were taken up to assess the effect of PEG on PEPC
during enzyme extraction from lcaves. Different concentrations of PEG were
used during either extraction, or assay, or both. Maxima activation was
obtained when PEG was present during both extraction and assay.

In the next set of experiments, the effect of PEG was studied on the
light or dark-form of PEPC. Light activation of PEPC was achieved by
illuminating leaf discs at 1500 uE m™ for 20 min (after pre-darkening for 2 h).
The light-form of PEPC was 2 to 3 times more active and less sensitive to
malate than the dark-form. The activation by PEG of the light-form was less
than that of the dark-form, particularly at sub-optimal PEP.

Glyceral is usudly included while extracting leaves for studies on
PEPC. Efforts were therefore made to study the effect of a combination of
glycerol and PEG during extraction and/or assay on the activity, stability and
light activation of PEPC. The activity of PEPC remained high even after 2 h of
extraction if both PEG and glycerol were present. Further, the extent of light
activation aso improved in presence of PEG and glycerol. Of al the
combinations, inclusion of glycerol plus PEG during extraction as well as in
assay medium was the best for maintaining high stability and maximum light
activation of PEPC.
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From the above experiments we have observed that activity of PEPC
was enhanced in presence of organic solutes. However the changes in the
oligomeric structure of PEPC in presence of organic solutes will alow us to
gain further insight into the possible interaction of PEPC with compatible
solutes. Hence we examined the quaternary structure of PEPC in crude leaf
extracts by gel filtration on Sephadex G-200 column.

In the absence of either PEG or glycerol, PEPC eluted as a mixture of
dimer and monomers. If the extracts were prepared with glycerol and/or PEG in
buffered medium, PEPC appeared predominantly as a tetramer. On the other
hand, if PEG or glycerol were omitted while eluting the column with only
buffer, PEPC eluted as a mixture of tetramer and dimer. The presence of 0.3 M
sorbitol in both extraction and elution buffer resulted in the appearence of
enzyme as a mixture of tetramer. dimer and monomers. These results provide a
good demonstration of variability in oligomeric status of PEPC in leaf extracts
and its modulation by glycerol and PEG.

PEPC is located in cytosol of mesophyll cellsin leaves of C, plants. The
reduction of nitrate to ammonium aso occurs in C4; mesophyll cells (Hatch,
1987). Biosynthesis of PEPC in C, leaves is modulated by the extent and form
of nitrogen available to the plant. For eg. the levels of PEPC increased when
leaves of maize were fed with nitrate or ammonium (Sugiharto and Sugiyama,
1992). The effectiveness of ammonium sdt as an inducer of PEPC
biosynthesis was two fold greater than that of nitrate.

When a range of different salts were tested, PEPC in leaf extracts of
A. hypochondriacus was stimulated by ammonium salts and to some extent by
potassium ions. Acetate and sulphate salts of ammonium, besides chloride.
stimulated the activity of PEPC. On the other hand, monovalent ions like
lithium, sodium and rubidium had only a marginal effect on PEPC. The
stimulation by potassium was significant, but not as marked as that by

ammonium. The presence of calcium chloride decreased the activity of PEPC.
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The inhibition of PEPC by calcium has been reported earlier (Gavalas and
Manetas, 1980).

Although ammonium ions could stimulate in vitro the activity of PEPC
(dark-form of the enzyme), the light-activated form of PEPC was not
stimulated, but was slightly inhibited. The light-activated form of PEPC is
known to differ from the dark-form in several characteristics. malate
sensitivity, phosphorylation status and K, for PEP (Rajagopalan et al., 1994).
The absence of stimulation by ammonium chloride of PEPC from illuminated
leaves indicates that only the dark-form of the enzyme has the conformational
status capable of responding to ammonium ions.

In the presence of ammonium chloride, the V., increased but the
affinity to PEP was not atered. Double reciprocal plots revealed that the K,
for PEP, in the presence or absence of ammonium chloride, was similar. Also,
there was no significant change in the sensitivity of the enzyme to malate in the
presence of ammonium chloride. However, the response to G-6-P was quite
different in the presence of ammonium chloride. There was only a margina
stimulation of G-6-P in the presence of ammonium chloride. Further, there was
a decrease in PEPC activity a high concentrations of G-6-P in presence of
ammonium chloride.

Our observations demonstrate that ammonium ion is an alosteric
activator of PEPC from C, plants in vitro. Allosteric activation by ammonium
of PEPC fits well with intercellular enzymic distribution. An increase in the
availability of ammonium ions can stimulate PEPC and promote carbon amino
acid metabolism. These results form an additional basis of a better nitrogen use
efficiency in C, plants than that in C; species (Hatch, 1987).

PEPC is subjected to phosphory lation-dephosphorylation cascade during
light/dark transitions in vivo (Jao and Chollet, 1991; Nimmo, 1993,
Rajagopalan et a., 1994). A protein-serine kinase phosphorylates PEPC, while
atype 2A protein phosphatase dephosphorylates the enzyme. Experiments with
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mesophyll protoplasts of maize (Devi and Raghavendra, 1992) and sorghum
(Pierre et al., 1992) have shown that pH and calcium are important factors
during light activation and phosphorylation of PEPC. Yet, the mechanism of
action of calcium and its interaction with pH during PEPC phosphorylation are
not clear. Experiments were therefore designed to investigate if calcium
modulates PEPC or PEPC-PK or both.

The effect of cacium on PEPC was examined at either optimal (pH
7.8) or sub-optimal (pH 7.3) levels of pH. The presence of calcium inhibited
PEPC, the inhibitory effect being more at pH 7.8 than at pH 7.3. The effect of
calcium on PEPC was dependent on the light- or dark-form of the enzyme. The
extent of inhibition by calcium (at pH 7.8) was only marginal in light-form of
PEPC compared to dark-form. At pH 7.3, the degrce of inhibition was
margina in case of both light and dark-forms. Low concentration of calcium
was necessary for optimal activity of PEPC at both pH 7.3 and 7.8 in extracts
from illuminated leaves.

The activity of PEPC-PK or PEPC-phosphorylation were studied either
directly or indirectly. An indirect measure of PEPC-PK is the stimulation of
PEPC activity on incubation of leaf extracts with ATP. Incubation with ATP
stimulated PEPC activity and decreased the malate sensitivity particularly in
extracts from illuminated leaves. As a result of marked stimulation by ATP of
PEPC activity in extracts from illuminated leaves, there was an increase in L/D
ratio. The effect of ATP was dependent on pH. The extent of stimulation by
ATP was more at pH 7.8 than at pH 7.3. Calcium (even at a low concentration
of calcium 20-50 uM) stimulated the PEPC activity during ATP incubation.
Such stimulation by calcium was more a pH 7.3 than a pH 7.8. Pretreatment
of leaves with EGTA in vivo decreased the extent of stimulation by ATP of
PEPC activity (a measure of PEPC-PK) particularly in leaves exposed to light.
Pretreatment with EGTA sharpened further the response to calcium.

107



A magjor conclusion from these experiments is that calcium affects
PEPC and PEPC-kinase in different ways. Presence of calcium inhibits PEPC,
particularly at pH 7.8. On the other hand, calcium is essential for PEPC-PK and
promotes phosphorylation of PEPC.

Direct evidence of PEPC-phosphorylation was obtained by either
incubation of leaf extracts with y-AT P (in vitro) or feeding intact leaves with

Pi (in vivo). In vivo labelling of leaves with *?Pi showed that the
phosphorylation of PEPC was more in light than that in dark trested leaves.
Most of the experiments were therefore conducted with illuminated leaves.
Pretreatment of leaves with EGTA in vivo decreased the extent of PEPC
phosphorylation. With 2 mM EGTA, phosphorylation of PEPC was reduced to
amost nil, but could be restored by addition of calcium during incubation with
y-AT“P. The dimulatory effect of calcium (20 uM being optimal) was
amplified due to the pretreatment of leaves with EGTA. Besides calcium,
magnesium also was hecessary for PEPC phosphorylation and both had a
synergistic effect.

A few experiments were undertaken to study if calcium-related
secondary messengers, such as camodulin, play any role in PEPC-
phosphorylation. When leaves were fed through petiole, with metabolic
inhibitors such as TFP (a camodulin antagonist), phosphorylation of PEPC in
light decreased. Phosphorylation of PEPC was aso inhibited by verapamil,
lanthanum and diltiazem (calcium channel blockers). These results suggest that
besides calcium, camodulin and calcium channel-activity play an important

role phosphorylation of PEPC in vitro.

To summarize, major conclusions from the present study are:
1. PEPC purified from Amaranthus hypochondriacus, had one of the highest
activities reported in C; plants. The enzyme was stable for more than

4 months, if stored in liquid nitrogen along with 50% (v/v) glycerol.
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2. The antibody of PEPC from A. hypochondriacus (a C,-dicot) reacted with
PEPC from both C; and C, plants, but with a large variation in the
extent of crossreaction. The antibody of PEPC from
A. hypochondriacus, a C4 dicot showed much stronger cross-reaction
with the enzyme of A. viridis and A. pungens (C, dicots), than with
that of C; species or C;~C, intermediates or Z. mays (C, monocot).
Similarly, anti-PEPC antiserum from Z. mays showed faint cross-
reactivity with the enzyme in leaf extracts of C, dicots, or C; species or
C;-C,4 intermediates.

3. The presence of PEG, a compatible solute, enhanced markedly the activity
of enzyme, when checked with either purified enzyme or crude leaf
extracts. Maximum activation of PEPC was obtained, when PEG was
present during both extraction from leaves and assay of the cnzyme. The
affinity for PEP decreased, the response to G-6-P was enhanced and the
enzyme became less malate senditive in presence of PEG.

4. The oligomeric status of PEPC (tetramer, dimer and monomer) was
examined by gd filtration in presence or absence of compatible solutes
during enzyme extraction from leaves.

5. Presence of both PEG and/or glycerol both during extraction and/or elution
helped in maintaining PEPC predominantly in tetrameric form.

6. In the absence of PEG or glycerol and sorbitol during extraction and elution.
PEPC was present as a dimer and/or monomer, with a small proportion
of tetramer.

7. Ammonium ions stimulated the PEPC activity in vitro from C, plants. The
activation by ammonium of PEPC was at the alosteric site of enzyme.

8. Calcium &ffected PEPC and PEPC-PK in different ways and the effect was
dependent on pH. The presence of calcium inhibited PEPC activity,
particularly at pH 7.8, but had very little effect at pH 7.3. Calcium
promoted PEPC phosphorylation, both in vitro and in vivo.
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9. Marked stimulation by ATP in the presence of calcium either at pH 7.3 or
pH 7.8 indicated that calcium promoted phosphorylation of PEPC. Both
calcium and magnesium were necessary for PEPC-phosphorylation and
have a synergistic effect on PEPC-PK.

10. Pretreatment of leaves with EGTA in vivo decreased the activity and
phosphorylation of PEPC in leaves exposed to light (but not in
darkness). Pretreatment with EGTA sharpened the response to calcium.

11. Labelling of leaves with *2Pi in vivo revedled that the phosphorylation of
PEPC was more in light than that in dark-adapted |eaves.

12. TFP (a calmodulin antagonist) as well as verpamil, lanthanum, diltiazem
(calcium channel blockers) decreased phosphorylation of PEPC in light.
These results indicate that both calcium and calmodulin are involved
during PEPC phosphorylation enhanced under illumination.
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SUMVARY:  Ammonium ions stimulated in vitro the activity of PEP carboxyl ase
(PEPC) extracted from dark-adapted |eaves of Amaranthus hypochondriacus.
Maxi mum stimulation of 80 to 85 %occured at 50 pwM anmoni um chloride. There
was a marginal inhibition of PEPC at 5 mM ammoni um chl oride. Anong several
ions tested, potassium ions stimulated PEPC to a limted extent of about
30 %.. In presence of ammonium, there was no change either in the sensitivity
of enzyme to malate or in the affinity for substrate, PEP. On the other
hand, glucose-6-phosphate, an allosteric activator, which stinulated the
enzyne by two-fold, could enhance PEPC activity by <20 % in the presence of
anmoni um The light-activated form of PEPC from |eaves of Amaranthus hypo-
chondriacus was not stinulated, but was inhibited in the presence of ammp-
nium Qur results denonstrate that ammonium ions stinmulate PEPC by acting at
the allosteric site. Amonium ion being a conponent of plant netabolism
could be an inportant regulator of PEPC, particularly in C4 plants.

| NTRODUCTI ON

PhosphoenoJpyruvate carboxylase (PEPC, EC 4.1.1.31), a key enzyme of
photosynthetic @2 fixation in C4 and CAM plants, catalyses the
B-carboxyla-tion of PEP to yield oxalacetate and Pi (1). The properties of
the enzyne varies depending on the source (2,3). The C4 enzyne is subject to
typical feed-back inhibition by oxalacetate and mal ate and allosteric activa-
tion by G-6-P and glycine (2,4,5).

Ammonia is a toxic metabolite and inhibits several enzymes of plant and
ani mal metabolism (6). Nevertheless, a few enzynes such as pyruvate kinase
are stimulated by ammonium (7-9). Ammoni um ions enhance assinilation of
carbon into G4 acids in higher plants, algal cells and cyanobacteria (10-12).

Abbrevi ations used: PEP, PhosphoenoJpyruvate; PEPC, PhosphoenoJpyruvate
carboxyl ase; G 6-P, Glucose-6-Phosphate; CAM Crassul acean acid netabolism
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Further, ammonia assimilation rates in vivo are well correlated with PEFC
activity in green alga, Selanastrum minutum (12). Athough an increase in
the activity of PEPC is assuned to be the reason for elevated rates of dark
carbon fixation, the direct effects of ammonium salts on PEPC activity in
vitro are not assessed.

Biosynthesis of PEPC in leaves is affected by the extent and form of
nitrogen available to the plant. For e.g., the levels of PEPC increased when
leaves of naize were fed with NO3~ or NHs" (13,14). The effectiveness of
ammoni um salt as an inducer of PEPC biosynthesis is tw fold greater than
that of nitrate (14). However these effects in vivo of nitrate/amonia are
| ong-term ones on bi osynthesis of PEPC protein.

The present article is an attenpt to study the effect in vitro of amo-
nium ions on PEPC from light/dark-adapted |eaves of Amaranthus hypochon-
driacus, a NAD-malic enzyne type Ca plant. Ammonium ions at |ow concentra-
tions could stinulate markedly the activity of PEPC in vitro. The effect of
ammoni um on PEPC was at the regulatory allosteric site on the enzyne.

MATERI ALS AND METHODS

Plant material:Plants of Amaranthus hypochondriacus L. (cul tivar AG
67)were grown from seed in field (approximate photoperiod 12 h and tenpera-
ture of 30-40°C day/ 25-30 ¢ ni ght). Leaves were excised from the plant
between 9:00 to 10:00 A M, approxinmately 3 to 4 h after sunrise. Discs of
ca. 0.2 cm were cut from |leaves under water. Twenty discs were kept in a

Petri dish containing water and left in darkness for 2 h. If necessary, the
discs were illuninated at 1500 |iE+ s for 20 min (after pre-darkening).
Extraction: Leaf discs were extracted in chilled nortar and pestle

w thl GO mM HEPES-KOH pH 7.3, containing 10 mM MgClz, 2 mM KH2POa, 1 mM EDTA,
20% (v/v) glycerol and 10 mM B-mercaptoethanol. The homogenate was passed
through four layers of cheese cloth and centrifuged at 7000 g for 10 mn.
The supernatant was used for enzyne assays. An aliquot of honogenate (before
centrifugation) was examned for chlorophyll by extraction into 80% (v/v)
acetone (15).
Assay of phosphoenolpyruvate carboxylase (EC 4.1.1.31): The reaction
of PEPC was coupled to NAD malic dehydrogenase and the enzynme activity was
deternined by monitoring NADH oxidation at 340 nm in a Shimadzu UV-spectro-
photometer at 30 °C  The assay nixture (1 ni) contained 50 mM HEPES- KCH
pH 7.3, 5 nMMgClz and 2.5 mM PEP. The test salts were included in the reac-
tion medium as indicated. The reaction was started by addition of PEP.

The experinents were repeated on several days, with each assay done at
least three tines. The average values * SE are presented.
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RESULTS AND DI SCUSSI ON

This is the first report on direct activation by ammonium ions in vitro
of PEPC, a key enzyme of Ci pathway. The activity of PEPC was stinulated
mar kedly by ammonium chloride, ©particularly at low concentrations. The
enzyme activity was enhanced by 80% (over control) at SO um NH4Cl (Fig. 1).
However, the extent of stimulation declined as NH4Cl concentration was raised
above 100 um. The effect of NHaCl on PEPC was only nmarginal at 3-4 mM NH4C1
and the enzyme activity decreased at S mM NHaCl.

When a range of different salts were tested, PEPC was stimulated only by
amonium salts and to some extent by potassium ions (Table 1). Besides chlo-
ride, acetate and sul phate salts of ammnium also stinulated the activity of
PEPC. On the other hand, monovalent ions like lithium sodium and rubidium
had only a marginal effect on PEPC. The presence of calcium chloride decrea-

sed the activity of PEPC (data not shown). The inhibition of PEPC by calcium

T
-~ | ;
2 180} b
= | -
= 160 | [ el |
o |
g .A. oo L ]
g HOIeN A e
| T . Ammonium chleride (uM)
B qzo | ~3
: . LTy
=100 te b
> | ]
T 80}
<
60 lo——
o 1 2 3 4 5
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Figure 1. Stimulation by NHaCl in vitro of PEPC extracted from dark-

adapted |eaves of Amaranthus hypochondriacus. Leaf discs were left in
darkness for 2 h before extraction. The enzyne assay was done at pH 7.3
and the reaction was started by 2.5 mM  PEP. Ammoni um chl oride was

included in the assay nediumto get the required final concentration. The
inset shows the response of the enzyne to low concentrations of ammonium
chloride. Maxinum stinulation of about 80 % (over control) occured at

50 uM amoni um chl oride. Enzyne activity in the absence of ammonium
chloride (control) was 544 i 10 umol mg chl h . Data are averages + SE
of at least three separate experinents. If not seen, the errors are

within the synbol s.
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Table 1. Effect of different salts in vitro on the activity PEP
carboxyl ase extracted from |eaves of Amaranthus hypochondriacus

Salt Optimal Enzyme Activity
concentration activity compared
te control
M umol mg ch1™t w7 %

None (contrel) ¢] 627 & 23 100
Ammonium chloride 50 1130 * 10 180
Ammonium sulphate 50 1150. 4§ 183
Ammonium acetate 50 1121 £ 9 179
Potassium chloride 500 821 ¢ | 131
Sodium chloride 500 730 £ 1 116
Lithium chloride 500 697 t 1 111
21 111

697

Rubidium chleride

has been reported earlier (16). The stimulation by X was not as marked as
that by NHa" At 0.5 mM KCl, the activity of PEPC was stinulated by 35 %
over control. However, the activity of PEPC was slightly decreased at higher
concentrations of k' (about 20-25 X inhibition at 2-5 mM KCl) . K* ions,
whi ch pronote stomatal opening (17) and swelling of guard cell protoplasts
(18) are reported to stinulate PEPC activity in guard cell protoplasts (19)
and epidermal strips (20).

In the presence of NHaCl, the affinity to PEP was not nuch altered, al-
though Vmax increased by 85 '/.. The double reciprocal plots revealed simlar
Km for PEP in the presence or absence of NH4Cl (Table 2). Also, there was no
significant change in the sensitivity of the enzyne to malate in the presence
of NH4CL (Table 2).

Glucose-6-phosphate is an allosteric activator of PEPC from Ca plants
(1). However, the respone to G6-P was quite different in the presence of
NHCL (Fig. 2). G6-P activated PEPC nmarkedly in the absence but not in the
presence of NH4Cl. The enzyme was stinulated by nore than two fold (>215 '/.)
by G6-P. But there was only a marginal stinmulation (<20 %) by G6-P in the
presence of NHaCl. Further, there was a decrease in PEPC activity at higher
concentrations of G6-P (>3 mM in the presence of NHaCl The Ka of PEPC for
G6-P was 0.17 mM in the absence (control) and 0.94 mM in the presence of
NHaCl (Table 2). A major reason for ineffectiveness of G 6-P appears to be
that the enzyme is already activated by NHCL. Simlarly, the decrease in
the enzyme activity at higher concentrations of G6-P may be due to the
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Table 2. Kinetic characteristics of PEP carboxylase from | eaves
of Amaranthus hypochondriacus in the presence or absence of 50 uM
ammonium chloride

Parameter Control NHaCl
- e e

Vmax (umol mg chl™ K1) 1316 2436

Km PEF (mM) 0.60 070

Ki malate (mM) 0.20 4] 25'

Ka G-6-F [(mM) 0.17 0.94

'A;-pur'cm‘ due to non typical kinetles

2400 [ ) ; . ¢ i
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Figure 2. Response to G6-P of PEPC from dark-adapted |eaves of Amaran-
thus hypochondr iacus. The enzyne was assayed at pH 7.3 in the presence
(¢) or absence of 50 uM ammonium chloride (o) and different concentra-
tions of G6-P. PEPC was activated narkedly (>two fold) by G6-P only in
the absence of ammonium chloride. The stimulation by G6-P was narginal
(<20 %) in the presence of amoniumchloride. |If not seen, the errors
were within synbols and did not exceed 3 %. Further details were as in
Fig 1

marked alteration of regulatory site by NH4 . Therefore, NHaCl appears to
nodul ate PEPC in vitro by changing the sensitivity of the allosteric regul a-
tory site.

O illumnation, the activity of PEPC is stinulated two to three fold in
| eaves of Ca plants (3,4). W have therefore tested the response to ammoni um
of enzyne extracted from illumnated |eaves. However, unlike the dark-
adapted enzyne, the |ight-activated formof PEPC was not stinulated, but was
inhibited (Fig. 3). The light-activated formof PEPC differs from the dark-
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Figure 3. Response to ammonium chloride of PEPC extracted from dark-

adapted (¢) or illunmnated (o) |eaves of Amaranthus hypochondr iacus
Leaves which were kept in darknes_s f0[ 2 h, were either retained in dark-
ness orf illumnated at 1200 uE m ~ s~ for 20 min After extraction the

assay was done at pH 7.3 and the reaction was started with 2.5 mM PEP.
Ammoni um chloride was included in the assay nedium at the indicated con-
centrations. The activities of PEPC in the control sets fi.e.without

NHCL) were 836 * 4 umol mg ch1™' h™' (dark-adapted |eaves) and 2090 t 10
umol mg chl™ h™ (illuninated |eaves). Further details were as in

Fig 1

adapted form in several characteristics: malate sensitivity, phosphorylation
status and Km for PEP (3). Wien leaves are illumnated, conformational
changes are likely to occur in PEPC. The absence of stimulation by NH4Cl of
PEPC from illuninated |eaves indicates that the dark-form of the enzyne al one
has the confornational status capabl e of responding to ammoni um ions.

Light dependent phosphorylation of PEPC in mesophyll protoplasts of
sorghum was pronoted by weak bases such as ammonium chloride and nethyl ami ne
(21). These ions were expected to increase the cytosolic pH, raise the
level s of calcium and activate either PEPC or PEPC protein kinase or both.
Qur present observations denonstrate for the first time that ammoniumion is
an allosteric activator in vitro of PEPC from Ca plants.

In G4 plants, the reactions of carbon and nitrogen netabolism are spati-
ally separated between the nesophyl| and bundle sheath cells (22). PEPC is
located in cytosol of mesophyll cells in |eaves of Ca plants. The reduction
of nitrate to ammonium also occurs in Ca nesophyll cells (22). Al losteric
activation by ammonium of PEPC fits well with intercellular enzymic distri-
bution. An increase in the availability of ammniumions can stimulate PEPC
and thus pronmote carbon and amino acid netabolism Qur observations can
therefore forman additional basis of a better nitrogen use efficency in Ca
plants than that in C3 species (22).
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