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Effects of Phosphorylation on Phosphoenolpyruvate
Carboxykinase from the C4 Plant Guinea Grass1

Robert P. Walker2*, Zhi-Hui Chen2, Richard M. Acheson2, and Richard C. Leegood

Robert Hill Institute and Department of Animal and Plant Sciences, University of Sheffield, Sheffield,
S10 2TN, United Kingdom

In the C4 plant Guinea grass (Panicum maximum), phosphoenolpyruvate carboxykinase (PEPCK) is phosphorylated in
darkened leaves and dephosphorylated in illuminated leaves. To determine whether the properties of phosphorylated and
non-phosphorylated PEPCK were different, PEPCK was purified to homogeneity from both illuminated and darkened
leaves. The final step of the purification procedure, gel filtration chromatography, further separated phosphorylated and
non-phosphorylated forms. In the presence of a high ratio of ATP to ADP, the non-phosphorylated enzyme had a higher
affinity for its substrates, oxaloacetate and phosphoenolpyruvate. The activity of the non-phosphorylated form was up to
6-fold higher when measured at low substrate concentrations. Comparison of proteoloytically cleaved PEPCK from Guinea
grass, which lacked its N-terminal extension, from yeast (Saccharomyces cerevisiae), which does not possess an N-terminal
extension, and from the C4 plant Urochloa panicoides, which possesses an N-terminal extension but is not subject to
phosphorylation, revealed similar properties to the non-phosphorylated full-length form from Guinea grass. Assay of
PEPCK activity in crude extracts of Guinea grass leaves, showed a large difference between illuminated and darkened leaves
when measured in a selective assay (a low concentration of phosphoenolpyruvate and a high ratio of ATP to ADP), but there
was no difference under assay conditions used to estimate maximum activity. Immunoblots of sodium dodecyl sulfate-
polyacrylamide gel electrophoresis gels showed no difference in the abundance of PEPCK protein in illuminated and
darkened leaves. There were no light/dark differences in activity detected in maize (Zea mays) leaves, in which PEPCK is
not subject to phosphorylation.

The aim of this study was to investigate whether
phosphorylation of phosphoenolpyruvate (PEP) car-
boxykinase (PEPCK) from plants alters its properties
or its activity. In plants, PEPCK is a cytosolic enzyme
that catalyzes the reversible reaction:

OAA � ATP7 PEP � ADP � CO2

PEPCK occurs in a diverse range of plant tissues,
including both developing and germinating seeds,
flowers, fruits, trichomes, the vasculature, and leaves
of some Crassulacean acid metabolism (CAM) and C4

plants (Leegood and Walker, 1999; Walker et al.,
2001). In leaves of CAM plants and C4 plants and in
some algae, PEPCK functions as a decarboxylase in
their photosynthetic CO2-concentrating mechanisms
(Reiskind and Bowes, 1991; Leegood et al., 1996). C4

plants are divided into different subtypes on the
basis of the enzyme decarboxylating C4 acids in the
bundle sheath. The original classification into three
subtypes (PEPCK, NAD-malic enzyme, and NADP-
malic enzyme; Hatch et al., 1975) is now known to be

an over-simplification, since the PEPCK subtypes,
such as Guinea grass (Panicum maximum), also utilize
NAD-malic enzyme as a decarboxylase (Burnell and
Hatch, 1988) and some monocot members of the
NADP-malic enzyme subtype, such as maize (Zea
mays), also utilize PEPCK to decarboxylate Asp
(Walker et al., 1997; Furumoto et al., 1999; Wingler et
al., 1999).

In the leaves of C4 plants, the amounts of both
PEPCK protein and activity change little during a
diurnal period, an observation that is at variance
with the proposal that the activity of PEPCK must be
regulated to prevent depletion of oxaloacetate (OAA)
and/or ATP in the cytosol in the dark (Carnal et al.,
1993). Similarly, in cotyledons of germinating cucum-
ber, in which PEPCK is important in catalyzing a
gluconeogenic flux from lipid and protein reserves,
the reaction catalyzed by PEPCK is displaced from
equilibrium despite the amount of PEPCK being in
excess of that required to catalyze the flux (Leegood
and ap Rees, 1978). These observations raised the
possibility that the activity of PEPCK was subject to
an as-yet-unknown regulatory mechanism. A clue as
to the nature of this mechanism was provided by the
observation that PEPCK is subject to reversible pro-
tein phosphorylation in many plant tissues (Walker
and Leegood, 1995, 1996). PEPCK is phosphorylated
in the cotyledons of all germinating seedlings and
leaves of PEPCK-type CAM plants studied (Walker
and Leegood, 1995; Walker et al., 1997). In contrast,
PEPCK is subject to reversible phosphorylation in the
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leaves of some C4 plants, such as Guinea grass, but
not in leaves of others, such as Urochloa panicoides and
maize (Walker and Leegood, 1996; Walker et al.,
1997), although maize PEPCK has been shown to be
weakly phosphorylated by a cAMP-dependent pro-
tein kinase in vitro (Furumoto et al., 1999). In CAM
plants and in C4 plants in which PEPCK is subject to
phosphorylation, it is phosphorylated in darkened
leaves and dephosphorylated in illuminated leaves
(Walker and Leegood, 1996). These observations sug-
gest that, if phosphorylation does modulate the ac-
tivity of PEPCK, then the phosphorylated enzyme is
the less active form.

In common with PEP carboxylase (Chollet et al.,
1996), PEPCK from plants possesses an extension at
the N terminus that is absent from enzymes with
otherwise very similar sequences from bacteria or
fungi (Walker et al., 1997). This N-terminal extension
is rapidly lost by proteolysis upon extraction of the
enzyme and is likely to be contain site(s) at which
PEPCK is phosphorylated because loss of the
N-terminal extension leads to the loss of 32P (Walker
and Leegood, 1996). An examination of the available
sequences of plant PEPCK shows that the sequence of
the N-terminal extension, unlike the rest of the pro-
tein, is quite variable except for one region which
often contains two potential phosphorylation sites.
One is a cAMP-dependent protein kinase site. PEPCK
from cucumber is a substrate for this protein kinase
(Walker and Leegood, 1995). The other is a consensus
sequence for the SNF-1 related protein kinases (Hal-
ford and Hardie, 1998; Leegood and Walker, 1999).
The latter are thought to be global regulators of car-
bon metabolism in plants, implicated in the regula-
tion of Suc-P synthase, nitrate reductase, and
3-hydroxy-3-methyl glutaryl coenzyme A reductase
(Halford and Hardie, 1998). Both these potential sites
are absent from U. panicoides leaf PEPCK (Finnegan
and Burnell, 1995), which is not subject to phosphor-
ylation (Walker and Leegood, 1996).

In this paper, we describe procedures for the puri-
fication of intact phosphorylated and non-
phosphorylated PEPCK from Guinea grass leaves
and show how phosphorylation modulates its activ-
ity. We then show how a selective assay based on
these changes in properties can be used to estimate
its phosphorylation state in crude leaf extracts.

RESULTS

Purification of PEPCK

The N-terminal extension of PEPCK from both cot-
yledons of germinating cucumber and darkened
leaves of Guinea grass, contains the site(s) at which
the protein is phosphorylated in vivo (Walker and
Leegood, 1995, 1996). This N-terminal extension is
rapidly lost by proteolysis after extraction of the
enzyme (Walker et al., 1995). To prevent proteolysis,
all purification procedures were done at pH 9.8
(Walker et al., 1995). PEPCK is much more heavily
phosphorylated in darkened leaves of Guinea grass
(Walker and Leegood, 1996). To obtain phosphory-
lated and non-phosphorylated enzyme, PEPCK was
therefore purified from both darkened and illumi-
nated leaves. In both cases, a 150-fold purification
resulted in a single polypeptide of 71 kD after SDS-
PAGE (Table I; Fig. 1), the same size as the intact
polypeptide from leaves of Guinea grass (Walker and
Leegood, 1996). The yield of pure PEPCK from crude
extracts of both illuminated and darkened leaves was
between 20% and 25%. To determine whether phos-
phate was lost from the enzyme during purification,
PEPCK was purified from darkened leaves in which
it had been labeled with 32Pi. Loss of phosphate was
determined by comparing the abundance of PEPCK
at different stages of purification on an immunoblot
of a SDS-PAGE gel with the extent of phosphoryla-
tion shown by autoradiography of the immunoblot.
The ratio of intensity of PEPCK on the immunoblot to
the autoradiograph did not change greatly during
purification, showing that the phosphorylation state
of the enzyme remained largely unchanged.

In darkened leaves a proportion of PEPCK was not
phosphorylated and gel filtration chromatography
was effective in separating two forms (Fig. 2). The
molecular mass of the phosphorylated enzyme was
320 kD and that of the non-phosphorylated was 280
kD, which is consistent with the enzyme being a
tetramer. This difference in mass was likely due to a
conformational change rather than a change in sub-
unit composition. It was not due to proteolytic cleav-
age of the enzyme since the molecular mass of the
subunits remained constant at 71 kD (Fig. 2). PEPCK
that eluted earlier from the column was strongly

Table I. Purification of PEPCK from leaves of Panicum maximum

PEPCK activity at different stages of the purification was measured in the carboxylation direction
under conditions that allowed measurement of its maximum activity (saturating Mn2�).

Purification Stage Total Activity Protein Specific Activity Purification Yield

�mol min�1 mg units mg�1

protein

-fold %

Crude extract 172 627 0.27 1 100
30–50% (NH4)2SO4 80 27 3.0 11 47
Ion-exchange chromatography 50 5 10.0 37 29
Gel-filtration chromatography 38 0.9 41.6 154 22
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radiolabeled, whereas the enzyme eluting after the
main peak of PEPCK activity was only weakly
labeled.

Effect of Phosphorylation on PEPCK Activity

To determine how phosphorylation of PEPCK af-
fects its activity, the properties of the phosphorylated
and largely non-phosphorylated forms of the enzyme
from darkened and illuminated leaves were com-
pared in in vitro assays. In addition, phosphorylated
and non-phosphorylated PEPCK purified from dark-
ened leaves that were separated by gel filtration were
compared. Kinetic differences between these two
forms of the enzyme were similar to those observed
for the enzymes purified separately from illuminated
and darkened leaves (data not shown). Phosphoryla-
tion of PEPCK more or less doubled its Km for its
substrates in the decarboxylation direction (Km

[OAA] 156 � 20 and 304 � 25 �m; Km [ATP] 26 � 4
and 44 � 3 �m in the light and dark forms, respec-
tively), but affinities for its substrates in the carbox-

ylation reaction were little changed (Km [PEP] 2.1 �

0.3 and 2.7 � 0.3 mm; Km [ADP] 36 � 3 and 44 � 3 �m

in the light and dark forms, respectively; under these
measurement conditions all responses to substrates
were hyperbolic). However, these changes in affinity
were more complex because the concentration of
each substrate and the phosphorylation state affected
its affinity for other substrates. In the decarboxyl-
ation direction, both the concentration of ADP and
ATP and the ratio of ADP to ATP greatly affected the
affinity of the enzyme for both ATP and for OAA and
these interactions were modulated by phosphoryla-
tion (Fig. 3B). The ratio of the activity of non-
phosphorylated to phosphorylated PEPCK was com-
pared at different concentrations of OAA and
different ratios of ATP to ADP (Fig. 3B). The total
concentration of adenylates was kept constant to
minimize perturbations in free Mn2� and Mg2�. The
difference in activity was greatest at lower concen-
trations of OAA and at higher ratios of ATP to ADP.

Similarly, in the carboxylation direction both the
concentration of ATP and ADP and the ratio of ADP
to ATP altered the affinity of the enzyme for ADP
and PEP, and these interactions were modulated by
phosphorylation (Fig. 3A). The ratio of the activity of
non-phosphorylated to phosphorylated PEPCK was
compared at different concentrations of PEP and at
different ratios of ATP to ADP (Fig. 3A). There was
essentially no difference between the two forms in
the absence of ATP. The difference in activity was
greatest at lower concentrations of PEP and higher
ratios of ATP to ADP. Assayed in the carboxylation
direction in the absence of ATP, the response to
increasing PEP was hyperbolic, but increasing the
amount of ATP strongly inhibited the rate and in-
duced sigmoidal behavior.

Figure 2. Separation of phosphorylated and non-phosphorylated
forms of PEPCK by gel filtration chromatography. The gel filtration
column was calibrated using molecular mass markers and elution
times for fraction �5, peak and �5 corresponded to molecular
masses of 320, 300, and 280 kD respectively. Fractions containing
equal amounts of PEPCK activity were subjected to SDS-PAGE,
polypeptides visualized by Coomassie Brilliant Blue dye, and radio-
labeling assessed by autoradiography.

Figure 1. Analysis of fractions from different stages of the purification
of 32P-labeled PEPCK from Guinea grass leaves. After separation by
SDS-PAGE, polypeptides were visualized by Coomassie Brilliant
Blue dye, and radiolabeling of PEPCK assessed by autoradiography.
Polypeptides in an identically loaded gel were transferred to Immo-
bilon P membrane and PEPCK visualized using an antiserum specific
for PEPCK.

Regulation of Phosphoenolpyruvate Carboxykinase
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Effect of Loss of N-Terminal Extension Site on
PEPCK Activity

We investigated the effect of loss of the N-terminal
region and its phosphorylation site by comparing the
properties of (a) the proteolysed, truncated, form of
PEPCK from Guinea grass; (b) PEPCK from leaves of
the C4 grass, U. panicoides, which possesses a shorter
N-terminal extension and which is not phosphory-
lated in vivo (Finnegan and Burnell, 1995; Walker et
al., 1997); and (c) the enzyme from yeast (Saccharo-
myces cerevisiae), which does not possess the
N-terminal extension (Krautwurst et al., 1995). A
comparison of the affinity of the different forms of
PEPCK for PEP is shown in Figure 4. Truncated
PEPCK and PEPCK from yeast and from U. panicoides
all behaved similarly to intact dephosphorylated
PEPCK in showing a hyperbolic response to PEP in
the carboxylation assay when measured in the ab-
sence of ATP (data not shown) and a remarkably
similar slightly sigmoidal response to PEP when as-
sayed at a high ATP to ADP ratio (Fig. 4, compare
with the response curves in Fig. 3). By comparison,
intact phosphorylated PEPCK showed a decrease in
activity over the whole range of PEP concentrations
(see also Fig. 3), however this difference was much
more pronounced at lower concentrations of PEP.

Diurnal Changes in Phosphorylation
State and Properties

We investigated whether changes in the properties
of PEPCK activity were correlated with changes in
phosphorylation state in Guinea grass leaves during
a light-dark cycle. Detached leaves were fed 32Pi and
harvested at different times during a light-dark cycle.

Figure 3. Effects of phosphorylation on the activity of PEPCK. A, The
effect of phosphorylation on the carboxylase activity of PEPCK.
The affinity of the phosphorylated and non-phosphorylated forms
of the enzyme for PEP was determined at different ratios of ATP:ADP.
B, The effect of phosphorylation on the decarboxylase activity of
PEPCK. The affinity of the phosphorylated and non-phosphorylated
forms of the enzyme for OAA was determined with different ratios of
ATP to ADP. In both A and B the total concentration of adenylates
was 1 mM. The rate at zero substrate concentration was always zero.
To illustrate the interaction between phosphorylation state, ATP:ADP
ratio and concentration of OAA or PEP the ratio of the activity of the
non-phosphorylated (light) to phosphorylated (dark) enzyme for each
value of ATP:ADP was plotted against the OAA or PEP concentration.

Figure 4. The effect of N-terminal phosphorylation on the response
of PEPCK activity to the concentration of PEP in the assay. PEPCK
from illuminated and darkened leaves of Guinea grass is compared
with the proteolytically cleaved form of PEPCK from leaves of Guinea
grass, intact PEPCK from U. panicoides, and the enzyme from yeast.
All assays contained 0.8 mM ATP and 0.2 mM ADP.

Walker et al.
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A western blot showed no change in the abundance
of PEPCK protein (Fig. 5B), whereas autoradiogra-
phy of a similarly loaded SDS-PAGE gel showed a
large difference in the phosphorylation state. Similar
changes in phosphorylation state were shown in
PEPCK immunoprecipitated from these extracts.
PEPCK was much more phosphorylated in darkened
leaves than illuminated leaves. The degree of phos-
phorylation increased markedly after darkening
leaves. Upon illumination the extent of phosphory-
lation decreased over a period of 8 h. The carboxylase
activity of PEPCK was measured in crude extracts of
leaves using (a) assay conditions that allowed mea-
surement of maximum activity (non-selective, ap-

proximating to Vmax) and (b) under assay conditions
that revealed a large difference in activity between
phosphorylated and non-phosphorylated enzyme by
the inclusion of ATP (selective). There was little
change in PEPCK activity under non-selective condi-
tions, but when activity was measured under condi-
tions that discriminate between phosphorylated and
non-phosphorylated forms of the enzyme, much less
activity was present in extracts of darkened leaves
(Fig. 5A). In contrast, similar measurements made on
PEPCK extracted from leaves of maize (Fig. 5A) or U.
panicoides (data not shown) showed no change in
activation state. PEPCK in these plants is not phos-
phorylated (Walker et al., 1997).

DISCUSSION

We developed a purification procedure that results
in minimal proteolysis of PEPCK from Guinea grass,
and thus the N-terminal region, together with its
phosphorylation site, is retained (Walker et al., 1995).
Previous purification of the enzyme from the C4

plant, Urochloa panicoides, yielded PEPCK with a mo-
lecular mass of between and 62 and 64 kD (Burnell,
1986) as a result of proteolytic cleavage of the native
68-kD polypeptide (Finnegan and Burnell, 1995). It is
likely that previous purifications of the enzyme from
other C4 plants, including Guinea grass (Ray and
Black, 1976; Urbina and Avilan, 1989) and Chloris
gayana (Hatch and Mau, 1977), also yielded a cleaved
enzyme (Walker et al., 1995, 1997).

Our results are consistent with a phosphorylation-
based mechanism for the light-dark regulation of
PEPCK in the leaves of C4 plants and are the first
evidence from any organism for changes in the reg-
ulatory properties as a result of covalent modification
of PEPCK. First, the enzyme isolated from darkened
tissues showed kinetic differences to the enzyme iso-
lated from illuminated tissues. Second, these two
kinetic forms, with different phosphorylation states,
could be separated by gel filtration. Third, there was
a diurnal interconversion between the two kinetic
forms that was associated with changes in the phos-
phorylation state of immunoprecipitated PEPCK.
Fourth, the enzymes from maize and U. panicoides,
that are not phosphorylated in vivo, showed no di-
urnal changes in activity when measured under se-
lective assay conditions. In addition, the form puri-
fied from illuminated leaves could also be partially
converted, by phosphorylation catalyzed by cAMP-
dependent protein kinase, into a form with similar
kinetic properties to the form purified from darkened
leaves (data not shown).

Although diurnal changes in PEPCK activity have
previously been reported for leaves of the CAM
plants aloe (Aloe vera; Lin et al., 1991) and pineapple
(Ananas comosus; Lin et al., 1994), with a 2- to 4-fold
increase in activity recorded during the daytime de-
acidification (decarboxylation) phase, these assays

Figure 5. Diurnal changes in the amount and activity of PEPCK in
leaves of Guinea grass and maize. A, Changes in the phosphorylation
state of PEPCK were assessed by feeding detached illuminated leaves
32Pi by the transpiration stream. Leaves were placed in darkness for
12 h, then illuminated (500 �mol m�2 s�1, 25°C) for 12 h, darkened
for 12 h, and then re-illuminated, during which time samples were
taken. PEPCK activity was measured under conditions that estimate
maximum activity (Vmax; 5 mM PEP, 5 mM Mn2�, and 0.5 mM ADP)
and a selective assay (0.25 mM PEP, 10 �M MnCl2, 4 mM MgCl2, 0.8
mM ATP, and 0.2 mM ADP) that discriminates between the phosphor-
ylated and non-phosphorylated forms of the enzyme. B, Diurnal
changes in the amount of PEPCK protein and its phosphorylation
state in Guinea grass leaves. Proteins were separated by SDS-PAGE
and polypeptides transferred to immobilon P membrane. PEPCK was
visualized using an antiserum specific for PEPCK and its phosphor-
ylation state assessed by autoradiography of the blot.

Regulation of Phosphoenolpyruvate Carboxykinase
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were made under non-selective assay conditions, and
changes in the amount of PEPCK were not measured.
However, we measured similar changes in activation
state of PEPCK in pineapple to those reported for
Guinea grass in Figure 5 (data not shown), indicating
that the properties of the pineapple enzyme are sim-
ilar to those of PEPCK from Guinea grass.

The diurnal changes in the properties of PEPCK are
the combined result of differences in substrate affin-
ities and in sensitivity to adenylates of the phosphor-
ylated and dephosphorylated enzyme. It seems un-
likely that the difference in sensitivity of these two
forms of the enzyme to adenylates was a simple
mass-action effect (Wood et al., 1966; Walker et al.,
1997). It has been suggested that adenylates interact
with PEPCK at an allosteric site (Burnell, 1986; Ur-
bina and Avilan, 1989). In this study we found that
the ratio of ATP to ADP modulated the affinity of
PEPCK for OAA and PEP. Assayed in the carboxy-
lation direction in the absence of ATP, the response
to increasing PEP was hyperbolic, but increasing the
amount of ATP strongly inhibited the rate and in-
duced sigmoidal behavior. A similar response to PEP
was shown by PEPCK from yeast, by PEPCK from U.
panicoides that lacks the phosphorylation site, and by
PEPCK from Guinea grass that lacked the N-terminal
extension. Sequence comparisons of PEPCKs from
flowering plants show that they are closely related to
the ATP-dependent enzymes from yeast, Rhizobium
sp., Escherichia coli, and trypanosomes (Leegood and
Walker, 1999). These results indicate that modulation
of the kinetic properties of PEPCK by adenylates is a
fundamental property of ATP-dependent PEPCKs
and that in plants the possession of the N-terminal
extension together with phosphorylation of a resi-
due(s) within it enhances an existing mechanism of
adenylate regulation (Fig. 4). It should also be noted
that assay of recombinant maize PEPCK revealed a
specific activity nearly 2-fold higher in the
N-terminal truncated compared with the intact pro-
tein (Furumoto et al., 1999).

Regulation of PEPCK by adenylates could be an
effective means of regulation in vivo. In leaves and
protoplasts of C3 plants, the cytosolic ATP to ADP
ratio is high (approximately 6; see Fig. 3B) and rela-
tively constant between light and dark conditions
(Stitt et al., 1982). If such conditions obtained in the
bundle-sheath cytosol, phosphorylation of PEPCK
could act as an off-switch in darkness, acting together
with the decrease in the supply of OAA (and hence
malate and Asp) from the mesophyll that would
result from the dephosphorylation-dependent inacti-
vation of PEP carboxylase in the dark (Chollet et al.,
1996). During photosynthesis in PEPCK-type C4 spe-
cies, NAD-malic enzyme operates in tandem with
PEPCK, and mitochondrial respiration provides the
ATP necessary to drive the PEPCK reaction (Burnell
and Hatch, 1988; Carnal et al., 1993; Agostino et al.,
1996). NAD-malic enzyme in plants is also regulated

by adenylates (Furbank et al., 1991). Coordination of
these decarboxylation reactions in C4 photosynthesis
is therefore likely to be achieved at least partially by
changes in adenylates. However, much more needs
to be known about changes of pH and metabolite
effectors in the bundle sheath before a theory of
regulation can be formulated.

Why has regulation by phosphorylation been lost
in many other C4 species? The smaller, non-
phosphorylated, forms of PEPCK observed in many
C4 plants (Walker et al., 1997) suggests that regula-
tion by phosphorylation has been lost to suit its role
in the relatively recently evolved C4 plants. This may
be connected with substrate concentrations. Modula-
tion of the affinity of PEPCK for OAA by phosphor-
ylation only occurs at low, micromolar OAA concen-
trations (Fig. 3B). However, in leaves of Asp-forming
C4 plants, the concentration of OAA appears to be
very much higher than in C3 plants, in the millimolar
range in leaves of Amaranthus edulis (Leegood and
von Caemmerer, 1988). This is because OAA is gen-
erated from Asp by Asp aminotransferase, that has
an equilibrium constant that favors OAA formation.
If the concentration of OAA in Guinea grass leaves
were also high, the modulation of the activity of
PEPCK by phosphorylation would be much less ef-
fective than in C3 tissues. This indicates that PEPCK
might also be effectively regulated by metabolites in
C4 plants. Evidence for such regulation of PEPCK
was provided by Carnal et al. (1993), who showed
that the reaction catalyzed by PEPCK was not at
equilibrium in the darkened leaves of U. panicoides
(in which PEPCK is not phosphorylated).

In conclusion, this work describes how phosphor-
ylation alters the kinetic properties of PEPCK to de-
crease its activity in darkened leaves. PEPCK joins a
small number of other plant enzymes whose catalytic
activity is known to be directly regulated by phos-
phorylation, such as PEP carboxylase, Suc phosphate
synthase and pyruvate dehydrogenase (Huber et al.,
1994; Chollet et al., 1996). Further work is now re-
quired to characterize the kinase and its phosphory-
lation site and to integrate the regulatory phosphor-
ylation of PEPCK into the global regulation of carbon
and nitrogen metabolism in plants (Walker et al.,
1999).

MATERIALS AND METHODS

Plant Material

Seeds of Guinea grass (Panicum maximum) and Urochloa
panicoides were obtained from the Kew Seed Bank (Royal
Botanical Gardens, Kew, UK). Maize seeds (Zea mays L. cv
DeKalb XL81) were a gift from Dr. R.T. Furbank (Common-
wealth Scientific and Industrial Research Organization, Di-
vision of Plant Industry, Canberra, Australia). Plants were
grown in a greenhouse in summer under ambient light.
Baker’s yeast (Saccharomyces cerevisiae) was grown in yeast
peptone dextrose (bacto-yeast extract 10 g L�1, bacto-

Walker et al.
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tryptone 20 g L�1, dextrose 20 g L�1, and bacto-agar 20 g
L�1).

SDS-PAGE and Immunoblotting

SDS-PAGE and immunoblotting was done as described
previously (Walker and Leegood, 1996). Immunoreactive
polypeptides were visualized using an antiserum raised to
purified Guinea grass PEPCK. Protein was measured as in
Walker et al. (1995).

Extraction and Measurement of PEPCK Activity

For measurement of PEPCK activity in crude extracts,
leaf samples were extracted in 5 volumes of ice-cold 200
mm Bicine-KOH (pH 9.8) containing 5 mm dithiothreitol
(DTT). For preparation of proteolytically cleaved PEPCK,
leaves of Guinea grass were extracted in 200 mm Tris-HCl
(pH 7.0), containing 25 mm DTT, then left at room temper-
ature for 8 h. Unless stated otherwise, the carboxylation
activity of PEPCK was measured in a continuous assay at
25°C, including 100 mm HEPES (pH 7.0), 4% (v/v)
2-mercaptoethanol, 100 mm KCl, 90 mm KHCO3, 5 mm

PEP, 1 mm ADP, 10 �m MnCl2, 4 mm MgCl2, 0.14 mm

NADH, 6 units of malate dehydrogenase (Walker et al.,
1995; Chen et al., 2002). Decarboxylase activity was mea-
sured in a continuous assay at 25°C including 65 mm

Tris-acetate (pH 7.4), 100 mm KCl, 0.3 mm OAA, 1 mm

ATP, 10 �m MnCl2, 4 mm MgCl2, 71.5 mm mecaptoethanol,
0.1 mm NADH, 2 units of pyruvate kinase, and 5 units of
lactate dehydrogenase (Lee et al., 1981). After adding pyru-
vate kinase and lactate dehydrogenase, the change in ab-
sorbance was measured for 10 min before the addition of
PEPCK to correct for the nonenzymatic decarboxylation of
OAA to pyruvate. One unit of PEPCK activity corresponds
to the production of 1 �mol product min�1 at 25°C.

Purification of PEPCK

The light form of PEPCK was purified from leaves illu-
minated for 6 h at 500 to 1,000 �mol m�2 s�1 in a green-
house at 25°C to 30°C. For purification of the dark-form of
PEPCK, leaves were fed 32Pi (Walker and Leegood, 1996)
under illumination at 500 �mol m�2 s�1 for 2 h and then
left in darkness for 8 h at 25°C to 30°C. Leaves were
immediately frozen in liquid N2 after harvest. Frozen
leaves were homogenized in 5 volumes of ice-cold 200 mm

Bicine-KOH (pH 9.8) containing 5 mm DTT and then clar-
ified by centrifugation at 20,000g for 30 min. The same
buffer was used for all subsequent procedures. There was
no loss of PEPCK activity during prolonged storage (5 h) in
this buffer at 25°C. Protein in the supernatant precipitating
between 30% and 50% saturation with (NH4)2SO4 was
collected by centrifugation at 20,000g for 30 min. The pellet
was resuspended and applied to a Hi-Trap Q ion-exchange
column (Pharmacia, Piscataway, NJ) at a flow rate of 1.5
mL min�1. Proteins were eluted using a 0 to 1 m linear
gradient of NaCl. Fractions containing PEPCK were pooled
and applied to a Pharmacia Superose 12-gel filtration col-

umn at a flow rate of 0.2 mL min�1. Malate dehydrogenase,
which interferes with the decarboxylation assay, was com-
pletely removed from the preparation at the final gel fil-
tration step. Fractions containing PEPCK were stored at
�20°C with no loss of activity for at least 3 months.

Antibody to PEPCK

A polyclonal antiserum was generated in a New Zealand
rabbit (Walker et al., 1995). Four injections, each containing
250 �g of purified PEPCK, were used.

In Vivo Phosphorylation of PEPCK

PEPCK was phosphorylated in vivo as described by
Walker and Leegood (1996). For immunoprecipitation
(Walker and Leegood, 1996), 10 �L of antiserum raised
against the protein from Guinea grass was used.

Received May 10, 2001; returned for revision August 5,
2001; accepted September 27, 2001.
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