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During barley (Hordeum vulgare) seed development, phosphoenolpyruvate carboxylase (PEPC) activity increased and PEPC-
specific antibodies revealed housekeeping (103-kD) and inducible (108-kD) subunits. Bacterial-type PEPC fragments were
immunologically detected in denatured protein extracts from dry and imbibed conditions; however, on nondenaturing gels,
the activity of the recently reported octameric PEPC (in castor [Ricinus communis] oil seeds) was not detected. The phos-
phorylation state of the PEPC, as judged by L-malate 50% inhibition of initial activity values, phosphoprotein chromatography,
and immunodetection of the phosphorylated N terminus, was found to be high between 8 and 18 d postanthesis (DPA) and
during imbibition. In contrast, the enzyme appeared to be in a low phosphorylation state from 20 DPA up to dry seed. The time
course of 32/36-kD, Ca2+-independent PEPC kinase activity exhibited a substantial increase after 30 DPA that did not coincide
with the PEPC phosphorylation profile. This kinase was found to be inhibited by L-malate and not by putative protein in-
hibitors, and the PEPC phosphorylation status correlated with high glucose-6-phosphate to malate ratios, thereby suggesting
an in vivo metabolic control of the kinase. PEPC phosphorylation was also regulated by photosynthate supply at 11 DPA. In
addition, when fed exogenously to imbibing seeds, abscisic acid significantly increased PEPC kinase activity. This was further
enhanced by the cytosolic protein synthesis inhibitor cycloheximide but blocked by protease inhibitors, thereby suggesting that
the phytohormone acts on the stability of the kinase. We propose that a similar abscisic acid-dependent effect may contribute to
produce the increase in PEPC kinase activity during desiccation stages.

Phosphoenolpyruvate carboxylase (PEPC; EC
4.1.1.31) catalyzes the b-carboxylation of PEP to yield
oxaloacetate (OAA) and inorganic phosphate, a reac-
tion that is involved in several metabolic contexts in
plants (Chollet et al., 1996). Subsequently, OAA can be
reduced to malate and/or transaminated to generate
Asp. In seeds, the enzyme recycles respired CO2, thus
providing the Krebs cycle with OAA whenever the
demand for amino acid and protein synthesis is high
(Huppe and Turpin, 1994; Golombek et al., 1999). In
addition, the enzyme has been proposed to contribute

to fatty acid synthesis (Sangwan et al., 1992; Tripodi
et al., 2005) and to starchy endosperm acidification
during seed maturation (Macnicol and Jacobsen,
1992). Gel-blot experiments and specific antibodies
have constantly detected several PEPC subunits (of
about 100–110 kD) thought to act in vivo as a homo-
tetrameric enzyme. All plant PEPCs sequenced so far,
including C4, Crassulacean acid metabolism (CAM),
and C3 species, contain the N-terminal phosphoryla-
tion domain (Chollet et al., 1996; Nimmo, 2003). Re-
cently, a bacterial-related PEPC (BTPC) lacking the
N-terminal phosphorylation domain was identified in
Arabidopsis (Arabidopsis thaliana) and rice (Oryza sat-
iva; Sánchez and Cejudo, 2003); BTPC gene and tran-
scripts have also been identified in soybean (Glycine
max) and castor bean (Ricinus communis) plants (Sullivan
et al., 2004; Gennidakis et al., 2007). In addition, two
PEPC isoforms (p107 homotetrameric, class 1 PEPC;
and p107/p64 heterooctameric, class 2 PEPC) have
been described in developing castor oil seed, where
the p64 polypeptide is structurally and immunologi-
cally unrelated to p107 (Blonde and Plaxton, 2003;
Tripodi et al., 2005). More recent data have established
that this peptide is a fragment of a phosphorylated
bacterial-like PEPC subunit (118 kD) that is rapidly
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proteolyzed in protein extracts by a Cys endopepti-
dase and that the molecular mass of the heterooc-
tameric complex is close to 910 kD (Gennidakis et al.,
2007; Uhrig et al., 2008). These results were reminiscent
of the class 2 PEPC formerly characterized in green
microalgae (Chlamydomonas reinhardtii and Selenastrum
minutum; Rivoal et al., 1996, 1998) and studied further
by others (Mamedov et al., 2005; Moellering et al., 2007).

All phosphorylatable plant-type PEPCs show allo-
steric properties and are typically activated by Glc-6-P
and inhibited by L-malate (Echevarrı́a et al., 1994;
Chollet et al., 1996). In plant tissues active in nitrogen
assimilation and/or transamination reactions, other
allosteric inhibitors, such as Asp and Glu, are also
operative (Law and Plaxton, 1997; Golombek et al.,
1999; Blonde and Plaxton, 2003). The phosphorylation
of a highly conserved Ser at the N-terminal end of the
PEPC affects the kinetic properties of the enzyme
(Nimmo et al., 1987; Echevarrı́a et al., 1994; Chollet
et al., 1996). It is now a well-established fact that PEPC
kinase is a low molecular mass Ser/Thr protein kinase
(32 kD) without N- and C-terminal extensions that
does not possess calcium-binding domains, although
it is structurally related to the calcium-dependent
family of protein kinases. It is regulated at the tran-
scriptional level in most physiological situations in-
vestigated so far (for review, see Echevarrı́a and Vidal,
2003; Nimmo, 2003; Izui et al., 2004). PEPC-related
metabolites (Echevarrı́a et al., 1994, Bakrim et al., 1998,
Murmu and Plaxton, 2007), a redox mechanism in-
volving thioredoxins (Tsuchida et al., 2004; Murmu
and Plaxton, 2007), and a protein inhibitor (Nimmo
et al., 2001) have been suggested also to regulate PEPC
kinase activity. Notably, metabolites have been shown
to operate in vivo (e.g. malate inhibits while Glc-6-P
antagonizes this effect) in protoplasts of sorghum
(Sorghum bicolor) leaves (Bakrim et al., 1998). In addi-
tion, it has been proposed, in CAM plants, that a high
concentration of L-malate reduces both mRNA and the
accumulation of the kinase itself (Borland et al., 1999).
In vitro, PEPC phosphorylation modulates the metab-
olite control of the enzyme (increasing the 50% inhi-
bition of initial activity [IC50] for the feedback inhibitor
L-malate and decreasing the activation constant for the
activator Glc-6-P; Echevarrı́a et al., 1994; Chollet et al.,
1996; Vidal and Chollet, 1997). This allows a powerful
protection against the L-malate that the enzyme activ-
ity contributes to produce, keeping the catalytic rate at
levels required for the physiological context. However,
dephosphorylation of typical p107 subunits of the
novel, high molecular mass PEPC isoform (PEPC2)
of castor oil seeds led to an opposite behavior (e.g.
decreasing the sensitivity to negative effectors, includ-
ing L-malate) and to the suggestion that this PEPC
form is specifically engaged in fatty acid synthesis dur-
ing seed development (Tripodi et al., 2005, Gennidakis
et al., 2007).

Pharmacologically based experiments with meso-
phyll cell protoplasts from C4 (Giglioli-Guivarc’h et al.,
1996) and CAM (Bakrim et al., 2001) leaves led to the

identification of components of the signaling cascade
controlling PEPC kinase activity via rapid synthesis of
the kinase (Jiao et al., 1991; Hartwell et al., 1999) and
the phosphorylation of photosynthetic PEPC isoforms.
The phosphoinositide cycle and calcium are central
elements of this cascade (Coursol et al., 2000). Very
recently, the degradation of the PEPC kinase by the
ubiquitin-proteasome pathway was demonstrated to
occur in transformed mesophyll cell protoplasts from
maize (Zea mays; Agetsuma et al., 2005) and was
suggested to operate in sorghum leaves (Monreal
et al., 2007).

PEPC phosphorylation has been studied extensively
in leaves (especially from C4 and CAM plants), and
only a few studies have dealt with seeds. This has been
investigated in developing seeds of the leguminous
species Vicia faba (Golombek et al., 1999) and during
castor oil seed development, as mentioned above
(Tripodi et al., 2005; Gennidakis et al., 2007; Murmu
and Plaxton, 2007: Uhrig et al., 2008). In barley
(Hordeum vulgare), wheat (Triticum aestivum), and sor-
ghum seeds, our results established that PEPC phos-
phorylation occurred in situ during early germination,
and the dedicated Ca2+-independent PEPC kinase
appeared to be present (Osuna et al., 1996, 1999; Nhiri
et al., 2000). However, in contrast to the leaf context,
the PEPC kinase was constitutive during barley seed
imbibition, and the cascade controlling its activity by
protein synthesis was not operative (Osuna et al.,
1999). This led us to study when and how the kinase
was accumulated during seed development.

In this work, we first biochemically and immuno-
logically characterized the barley seed PEPC, after
which the time course of PEPC phosphorylation, PEPC
kinase activity, and possible interactions with metab-
olite effectors were determined during seed develop-
ment and imbibition. In addition, we report the
positive effect of the phytohormone abscisic acid
(ABA) on the PEPC phosphorylation process during
seed germination, and it is proposed that such a
mechanism is involved in the increase in PEPC kinase
activity during the late stages of seed development.

RESULTS AND DISCUSSION

Characterization of PEPC during Seed Development

PEPC protein was detected at different stages of
barley seed development, as shown in Figure 1. On a
per seed basis, the enzyme activity showed an ap-
proximately 15-fold increase (Fig. 1B), whereas on a
protein basis, it remained almost unchanged (Fig. 1C).
Western-blot experiments showed the presence of a
103-kD PEPC subunit during the time course of seed
development and subsequent imbibition; however, at
early stages of development (4 DPA) and at 30 DPA, a
second protein band with a molecular mass of 108 kD
was also detected, and it remained until dry seed
formation and during imbibition (Fig. 2A). These
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polypeptides were demonstrated to be intact and
classical plant-type PEPC subunits (i.e. containing
the N-terminal phosphorylation domain at variance
with the bacterial-type PEPC; Sánchez and Cejudo
2003) using specific N- and C-terminal antibodies (Fig.
2B). Two immunologically related subunits have also
been identified in developing and germinating wheat
seeds (Osuna et al., 1996; González et al., 1998), castor
oil seed (Sangwan et al., 1992; Uhrig et al., 2008), and

during the germination of barley and sorghum seeds
(Osuna et al., 1999; Nhiri et al., 2000). However,
whether these different subunits (108 and 103 kD in
barley, 110 and 107 kD in castor oil seed) are combined
to form a heterotetrameric structure in vivo (as in
banana [Musa spp.] fruit; Law and Plaxton 1997) is
not known. Recently, the accumulation of a 110-kD
plant-type PEPC subunit was found in depodded

Figure 1. A, Barley seeds. Developmental stages considered in this
work are as follows: 4 to 7 DPA, early development; 10 to 25 DPA,
maturation; and 25 DPA up to dry seed (ds), desiccation (González
et al., 1998). B and C, Time course of PEPC activity in crude extracts
from seeds at different development stages and dry seeds. PEPC activity
was assayed in nondesalted crude extracts from whole seeds at optimal
pH (8.0), 2.5 mM PEP, and 30�C. PEPC activity was expressed on a per
seed basis (B) or on a protein basis (C). Results are means of three
independent experiments. Figure 2. Immunocharacterization of PEPC. A, At the indicated times,

soluble proteins (200 mg) of nondesalted extracts fromwhole seed were
separated by SDS-PAGE (10% acrylamide), transferred onto nitrocel-
lulose, and probed with polyclonal antibodies raised against sorghum
leaf PEPC. The arrows indicate 108- and 103-kD PEPC subunits. B, The
103- and 108-kD polypeptides are intact and classical plant-type PEPC
(PTPC) subunits. The experiment was performed as in A and probed
with specific C19-IgGs, APS-IgGs, or anti-sorghum leaf PEPC IgGs
(30 mg per 20 mL of incubation medium). C, The experiment was
performed as in A. The transferred protein from dry and 2-d-imbibed
seeds was incubated with polyclonal anti-sorghum leaf PEPC IgGs (30
mg per 20 mL of incubation medium) or antibacterial-type PEPC4 IgGs
from Arabidopsis (20 mg per 20 mL of incubation medium). Immuno-
labeled proteins were detected by a horseradish peroxidase assay. [See
online article for color version of this figure.]

PEPC Phosphorylation in Seeds
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developing castor oil seed, which appeared to corre-
spond to a larger form of the 107-kD subunit (dif-
fering by five supplemental amino acids in the N
terminus; Uhrig et al., 2008). It is interesting that the
barley seed 108-kD subunit was found to be absent
during the green stages of seed development (Fig. 1;
7–20 DPA) and present in early stages of develop-
ment (4 DPA) and during the desiccation period
(Fig. 1; 4 and 25 DPA up to dry seed). Whether this
subunit is regulated by photosynthate supply in bar-
ley seeds and is a larger version of the 103-kD form
(or coded by a different gene) needs to be investi-
gated further.

In castor oil seeds, the 118-kD BTPC subunit was
shown to form a heterooctameric complex (associated
with the classical 107-kD subunit) with a molecular
mass of 910 kD (Gennidakis et al., 2007). In vitro, the
BTPC was rapidly proteolyzed to generate a 64-kD
fragment (Blonde and Plaxton, 2003; Tripodi et al.,
2005). Using specific antibodies, we detected the pres-
ence of low molecular mass BTPC polypeptides (60–70
kD), but not the corresponding full-size subunit, in dry
and imbibed barley seeds (Fig. 2C). Similar fragments
were obtained when crude extracts were prepared
using denaturing conditions (TCA and acetone) in the
extraction protocol (Fig. 3B; antibacterial-type PEPC
antibodies), suggesting that the truncated BTPC and
the heterooctameric PEPC (as described by Blonde and
Plaxton, 2003) may exist in vivo. However, neither the
fragments nor the full-size subunit were detected in
crude extracts from 15 DPA prepared using denatur-
ing conditions (Supplemental Fig. S1A). In addition,
nondenaturing PAGE performed on 15-DPA dry and
imbibing seed extracts containing phenylmethylsul-
fonyl fluoride (PMSF) but not thiol-reducing agents
(Gennidakis et al., 2007) only revealed the activity
of tetrameric and dimeric PEPC (Supplemental Fig.
S1B, lanes 2–4). These tetrameric and dimeric PEPCs
were also obtained in the presence of dithiothreitol
(Supplemental Fig. S1B, lanes 6 and 7). The activity
detected as a high molecular mass in dry seeds (Sup-
plemental Fig. S1B, asterisk) was not revealed by
the bacterial-type PEPC-IgGs after transfer of the pro-
teins onto a nitrocellulose membrane (data not shown),
so it could be considered a precipitated classical plant-
type PEPC due to the method used to obtain concen-
trated samples (precipitation of proteins in crude
extract with polyethylene glycol; see “Materials and
Methods”) needed to measure PEPC activity on non-
denaturing gels. Taken together, these results indi-
cated that PEPC activity in barley seeds was mostly
due to classical tetrameric/dimeric plant-type iso-
forms. On the basis of distinct kinetic and regulatory
properties, it has been suggested that the class 2
enzyme (the octameric isoenzyme in castor oil seed)
may be linked to fatty acid synthesis, while the class
1 PEPC (classical tretrameric isoenzyme) is involved in
the synthesis of reserve proteins (Blonde and Plaxton,
2003). In the microalgae C. reinhardtii and S. minutum,
the genes encoding PEPC subunits forming class 1 and

2 enzyme oligomers are responsive to the availability
of inorganic nitrogen and carbon supplied to the
culture medium (Moellering et al., 2007). The presence
of a class 2 PEPC and its physiological role in the
context of cereal seeds also need to be investigated
further.

PEPC Phosphorylation during Seed Development

The L-malate test (concentration of L-malate that
inhibits the PEPC activity by 50% [IC50]), when per-
formed at suboptimal pH (7.3), has been established to
reflect the phosphorylation state of PEPC (e.g. IC50 was
high, around 1.5 mM L-malate, and low, around 0.3 mM,
for the phosphorylated and nonphosphorylated forms
of the C4 sorghum enzyme, respectively; Echevarrı́a
et al., 1994; Chollet et al., 1996). When applied to barley
seed extracts, this test revealed two main periods
when the enzyme was highly phosphorylated: be-
tween 8 and 20 DPA (Fig. 3A) and during germination
(Fig. 3A; Osuna et al., 1996). In contrast, the enzyme
was in a low phosphorylation state from 20 DPA until
dry seed (Fig. 3A). A similar pattern of PEPC (p107)
phosphorylation has been established in castor oil
seed (Tripodi et al., 2005), with a high phosphorylated
PEPC during development (coincident with a 5-fold
increase in the IC50 malate value for total PEPC activity
in desalted extracts) and a low phosphorylated PEPC
during seed desiccation. As mentioned above, the
barley seed may contain the atypical heterooctameric
PEPC; this form has been demonstrated to possess
unexpected regulatory properties in vitro, in particular
L-malate sensitivity, which is decreased following de-
phosphorylation of the 107-kD plant-type subunits of
the class 2 complex (Tripodi et al., 2005). This was in
marked contrast to typical tetrameric 107-kD PEPCs;
therefore, the validity of the L-malate test could be
questioned. This was checked by the use of affinity
chromatography with a commercial kit (Qiagen
P-phosphokit) that has been shown previously to
distinguish phosphorylated PEPC from its nonphos-
phorylated counterpart in crude extract from sorghum
and Arabidopsis leaves (Meimoun et al., 2007) and
using antiphosphorylation site-specific antibodies
raised against the corresponding phosphorylated syn-
thetic peptide. Protein extracts prepared using dena-
turing conditions (Meimoun et al., 2007) from dry and
imbibed seeds were subjected to affinity chromatog-
raphy, and the eluted fractions (retained phosphopro-
teins) were subsequently analyzed by SDS-PAGE and
western blotting. Figure 3B shows that the 103- and
108-kD PEPC polypeptides were partially but signif-
icantly retained (around 50%) on the column in the
case of imbibed seed crude protein extracts (Fig. 3B, R,
2 d imb., anti-plant-type PEPC antibodies). In contrast,
no binding was observed in the case of dry seeds (Fig.
3B, R, dry seed, anti-plant-type PEPC antibodies). This
result was in good agreement with the L-malate IC50
values described above, thereby indicating that there
was little or no phosphorylated PEPC in dry seeds and

Feria et al.

764 Plant Physiol. Vol. 148, 2008



a substantial part phosphorylated in the imbibed
seeds. It has to be noted that the BTPC fragments
were detected in the pass-through fractions (Fig. 3B,
NR, antibacterial-type PEPC antibodies). The immu-
nological approach was based on the use of a specific
antiphosphorylated site PEPC antiserum (OP-IgGs)
raised in rabbits against the phosphorylated synthetic
peptide from C3-type PEPC [Cys-ERLSS(P)IDAQLR].
This antiserum specifically recognized the phosphor-
ylated peptide, as shown in Figure 3C. In western-blot
experiments, it detected the presence of phosphory-
lated PEPC in imbibed seeds but much less in dry seed
protein extracts, as expected (Fig. 3D, OP-IgGs). The
specificity of antibodies for its epitope was ascertained
following preincubation with either the phosphory-
lated peptide, which blocked the detection response
(Fig. 3D, OP-IgGs + N-OP), or the nonphosphorylated
peptide, which did not (Fig. 3D, OP-IgGs + N-OH).
These antibodies made it possible to analyze further
the seed PEPC at 15 and 30 DPA. Due to the low
amount (units per seed) of the enzyme in 15-DPA
seeds and the scarcity of this material, it was necessary
to immunoprecipitate PEPC from the crude extract.
Samples (0.02 PEPC units in 200 mL of extraction
medium) were incubated with OP-IgGs and finally
with protein A-Sepharose. Figure 3E shows that the
phosphorylated PEPC was present at both stages;
however, the amount of phosphorylated PEPC was
higher at 15 DPA. Collectively, these results validated
the L-malate test as reflecting the phosphorylation state
of the classical tetrameric seed PEPC and showed that
the phosphorylated PEPC content varied during seed
development, maturation, and germination. It was
high at 15 DPA, decreased at 30 DPA, and was unde-
tectable in dry seeds, before it increased again during
germination.

Figure 3. A, Time course of PEPC phosphorylation as performed by
measuring the malate IC50 for PEPC of crude nondesalted extracts from
whole seeds as described by Nimmo et al. (1987) and Echevarrı́a et al.
(1994). This corresponds to the PEPC activity at pH 7.3 in the presence
or absence of malate. Results are means of three experiments with
seeds obtained from three different plant cultures. B, Analysis of
phosphorylated PEPC by phosphoprotein affinity chromatography.
Dry and imbibed seeds (200 mg) were extracted by the protocol
described by Meimoun et al. (2007) based on protein extraction using
denaturing conditions (TCA and acetone) and phosphoprotein chroma-
tography (Qiagen). Proteins in the flow-through and retained fractions
were analyzed by SDS-PAGE and revealed using polyclonal anti-
sorghum leaf PEPC IgGs (30 mg per 20 mL of incubation medium) or
antibacterial-type PEPC4 (from Arabidopsis) antibodies (20 mg per
20 mL of incubation medium). Immunolabeled proteins were detected
by a chemiluminescence detection system (Super Signal West Dura
Signal; Pierce) according to the manufacturer’s instructions. R and NR
indicate retained and not retained proteins in the column, respectively.
C, Specificity of the anti-phosphorylated N-terminal antibodies (OP-
IgGs). This was tested on dots (5 mg of protein on a nitrocellulose
membrane) of the N-terminal phosphorylated peptide (N-OP) or non-

phosphorylated peptide (N-OH). The membrane was incubated with
the OP-IgGs (30 mg per 15 mL of incubation medium). D, Detection of
the phosphorylated PEPC using the OP-IgGs. Eight dry or 2-d-imbibed
seeds were extracted using the nondenaturing protocol (see “Materials
and Methods”), and protein was analyzed by SDS-PAGE and western
blot. The membrane was incubated with the specific OP-IgGs (30 mg
per 15 mL of incubation medium) in the absence (OP-IgGs) or presence
of 30 mg per 15 mL of the corresponding phosphopeptide (OP-IgGs +
N-OP) or dephosphopeptide (OP-IgGs + N-OH). Immunolabeled
proteins were detected by a chemiluminescence detection system
(Super Signal West Dura Signal; Pierce) according to the manufac-
turer’s instructions. E, Seeds (15 and 30 DPA) were extracted using the
nondenaturing protocol (see “Materials and Methods”). Proteins from
15 and 30 DPA (0.042 units of PEPC) were immunoprecipitated for 3 h
on ice by specific OP-IgGs using the immunoprecipitation protocol
described by Osuna et al. (1996). The immunoprecipitated proteins
were analyzed by SDS-PAGE and western blot. The membrane was
incubated with polyclonal anti-sorghum leaf PEPC IgGs (30 mg per
20 mL of incubation medium). Experiments described in C and E used
the horseradish peroxidase detection method. The arrows in D and
E indicate the 103- and 108-kD PEPC subunits. [See online article for
color version of this figure.]
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PEPC Kinase during Seed Development

The next step was to characterize the PEPC kinase
activity in seed protein extracts. Several PEPC kinase
genes and cDNAswere cloned recently (for review, see
Nimmo, 2003), and this calcium-independent protein
kinase is now definitely recognized as the genuine,
physiological PEPC kinase. In reconstituted assays, the
PEPC kinase activity from dry barley seeds was found
to be independent of calcium and to phosphorylate its
endogenous PEPC target at the N-terminal domain, as
expected (Fig. 4A). This kinase also phosphorylated
exogenous sorghum C4 PEPC (Figs. 5, A and C, and 8B
below). It is to be noted that this exogenous substrate
accurately reflected the radioactive signal obtained
with the endogenous PEPC (Figs. 5, A and C, and 8B
below). Using this assay, the PEPC kinase activity was
barely detected at early and mid developmental stages
(Fig. 4B, lanes 2–20 DPA), but it showed a marked
increase during desiccation, including dry seeds (Fig.
4B, lanes 31 DPA to dry seed). At these stages, the
endogenous 108-kD PEPC was also found to be phos-
phorylated (Fig. 4B, lanes 32, 60, and ds [for dry seed],
and Fig. 5C, lanes 1 and 3 for dry seed). In gel
experiments conducted in the presence of EGTA de-
tected the “classical” 32/36-kD double band (Chollet
et al., 1996; Nimmo, 2003) at 32 DPA and a much
weaker single 36-kD band at 11 DPA (Fig. 4C). This 36-
kD protein has been proposed to be the ubiquitinated
form of the PEPC kinase (Agetsuma et al., 2005;
Monreal et al., 2007). Thus, our data suggested that
the 32-kD kinase was present in seed tissues, although
at early developmental stages the low level of this
kinase made it undetectable by the native gel method
(Fig. 4B). At 11 DPA, PEPC kinase activity was clearly
detected in a reconstituted assay containing higher
amounts of protein extract (0.03 units of endogenous
PEPC and about 100 mg of total protein; Fig. 4D).
However, it was surprising how such low levels of the
PEPC kinase detected at 7 to 18 DPA may be respon-
sible for such high levels of in vivo PEPC phosphor-
ylation. It could be that another seed kinase, like a
Ca2+-dependent protein kinase (which has been shown
to phosphorylate PEPC in vitro in previous studies;
Echevarrı́a et al., 1988; Duff et al., 1996; Ogawa et al.,
1998), phosphorylates PEPC at this stage of develop-
ment. However, this scenario is not probable, since
only phosphorylation by the Ca2+-independent PEPC
kinase alters PEPC sensitivity to malate (Duff et al.,
1996; Nhiri et al., 1998; Ogawa et al., 1998). Further-
more, during imbibition of barley seeds, PEPC phos-
phorylation was not affected by the Ca2+-dependent
protein kinase inhibitor W7 (Osuna et al., 1999). The
comparison of the in vitro PEPC kinase activity (Fig. 4,
B and C) and the in vivo PEPC phosphorylation
profiles (Fig. 3, A, B, D, and E) revealed the apparent
lack of correlation between these two processes. This
discrepancy suggested that a regulatory mechanism
controlling PEPC kinase/PEPC phosphorylation oc-
curred in vivo. It should be noted that this is at

Figure 4. Characterization of the PEPC kinase. A, Effects of EGTA and
APS-IgGs on in vitro PEPC kinase activity. Aliquots of desalted extracts
from whole dry seeds (150 mg of total protein, containing 0.02 units of
endogenous PEPC) were incubated at 30�C for 1 h in the presence of
componentsof thephosphorylationassay lacking sorghumPEPCand1mM

EGTA or 40 mg of APS-IgGs (APS-IgGs). B, PEPC kinase activity profile
during the development of barley seeds. Aliquots of desalted extracts from
seeds harvested at different stages of development (0.02 units of endog-
enousPEPC)were incubated at 30�C for 1h in thepresenceof 0.08units of
purified,nonphosphorylated sorghumleafPEPCasanexogenoussubstrate
and the components of the phosphorylation assay. The in vitro phosphory-
lation reaction was stopped by the addition of dissociation buffer, pH
6.8, and heat denaturation. Proteins were separated by SDS-PAGE (10%
acrylamide) andanalyzedbyautoradiography. ds,Dry seed; PC,0.08units
of purified, nonphosphorylated sorghum PEPC. C, In gel assay of PEPC
kinase activity from crude extracts at two stages (11 and 32 DPA) of seed
development. Soluble proteins from crude extracts (500 mg) were sepa-
rated by SDS-PAGE (15% acrylamide). After elimination of SDS, proteins
were renatured as described in “Materials andMethods,” then the gel was
incubated in the presence of [g-32P]ATP (50 mCi per 15 mL) and 10 mM

MgCl2 and analyzed by autoradiography. D, The experiment was per-
formed as described in B, in the absence of exogenous PEPC and using
concentrated aliquots containing 250 mg of protein.
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variance with the castor oil seed PEPC, whose activ-
ity, polypeptide, and transcripts showed a pro-
nounced decrease in dry seeds, then reappeared
during germination (Gennidakis et al., 2007), and
PEPC kinase activity, which was detected only during
seed development and correlated with the in vivo
PEPC phosphorylation state (Murmu and Plaxton,
2007).

The PEPC Kinase Is Subject to Metabolite Control
in Seeds

PEPC kinase activity is mainly controlled at the
transcriptional level in most plant organs and tissues
(for review, see Nimmo, 2003), with the notable ex-
ception of germinating seeds (Osuna et al., 1999).
Other mechanisms acting at the posttranslational level
have been reported to affect PEPC kinase activity: in
vitro thioredoxin-mediated changes of PEPC kinase
activity, but this has still to be shown in planta
(Tsuchida et al., 2004; Murmu and Plaxton, 2007); a
metabolic control, both in vitro (Echevarrı́a et al., 1994;
Murmu and Plaxton, 2007) and in situ by feeding me-
sophyll protoplasts with metabolite effectors (Bakrim
et al., 1998); and, finally, a heat-sensitive 100-kD pro-
tein inhibitor interacting with the kinase in extracts
from maize and Kalanchoe fedtschenkoi leaves (Nimmo
et al., 2001). In fact, Nimmo et al. (2001) had shown
that PEPC kinase activity in crude leaf extracts in-
creased markedly upon dilution. We tested this latter
possibility using nondesalted extracts from dry seeds.
Increasing the concentration of the extract in reconsti-
tuted assays led to a marked inhibition of both endog-
enous and exogenous (nonphosphorylated PEPC from
sorghum leaves) PEPC phosphorylation (Fig. 5A, lanes
3 and 4). Conversely, diluting the crude extract with a
20-fold dilution led to a 5-fold increase in the initial
PEPC kinase activity (Fig. 5A, histogram). However,
inhibition of PEPC phosphorylation was maintained
after the addition of an aliquot of a heat-denatured
(90�C for 10 min) and centrifuged crude seed extract to
the phosphorylation assay (Fig. 5B, Heat-t C.E.). A sim-
ilar inhibition of PEPC kinase activity was observed

Figure 5. A, Effect of nondesalted extract concentration on in vitro
PEPC kinase activity. The phosphorylation assays were performed at
different crude extract concentrations from whole dry seeds, at 30�C
during 45 min, in the presence of 1 mM EGTA, the presence or absence
of a purified, nonphosphorylated sorghum leaf PEPC as an exogenous
substrate (0.2 units), and the remaining components of the phosphor-
ylation assay. Lanes 1 to 4 correspond to 24, 48, 242, and 485 mg of
protein that contained 0.005, 0.01, 0.05, and 0.1 units of endogenous
PEPC in a final volume of 120 mL. MW, Molecular mass marker. The
histogram shows the results of different experiments (different gray
intensities), and phosphorylation was quantified by the program Image
J.130. B, Effect of a heat-treated nondesalted seed extract andmalate on

PEPC phosphorylation. The phosphorylation assays were performed in
the standard conditions described above (control) using nondesalted
crude extracts from dry seeds (40 mg of total protein containing 0.01
units of endogenous PEPC in 120 mL) and in the presence of an aliquot
(200 mg of total protein) of the supernatant of denatured (2 min at 90�C)
and centrifuged crude extracts (removing most proteins including
PEPC) prepared from dry seeds (Heat-t C.E.) or L-malate (malate) at a
concentration of 0.6 mM. After the phosphorylation assay, proteins
were separated by SDS-PAGE (10% acrylamide) and analyzed by
autoradiography. C, The experiment was performed as indicated in B,
with denatured and centrifuged crude extracts (Heat-t C.E.) from 11-
DPA seeds. The sorghum leaf PEPC was added as a marker
(Coomassie Brilliant Blue; PEPC). Phosphorylated seed PEPC bands
(108 and 103 kD) and the sorghum leaf PEPC band (100 kD) are
clearly detected on the autoradiograph. [See online article for color
version of this figure.]
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when heat-treated protein extracts from 11-DPA seeds
were added to the dry seed reconstituted assay (Fig.
5C, Heat-t C.E.). Alternatively, the kinase inhibitor
could be a low molecular mass, heat-stable compound
such as L-malate, which decreased the kinase activity
when added to the reconstituted assay (Fig. 5B, malate).
Indeed, both Sephadex G-25 gel filtration (Fig. 6A) and
NAD-malate dehydrogenase (MDH) treatment (re-
moving malate) of the crude extract (Fig. 6B) restored
the PEPC kinase activity.

Collectively, these results showed that the protein
inhibitor reported by Nimmo et al. (2001) was not
operational in crude extracts from 11-DPA or dry

barley seeds; rather, L-malate was responsible for the
inhibition of PEPC kinase in crude extracts under our
experimental conditions. In addition, these data indi-
cated that L-malate accumulated to high levels in dry
seeds, thereby supporting the hypothesis that PEPC
kinase activity was modulated in vivo by this metab-
olite during seed maturation.

L-Malate and Glc-6-P Content in Relation to PEPC
Phosphorylation Status during Seed Development

and Germination

L-Malate content was shown to increase sharply
between 10 and 15 DPA, reaching values as high as 400
nmol seed21 (around 40 mM, considering a barley seed
volume of 10 mL) and remaining stable, thereafter, up
to the dry seed stage (Fig. 7A). High content of malate
has also been found in the starchy endosperm of dry
barley seeds (800 nmol endosperm21) by Drozdowicz
and Jones (1995). Since the kinase IC50 for L-malate was
found to be around 0.5 mM (Fig. 5B, malate), such high
L-malate concentrations may explain why PEPC phos-
phorylation was low or absent (Fig. 3A), although the
PEPC kinase reached maximal levels during late mat-
uration and in dry seeds (Fig. 4, B and C). However, it
could not account for the high levels of PEPC phos-
phorylation detected in both the mid part of seed
development (Fig. 3A, 10–18 DPA) and during imbi-
bition and germination (Fig. 3A; Osuna et al., 1996).
The L-malate effect on PEPC kinase has been shown to
be indirect, acting on the PEPC rather than the protein
kinase (Wang and Chollet, 1993). In agreement, Glc-6-P,
which decreases malate inhibition of PEPC activity,
also antagonized malate inhibition of PEPC phosphor-
ylation by the kinase both in vitro and in situ
(Echevarrı́a et al., 1994; Bakrim et al., 1998). We rea-
soned that this metabolite may be present in seeds at
levels capable of counteracting the L-malate effect.
Indeed, Figure 7B shows that Glc-6-P levels peaked at
around 20 DPA and early imbibition, with a consistent
value of approximately 200 and 400 mmol (20 and 40
mM) per seed, when PEPC phosphorylation was ob-
served, albeit L-malate had already attained its max-
imum level (Fig. 7A). These results support the
hypothesis that PEPC kinase activity/PEPC phosphor-
ylation status is controlled mainly by the Glc-6-P to
malate ratio during the development and germination
of barley seeds (Fig. 7C). The in vivo regulation of
PEPC phosphorylation by Glc-6-P and L-malate has
also been reported in sorghum mesophyll protoplasts
and during imbibition of sorghum seeds (Bakrim et al.,
1998; Nhiri et al., 2000). The mechanistic basis for this
metabolite (L-malate and Glc-6-P) effect has been
demonstrated to be indirect, by promoting changes
in the phosphorylability of the PEPC (Wang and
Chollet, 1993; Kai et al., 1999; Matsumura et al., 2002).

We also checked the role of photosynthate supply in
the regulation of PEPC phosphorylation during seed
development. The IC50 (L-malate) for PEPC decreased
from 1.2 to 0.62 mM in crude extracts from 11 DPA at

Figure 6. The inhibitory effect related to crude extract concentration
was abolished by desalting the crude extract or by a preincubation of
the denatured crude extracts with MDH. A, Phosphorylation assays
were performed using the standard conditions and desalted crude
extracts (filtration through Sephadex G-25) from whole dry seeds. Lane
1, 0.05 PEPC units per 242 mg of proteins; lane 2, 0.1 PEPC units per
484 mg of proteins. B, The phosphorylation assays were performed
using the conditions described for Figure 5A, with nondesalted crude
extracts of whole dry seeds (48 mg of protein containing 0.01 units of
PEPC in 120 mL). Lane 1, crude extract; lane 2, crude extract + an
aliquot of the supernatant of heat-treated nondesalted crude extract
(262 mg of total protein); lane 3, crude extract + 4 mM L-malate; lane 4,
crude extract + an aliquot of the supernatant of heat-treated non-
desalted crude extract (262 mg of protein) treated with 50 units of MDH
and 4 mM NAD+; lane 5, crude extract + a purified nonphosphorylated
sorghum leaf PEPC as exogenous substrate (0.05 units); lane 6, non-
phosphorylated sorghum leaf PEPC (0.15 units); lane 7, components of
the ADP scavenging system (adenylate kinase inhibitor, phosphocrea-
tine, and creatine phosphokinase). The phosphorylation assays were
performed in the presence of 1 mM EGTA at 30�C during 45 min. After
denaturation, the proteins were separated by SDS-PAGE (11% acryl-
amide) and analyzed by autoradiograph. MW, Molecular mass
markers.
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20 h following pod excision. This result confirmed the
high phosphorylation state of the enzyme at this
developmental stage and pointed to the important
role of photosynthate supply in sustaining high levels
of phosphorylated PEPC. The elimination of photo-
synthate supply has been shown to be responsible for
the down-regulation of PEPC kinase activity in castor
oil seed following pod excision or prolonged darkness
(Tripodi et al., 2005; Murmu and Plaxton, 2007) and in

Figure 7. Determination of L-malate and Glc-6-P levels in barley seeds.
A and B, Malate (A) and Glc-6-P (B) were quantified in crude extracts
from seeds at different stages of development, imbibition, and germi-
nation, as described in “Materials and Methods.” The germinated seeds
were soaked, whole, at 25�C. C, Glc-6-P to L-malate ratio. The in vivo
phosphorylation state of PEPC was determined by the L-malate test, and
the IC50 L-malate is given in parentheses.

Figure 8. A, Degradation of PEPC kinase during seed imbibition. The
phosphorylation assay was performed using desalted crude extracts from
deembryonated barley seeds imbibed in water for 24 h at room temper-
ature. B, ABA and CHX affect PEPC kinase activity during imbibition and
germination. Seedswere allowed to imbibe inwater (lanes 1, 4, and7), 40
mMABA (lanes 2, 5, and 8), or 40mMABA and 25mMCHX (lanes 3, 6, and
9) for 78 h at room temperature. In addition to the endogenous PEPC, this
experimentwas performed using two different preparations of exogenous
PEPC in the phosphorylation assays: purified nonphosphorylated or
recombinant (His-tag C4 PEPC) sorghum leaf PEPC. Proteins were sepa-
rated by SDS-PAGE (11% acrylamide) and analyzed by autoradiography.
The table shows the in vivo phosphorylation state of PEPC as determined
by the ratio between PEPC activity at pH 8 and pH 7.1 and by the malate
test (IC50). The arrow indicates 103-kD PEPC. C, Seeds were imbibed for
72h in the absence (C) or presence (CHX) of 25mMCHX.Phosphorylation
assays were carried out as above in the absence of exogenous PEPC.
Transferred proteins on nitrocellulose membranes (western) were incu-
batedwith polyclonal anti-PEPC IgGs from sorghum leaves (30mg per 20
mL of incubation medium), and immunolabeled proteins were detected
by a horseradish peroxidase assay. The arrows indicate 103- and 108-kD
PEPC subunits. [See online article for color version of this figure.]
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soybean root nodules after shoot decapitation, stem
girdling, or prolonged darkness conditions (Zhang
et al., 1995; Wadham et al., 1996; Zhang and Chollet
1997; Sullivan et al., 2004).

Collectively, ours results showed that the PEPC
kinase activity was intrinsically weak at 11 DPA and
in the imbibing seeds and increased at 30 DPA and in
the dry seeds. During imbibition, the Glc-6-P to malate
ratio may account for the up-regulation of PEPC
kinase and the high level of phosphorylated PEPC.
In addition, photosynthate supply seemed to be es-
sential to maintain high levels of phosphorylated
PEPC during seed development (11–18 DPA).

Effect of the Phytohormone ABA on the Regulation of
PEPC Kinase and PEPC Phosphorylation in Germinating

Barley Seeds

Despite the fact that this study provides evidence for
a metabolite regulation of PEPC kinase activity during
the development and germination of barley seeds, so
far there is no available information concerning the
mechanism(s) underlying the large increase in kinase
activity during late maturation. In the C4 leaf, it has
been proposed that PEPC kinase gene expression and
protein synthesis are increased in the light following
activation of a complex cascade that involves the phos-
phoinositide cycle and calcium (Giglioli-Guivarc’h
et al., 1996; Coursol et al., 2000). This change in the
amount of the kinase implies that synthesis dominates
over degradation. The reverse occurs when plants are
returned to darkness, leading to degradation of the
kinase and its disappearance in the mesophyll tissues
(Echevarrı́a et al., 1990; Jiao et al., 1991). In germinating
seeds, since the cascade is not operative during imbi-

bition and germination (Osuna et al., 1999), the PEPC
kinase accumulated during the preceding phase
should be constitutively present.

The phytohormone ABA is well known to control
several aspects of seed development and dormancy by
a complex signaling machinery, implying calcium,
kinases, and phosphatases, which ultimately modu-
lates the transcription of several related target genes
(Leung and Giraudat, 1998; Finkelstein et al., 2002).
The hypothesis that ABA contributes to the regulation
of PEPC kinase levels in seeds was assessed. During
imbibition (24 h), PEPC kinase activity levels de-
creased significantly in whole seeds (Fig. 8A), while
PEPC phosphorylation (as judged by the L-malate test
and confirmed by phosphoprotein affinity chromatog-
raphy and an immunological test) was seen to rapidly
increase, reaching a maximum after 24 h and then
staying stable for up to 96 h (Fig. 3A; Osuna et al.,
1996). The decrease in PEPC kinase activity was re-
duced (together with an increase in the PEPC phos-
phorylation state, as judged by the pH 8 to pH 7.1
activity ratio and the L-malate test) when seeds were
germinated in the presence of ABA (Fig. 8B, lanes 2, 5,
and 8), thus indicating that the hormone may play
some role in positively controlling the amount of PEPC
kinase. The cytosolic protein synthesis inhibitor cyclo-
heximide (CHX) alone, which was taken up by the
seed (Fig. 8C, western; see inhibition of the 108-kD
PEPC that was reported previously by Osuna et al.,
1999), did not affect the phosphorylation process (Fig.
8C, autoradiograph), in good agreement with previous
results from Osuna et al. (1999), but it appeared to

Figure 9. Effects of the 26S proteasome inhibitor MG132 and protease
inhibitors on PEPC kinase activity during seed imbibition. Eight
deembryonated seeds were imbibed during 48 or 72 h in the absence
or presence of 200 mMMG132 in 1% dimethyl sulfoxide (MG) or during
72 h in the absence or presence of protease inhibitors (IP; 10 mg mL21

leupeptin, 10 mg mL21 chymostatin, and 1 mM PMSF) or MG132 and IP
(IP + MG). After the phosphorylation assay, proteins were separated by
SDS-PAGE (11% acrylamide) and analyzed by autoradiography. The
arrows indicate the 103-kD PEPC subunit. [See online article for color
version of this figure.]

Figure 10. Effect of ABA on the in situ phosphorylation of PEPC during
imbibition of wheat seeds. Eight deembryonated seeds were allowed to
imbibe (72 h) in a buffer (100 mM Tris-Cl, pH 7.4) containing 200 mCi of
[32P]phosphate and 10 mM CaCl2 in the absence (2) or presence (+) of
40 mM ABA at room temperature and in the dark. Proteins from the
aleurone-endosperm tissue were extracted in a buffer (as described in
“Materials and Methods”) containing 1 mM nonradioactive ATP, and
PEPC was immunoprecipitated (immunoprecipitation as described by
Osuna et al. [1996]) with polyclonal sorghum-leaf PEPC IgG (134 mg of
protein) and analyzed by SDS-PAGE (8% acrylamide). The proteins
were electrotransferred to nitrocellulose, autoradiographed, and
probed with 300 mg of polyclonal sorghum leaf PEPC antibodies.
An immunoblot from an aleurone-endosperm immunoprecipitated sam-
ple and the corresponding autoradiograph are shown.
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markedly amplify the effect of ABA on PEPC kinase
activity during seed imbibition (Fig. 8B, lanes 3, 6, and
9). These ABA and ABA/CHX effects were observed
for the phosphorylation of both the endogenous PEPC
and the exogenous PEPC from sorghum leaves (which
accurately reflects the radioactive signal obtained with
the endogenous PEPC). The use of exogenous PEPC
ensured that the ABA and CHX effects were not due to
changes in the amount and/or phosphorylability of
the endogenous PEPC. On the other hand, it has been
established that CHX enhanced the light-dependent
increase in PEPC kinase-translatable mRNA in maize,
Arabidopsis, and barley leaves, yet it blocked the
kinase synthesis and PEPC phosphorylation, as ex-
pected (Hartwell et al., 1999; Fontaine et al., 2002; Fig.
8C). Thus, if PEPC kinase synthesis was involved in
the ABA response of barley seeds, CHX should have
inhibited this process; therefore, the observed enhanc-
ing effect of the phytohormone was probably on the
degradation of the kinase.
A recent report on maize mesophyll protoplasts has

suggested that the degradation process of the PEPC
kinase involves the ubiquitin-proteasome pathway
(Agetsuma et al., 2005). In sorghum leaves, ABA was
found to decrease the disappearance of PEPC kinase
activity in the dark, an effect that was mimicked by
either the 26S proteasome inhibitor MG132 or CHX
(Monreal et al., 2007). It was concluded that the
phytohormone stabilizes the kinase by decreasing its
degradation rate and that a rapid protein synthesis
event is involved in this process. We have verified
whether a similar mechanism may account for the
ABA-mediated increase in the stability of the barley
seed PEPC kinase. To this end, seeds were imbibed in
the presence of the proteasome inhibitor. In contrast to
sorghum leaves, MG132 did not prevent proteolysis of
PEPC kinase at either 48 or 72 h of imbibition time (Fig.
9, MG), although its possibly ubiquitinated form (36
kD, according to Agetsuma et al. [2005]) was detected
in the in gel experiment (Fig. 4C). However, incubation
of barley seed with a cocktail of protease inhibitors
(betstatin, chymostatin, and PMSF) did prevent the
decrease in PEPC kinase activity (Fig. 9, IP). The effect
of the protease inhibitors was not modified by the
presence of MG132 (Fig. 9, IP + MG). We propose that
the increased stability of the kinase was due to the
modulation of seed proteases. As we have no evidence
that MG132 enters the seed, whether the ubiquitin-
proteosome pathway plays some role in this seed
context needs further investigation. Thus, ABA and
ABA combined with CHX modulated the degradation
rate of the kinase. Since the CHX effect is observed
only when ABA is present, it is suggested that the
inhibitor acts on steps triggered by the phytohormone.
How and at which step CHX acts to further enhance
this effect are open questions.
The effect of ABA was also investigated in wheat

seeds. Seedswere imbibed in 200mCi of [32P]phosphate
in the absence or presence of ABA (40 mM). SDS-PAGE
and autoradiography showed that PEPC phosphoryla-

tion was considerably higher in seeds treated with the
hormone (Fig. 10). This shows that a similarmechanism
may occur in wheat seeds as well as barley seeds.

Our results establish that ABA promotes PEPC
kinase activity in cereal seeds during germination
through a mechanism that alters its degradation rate.
Thus, given that ABA concentration increases in seed
tissues just before the maturation phase (Rock and
Quatrano, 1995; Finkelstein et al., 2002), a consistent
hypothesis is that it is an endogenous signal triggering
PEPC kinase accumulation during this phase (Fig. 3B)
via a decrease in its degradation rate. This constitutes a
new mechanism controlling PEPC kinase levels, but it
does not rule out the occurrence of a transduction
cascade similar to that described in the C4 leaf during
early stages of barley seed development.

Finally, PEP metabolism via PEPC and cytosolic
pyruvate kinase appears to play a pivotal role in
partitioning developing seed carbohydrates toward
plastidic fatty acid biosynthesis as well as the mito-
chondrial production of ATP and the organic acids
required for amino acid synthesis and interconversion
(Sangwan et al., 1992; Ruuska et al., 2002; Schwender
et al., 2004; Turner et al., 2005). It has been firmly
established that the carbon flux through PEPC by the
PEPC branch is three to five times greater than that
through the pyruvate kinase branch in the aleurone
cell layer of maturing barley seeds (Macnicol and
Raymond, 1998). In addition, acidification of the en-
dosperm following malate accumulation is thought to
have an important role during the development of
barley seeds (Macnicol and Jacobsen, 1992). Our data
showed that PEPC activity gradually increased during
barley seed development, with twomain phosphoryla-
tion periods. The first one, between 11 and 15 DPA,
may be correlated with the beginning of the synthesis
of reserve compounds and malate accumulation for
acidification of the endosperm. The second phase
started sharply during early imbibition. This may be
to continue malate synthesis, while this metabolite
progressively decreases following its use in fueling the
glycolytic pathway and the tricarboxylic acid cycle
during germination. The octameric PEPC described by
Gennidakis et al. (2007) has been proposed to contrib-
ute specifically to fatty acid biosynthesis in castor oil
seeds (Blonde and Plaxton, 2003). In barley seeds, the
activity of the octameric PEPC form was not detected.
This may be related to the low accumulation of lipids
in these seeds.

MATERIALS AND METHODS

Plant Material and Antibodies

Barley (Hordeum vulgare ‘Beka’; Rhône-Poulenc) and wheat (Triticum

aestivum ‘Chinese Spring’; Pioneer) seeds were sterilized in 2% (v/v) NaOCl

for 20 to 30 min and washed with sterile water, 0.01 M HCl, and, finally, sterile

water. Seeds were placed on filter paper soaked with sterile water in a glass

petri dish. Seeds were allowed to imbibe for 6 to 92 h at room temperature.

Plants were cultivated under controlled conditions in a greenhouse under a

16-h-day/8-h-night cycle at 22�C to 25�C. Seed were harvested at different
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postanthesis stages, frozen in liquid nitrogen, and kept at220�C until use. For

this study, seeds harvested at three different times and at different periods of

the year were used.

The APS-IgGs and C19-IgGs were raised against the N-terminal synthetic

peptide (4-ERHHSIDAQLRALAPGKVSEE-24) containing the phosphoryla-

tion motif and the C-terminal synthetic peptide ([Y]942-EDTLILTMK-

GIAAGMQNTG-960) containing the last 19 amino acids of sorghum (Sorghum

bicolor) leaf C4 PEPC. The OP-IgGs used in the experiments shown in Figure 3, C

to E, were raised against the N-terminal synthetic peptide (phosphorylated on

the regulatory Ser: Cys-ERLSS[PO3H2]IDAQLR) derived from a wheat PEPC

sequence (González et al., 2002). Polyclonal antibodies against native sorghum

leaf PEPC were prepared as described by Pacquit et al. (1995) and Vidal et al.

(1981). Polyclonal antibodies against the bacterial-type PEPC4 from Arabidop-

sis (Arabidopsis thaliana) were kindly supplied by Prof. F.J. Cejudo.

Seed Imbibition, in Situ 32P Labeling,
and Immunoprecipitation

Seed imbibition was carried out on plastic dishes (Nunc Multidish 6) for 6

to 96 h (depending on the experiment) in water. Deembryonated seeds were

imbibed in 0.1 M Tris-HCl buffer, pH 7.4, and 10 mM CaCl2 (Hamabata et al.,

1988; Heimovaara-Dijkstra et al., 1994) in the absence or presence of ABA

and/or CHX (see Fig. 8 legend), MG132, and/or proteases inhibitors (see Fig.

9 legend).

Wheat seeds (eight deembryonatedhalf seeds)were allowed to imbibe in 200

mL of buffer containing 100mMTris-HCl, pH7.5, 10mMCaCl2, and 200mCi of 32P

in the absence or presence of 40 mM ABA (Fig. 10). Incubation with 32P, seed

extraction, and inmunoprecipitation were as described by Osuna et al. (1996).

Protein Extraction

Eight whole or deembryonated seeds were ground in a chilled mortar with

washed sand and 1 mL of 0.1 M Tris-HCl buffer, pH 7.5, 10 mM MgCl2, 1 mM

EDTA, 20% glycerol, 14 mM b-mercaptoethanol, 1 mM PMSF, 10 mg mL21

chymostatin, 10 mg mL21 leupeptin, 50 mM KF, and 1 mM microcystin-LR. The

homogenate was centrifuged at 15,000g for 7 min at 4�C, and the supernatant

was used as the nondesalted crude extract. When desalted crude extracts were

used, proteins were first precipitated by the addition of (NH4)2SO4 to 60%

saturation, sedimented by centrifugation at 15,000g, resuspended in 200 mL of

extraction buffer, and filtered through Sephadex G-25 equilibrated with the

extraction buffer without mercaptoethanol. All experiments were performed

at 4�C. Denatured, nondesalted crude extracts (Figs. 5 and 6, Heat-t C.E.) were

prepared from an aliquot containing 200 mg of protein, heated for 2 min at

90�C, and centrifuged at 15,000g for 5 min. This treatment removed the PEPC

(103- and 108-kD PEPC) from the supernatant, which was used directly, or

preincubated with 4 mM NAD+ and 50 units of NAD-MDH, to eliminate

L-malate. In the case of denaturing extraction, proteins were precipitated in 1.8

mL of acetone containing 10% (w/v) TCA and 0.07% (v/v) 2-mercaptoethanol

for 1 h at 220�C. After centrifugation (20,000g, 10 min, 4�C), the precipitate

was washed three times with 2 mL of acetone and 0.07% (v/v) 2-mercapto-

ethanol for 1 h at –20�C and then vacuum dried. The resulting pellet was

solubilized in 3 3 600 mL of 20 mM MOPS/NaOH, pH 7, 0.5% SDS (heated to

95�C for 5 min) for phosphoprotein chromatography using the Qiagen column

(Meimoun et al., 2007). Protein in extracts was determined by the method of

Bradford (1976), using BSA as a standard.

PEPC Immunocharacterization and Electrophoresis

Samples were subjected to SDS-PAGE (10%–13% [w/v] acrylamide)

according to Laemmli (1970) for 12 h at 85 V and at room temperature using

an electrophoresis cell (Bio-Rad). Alternatively, a miniprotean electrophoresis

cell from Bio-Rad was used, and samples were subjected to SDS-PAGE for 3 to

5 h at 100 V. After electrophoresis, proteins were stained with Coomassie

Brilliant Blue R-250 or electroblotted onto a nitrocellulose membrane (N-8017;

Sigma) at 10 V (3 mA cm22) for 2 h in a semidry transfer-blot apparatus (Bio-

Rad). Membranes were blocked in Tris-buffered saline (0.02 M Tris-HCl and

0.15 M NaCl, pH 7.5) containing 5% (w/v) powdered milk, and PEPC bands

were immunochemically labeled by overnight incubation of the membrane at

6�C in 20 mL of Tris-buffered saline containing antisera (protein A-purified

polyclonal PEPC IgGs [30 mg of protein], APS-IgGs [40 mg of protein], OP-IgGs

[40 mg of protein], or C19-IgGs [30 mg of protein]). Subsequent detection was

with a peroxidase assay using affinity-purified goat anti-rabbit IgG horserad-

ish peroxidase conjugate (Bio-Rad). Alternatively, immunolabeled proteins

were detected by a chemiluminescence detection system (Super Signal West

Dura Signal; Pierce) according to the manufacturer’s instructions.

Determination of PEPC Activity and L-Malate Test

PEPC activity was measured spectrophotometrically at optimal pH (8.0)

using the NAD-MDH-coupled assay at 2.5 mM PEP as described by Echevarrı́a

et al. (1994). Assays were initiated by addition of an aliquot of the extract. An

enzyme unit was defined as the amount of PEPC that catalyzes the carbox-

ylation of 1 mmol PEP min–1 at pH 8, 30�C. The phosphorylation state of PEPC

was determined by the malate test (malate inhibition at suboptimal pH of 7.3

and expressed as the IC50) and/or by the velocity test (ratio of PEPC activity

determined at pH 8 and pH 7.1, which decreases when the enzyme becomes

phosphorylated due to an increase in velocity at pH 7.1). Both tests are

described by Echevarrı́a et al. (1994). A high IC50 and a low pH 8/pH 7.1 PEPC

activity are correlated to a high degree of PEPC phosphorylation.

In Gel PEPC Activity

Proteins from seed (16 whole seeds) were extracted in 0.1 M HEPES-NaOH,

pH 7.9 (4 mL), containing 5% (v/v) glycerol, 1 mM EGTA, 10 mM MgCl2, 25 mM

KF, 1 mM PMSF, 10 mg mL21 chymostatin, 10 mM leupeptin, and a protease

inhibitor cocktail from Sigma (P9599) in the absence or presence of thiol-

reducing agents. The extract was centrifuged at 15,000g, 15 min, 4�C, and the

supernatant was concentrated by addition of 20% (w/v) PEG8000 (P4463-

250G; Sigma). The pellet was collected by centrifugation (15,000g, 15 min, 4�C)
and solubilized in 200 mL of extraction medium. Finally, the samples were

submitted to nondenaturing polyacrylamide gels (5% acrylamide without

staking gel) at 8�C. After protein migration, the gels were treated and revealed

as described by Rivoal et al. (2002).

Affinity Chromatography of Phosphorylated PEPC

This was essentially performed as described by Meimoun et al. (2007)

using the denaturing extraction protocol (200 mg of dry and imbibed seeds)

and the phosphoprotein purification kit from Qiagen. Proteins in the flow-

through and retained fractions were analyzed by SDS-PAGE and western

blotting using anti-sorghum PEPC antibodies and revealed by a chemilumi-

nescence detection system (Super Signal West Dura Signal; Pierce) according

to the manufacturer’s instructions (Fig. 3B).

In Vitro Phosphorylation and In Gel

Phosphorylation Assay

For most experiments, in vitro phosphorylation using seed extracts (ali-

quots containing 0.005–0.2 units of endogenous PEPC) was performed in a

reaction medium containing 100 mM Tris-HCl, pH 7.5, 20% (v/v) glycerol,

5 mM MgCl2, 1 mM microcystin-LR, 0.25 mM P1P5-di(adenosine-5#)-pentaphos-
phate (adenylate kinase inhibitor), 4 mM phosphocreatine, and 10 mM creatine

phosphokinase (components of the ADP scavenging system; Echevarrı́a et al.,

1990) and in the presence or absence of 0.2 units of nonphosphorylated

sorghum PEPC, EGTA, or APS-IgGs as specified in the figure legends. The

phosphorylation reaction was initiated by the addition of 1 mCi of [g-32P]ATP

(10 Ci mmol21) and incubated at 30�C for 45 min. The reaction was stopped by

boiling the samples for 3min at 90�C in the presence of dissociation buffer (100

mM Tris-HCl, pH 6.8, 25% [v/v] glycerol, 1% [w/v] SDS, 10% [v/v]

2-mercaptoethanol, and 0.05% [w/v] bromphenol blue). The denatured pro-

teins were separated by SDS-PAGE and stained with Coomassie Brilliant Blue

R-250. The gel was analyzed with a phosphor imager (Fujix BAS 1000; Fuji).

The polypeptides with PEPC kinase activity were detected according to the

method described by Wang and Chollet (1993). Aliquots of crude extracts (100

mL per 500 mg of proteins) were mixed with dissociation buffer and subjected

to 15% SDS-PAGE (polymerized in the presence of 0.4 mg mL21 purified,

nonphosphorylated PEPC from sorghum leaves). After electrophoresis, SDS

was eliminated by incubation of the gel twice for 1 h in 100 mL of a medium

containing 50 mM Tris-HCl, pH 8.0, 20% [v/v] 2-propanol, then in buffer A (50

mM Tris-HCl, pH 8.0, 5 mM 2-mercaptoethanol, and 0.1 mM EDTA) for 1 h.

Proteins were denatured by a 2-h incubation in buffer A containing 100 mL of

6 M guanidine-HCl and renatured by a 5-h incubation with 250 mL of 0.04%
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Tween 40 (P-1504; Sigma) in buffer A. The gel was finally preincubated for 30

min in the assay solution containing 40 mM HEPES-NaOH, pH 8.0, 2 mM

dithiothreitol, 5 mM Mg(CH3COO)2, and 1 mM EGTA and then incubated

during 2 h in the presence of [g-32P]ATP (50 mCi 15 mL21). Unbound

phosphate was removed by washing the gel overnight with 5% [w/v] TCA

and 1% [w/v] sodium pyrophosphate. Then, the gel was dried and analyzed

by autoradiography.

Determination of L-Malate and Glc-6-P Levels

Malate and Glc-6-P were determined in crude extracts prepared at differ-

ent stages of development and imbibition by grinding whole seeds (0.2 g fresh

weight) with 1 mL of 7% (v/v) perchloric acid. The acid suspension was

neutralized with 15% (v/v) 1 M tetramethylammonium chloride/5 N KOH,

and the residue was removed by centrifugation at 15,000g for 2 min. The

supernatant was used for L-malate and Glc-6-P quantification or stored at

235�C. L-Malate concentration was determined by measuring the increase in

absorbance at 340 nm due to the enzymatic reduction of NAD+ according to

Lowry and Passoneau (1972). The reaction was carried out in 1 mL of a

reaction mixture containing an aliquot of the supernatant, 50 mM 2-amino-2-

methyl-1 propanol, pH 9.9, 4 mM NAD+, 4 mM Glu, 3.5 units of NAD-MDH,

and 0.9 units of Asp transaminase. Glc-6-P levels were determined by

measuring the increase in A340 due to the enzymatic reduction of NADP+.

The reaction was carried out in 1 mL of a reaction mixture containing an

aliquot of the supernatant in 100 mM Tris-HCl, pH 7.5, 5 mM NADP+, and 2

units of Glc-6-P-dehydrogenase.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Immunodetection of bacterial-type PEPC at 15

DPA and in gel PEPC activity from barley seed.
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