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Abstract Pyruvate, orthophosphate dikinase (PPDK;
E.C.2.7.9.1) is most well known as a photosynthetic
enzyme in C4; plants. The enzyme is also ubiquitous in
C; plant tissues, although a precise non-photosynthetic
C; function(s) is yet to be validated, owing largely to its
low abundance in most C;3 organs. The single C; organ
type where PPDK is in high abundance, and, therefore,
where its function is most amenable to elucidation, are
the developing seeds of graminaceous cereals. In this
report, we suggest a non-photosynthetic function for C;
PPDK by characterizing its abundance and posttrans-
lational regulation in developing Oryza sativa (rice)
seeds. Using primarily an immunoblot-based approach,
we show that PPDK is a massively expressed protein
during the early syncitial-endosperm/-cellularization
stage of seed development. As seed development pro-
gresses from this early stage, the enzyme undergoes a
rapid, posttranslational down-regulation in activity and
amount via regulatory threonyl-phosphorylation
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(PPDK inactivation) and protein degradation. Immu-
noblot analysis of separated seed tissue fractions
(pericarp, embryo + aleurone, seed embryo) revealed
that regulatory phosphorylation of PPDK occurs in the
non-green seed embryo and green outer pericarp layer,
but not in the endosperm + aleurone layer. The
modestly abundant pool of inactive PPDK (phosphor-
ylated + dephosphorylated) that was found to persist
in mature rice seeds was shown to remain largely un-
changed (inactive) upon seed germination, suggesting
that PPDK in rice seeds function in developmental
rather than in post-developmental processes. These and
related observations lead us to postulate a putative
function for the enzyme that aligns its PEP to pyruvate-
forming reaction with biosynthetic processes that are
specific to early cereal seed development.

Keywords Oryza sativa - Protein kinase/phosphatase -
Pyruvate, orthophosphate dikinase - PPDK regulatory
protein - Rice seed development - Seed metabolism

Abbreviations ACS: Acyl-CoA synthetase - FA: Fatty
acid - GaP-DH: Glyceraldehyde-3-Pi

dehydrogenase - GUS: -Glucuronidase - MDH:
Malate dehydrogenase - OAA: Oxaloacetic acid - PEP:
Phosphoenol pyruvate - PEPC: PEP carboxylase - Pi:
Orthophosphate - PK: Pyrvuate kinase - PPDK:
Pyruvate, orthophosphate dikinase - PPi:
Pyrophosphate - Pyr: Pyrvuate - RP: PPDK regulatory
protein - ThrP: Threonyl phosphorylated

Introduction

In Cy-plant leaves, the enzyme pyruvate, orthophos-
phate (Pi) dikinase (PPDK; E.C. 2.7.9.1) is expressed
abundantly in mesophyll chloroplasts where it plays a
central role in the C4-photosynthetic pathway (Hatch
1987; Chastain and Chollet 2003). In this role, PPDK
catalyzes the ATP- and Pi-dependent formation of



phosphoenol pyruvate (PEP), the primary CO, acceptor
molecule in the C4 pathway, from pyruvate (Pyr):

PPDK
Pyr + ATP + Pi <— PEP + AMP + PPi.

Though the enzyme operates in the Pyr to PEP direction
during C4 photosynthesis, catalysis is freely reversible.
This is well illustrated in certain microorganisms, such
as amitochondriate protozoa and endobacteria, where
PPDK is deployed in the Pyr-forming direction for
synthesis of cellular ATP (Plaxton 1996; Saavedra et al.
2005). In chloroplasts of C, plants, photosynthetic
PPDK activity is regulated in a light-/dark-dependent
manner by reversible phosphorylation of an active site
threonine residue (Thr-456 in maize C4 PPDK) (Burnell
and Hatch 1985; and for a recent review, see Chastain
and Chollet 2003). In its Thr-phosphorylated form, the
enzyme is inactive. A single, bifunctional protein kinase/
phosphatase, named the PPDK regulatory protein (RP),
catalyzes this unusual ADP-/Pi-dependent regulatory
phosphorylation/dephosphorylation cycle in the chlo-
roplast stroma:$60#?"1Figa",13,"Fi-
ga",5,0,0,0,100mm,100mm,100mm,100mm >
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In C; plants, PPDK is not a photosynthetic enzyme.
It is, however, a ubiquitous enzyme found in virtually
all organs and tissues of the plant (Chastain and
Chollet 2003). Except for its low abundance and non-
photosynthetic function, PPDK in Cj plants is similar
to C4 dikinase with respect to primary structure, bio-
chemical properties, and posttranslational light-/dark-
dependent regulation in C; chloroplasts by an RP-like
activity (Aoyagi and Bassham 1984; Rosche et al. 1994;
Imaizumi et al. 1997; Moons et al. 1998; Chastain et al.
2002). In both C5; and C4 plants, PPDK is co-localized
in chloroplasts and the cytoplasm. Interestingly, these
two intracellular isoforms are expressed from the same
gene copy by a tandemly configured chloroplast-tar-
geting and cytoplasmic-targeting promoter 5 to the
ORF of the shared gene (Sheen 1991; Imaizumi et al.
1997). In certain C4 and Cj plants, such as maize and
rice, a second cytoplasmic isoform is encoded by a
separate gene (Sheen 1991; Moons et al. 1998). Al-
though much is known about the distribution and
regulation of PPDK in Cj plants, its precise metabolic
or physiological role(s) in these plant cells is yet to be
established (Hausler et al. 2002; Chastain and Chollet
2003). Elucidating a function for C; PPDK is compli-
cated by several factors. Among these are its low
abundance in C; plant tissues, its freely reversible
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catalysis, and the presence of other enzymes that can
catalyze PEP/Pyr interconversions. In this metabolic
context, using conventional radiotracer techniques for
assessing a metabolic function in vivo, for example, is
rendered technically unfeasible. The one known excep-
tion in C; plants where PPDK is in high abundance
and, therefore, where its function should be highly
amenable to elucidation is in the endosperm of devel-
oping cereal seeds such as rice and wheat (Meyer et al.
1982; Aoyagi and Bassham 1984; Aoyagi et al. 1984;
Hata and Matsuoka 1987; Gallusci et al. 1996; Nomura
et al. 2000; Kang et al. 2005). In two early studies
(Meyer et al. 1982; Aoyagi and Bassham 1984;), two
putative metabolic functions for PPDK in this highly
specialized organ were advanced. One is a role linked to
providing carbon skeletons for amino acid synthesis
(e.g., Ala, Glu) via the ability of the enzyme to
reversibly interconvert Pyr and PEP. A second pro-
posed role is the synthesis of PEP for PEP carboxylase
(PEPC) refixation of respired CO,. A logical assump-
tion would be that these two long-standing hypotheses
concerning PPDK function in developing cereal seeds
would be resolved by isolation and characterization of
a C; plant PPDK null mutant. However, this does not
seem to be the case as the first report of a PPDK T-
DNA insertional knockout mutant showed that plants
with inactivated PPDK genes failed to produce a gross
phenotype that could resolutely validate a specific
function for the enzyme in developing rice seeds (Kang
et al. 2005). Specifically, T-DNA insertion mutants of
the rice OsPPDKB gene (flo4) were isolated that lacked
the seed-expressed cytoplasmic (or chloroplastic) PPDK
isoforms. Knockout plants, apparently without a severe
phenotype affecting growth or development, were
recovered by visualizing the phenotypic specific opaque
seeds these plants produced. A corresponding histo-
chemical analysis of a promoter-less GUS gene driven
by the intact OsPPDKB promoter in developing flo4
seeds showed a high level of GUS expression in the
endosperm, aleurone, and scutellum of developing
seeds, with the peak expression occurring at 10 days
post-anthesis. Based on additional biochemical analy-
ses, it was proposed that the endosperm-expressed
cytoplasmic PPDK functions primarily to regulate the
flow of glycolytically derived carbon into either free
fatty acid (FA) or starch biosynthesis during the grain-
filling stage. The key to this recent model is the ability
of PPDK to reversibly catalyze PEP/Pyr interconver-
sions in the cytoplasm.

In the present study, we primarily utilized the
technique of immunoblot analysis to provide evidence
that places the endosperm-localized, cytosoplasmic
PPDK isoform’s function in the early syncitial-/endo-
sperm-cellularization stage of cereal seed development,
rather than in the grain-filling (e.g., storage-product
accumulation) stage (Kang et al. 2005). At this early
phase in seed development, we show that PPDK is a
massively expressed protein with measured enzyme
activities on par with PPDK abundance and activity in
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C, leaves. As seed development proceeds beyond this
early phase, PPDK activity and protein level are rap-
idly down-regulated by the combined posttranslational
mechanisms of protein phosphorylation and degrada-
tion. Because of the timing of expression in the amount
and activity of PPDK in nascent rice seed tissues, we
propose a function for the endosperm-localized cyto-
plasmic isoform based on the enzyme’s kinetically fa-
vored operation in the PEP to Pyr direction. In the
PEP to Pyr-forming direction, the enzyme would be
ideally integrated for supporting the predominant bio-
synthetic processes in the nascent endosperm. Fur-
thermore, since developing cereal seed tissues are
hypoxic and presumably unable to generate ATP aer-
obically (Rolletschek et al. 2004; van Dongen et al.
2004), we propose an additional role for this enzyme as
providing an efficient mechanism for glycolytic ATP
synthesis in oxygen depleted tissues.

Materials and methods
Plant materials

The japonica variety Kitake of rice (Oryza sativa L.) was
selected for this research. Plants were grown in pots,
with one plant per pot (28 cm diameterx25 cm height),
and maintained in a greenhouse. The pots were filled
with a mixture of clay soil and SUNSHINE medium
(Sun Gro® Horticulture Canada Ltd., Seba Beach, Al-
berta, Canada) supplemented with slow-release fertilizer
pellets (202020, N-P-K) and watered daily with dis-
tilled water. The day/night temperatures were set at 29/
21°C, and the day length set at a minimum of 14 h in the
greenhouse. Supplementary light was applied daily be-
fore 10.00 and after 14.00 hours. The plants flowered
after ~8 weeks of vegetative growth (mid-August). In
order to synchronize the seed developmental environ-
ment, only the main panicles of individual plants were
selected to harvest seeds for analysis. To collect seed
material at discrete developmental stages, selected
spikelets were checked for fertilization at 4 days after
flowering. Seeds were harvested starting from 10 days
post-pollination and ending at 40 days after flowering at
5-day intervals. At each harvest, the seeds were ran-
domly collected from different plants, with each selected
panicle contributing about five seeds to a seed sample.
The harvested seeds were immediately immersed in
liquid nitrogen and then stored at -70°C before analysis.
Other seeds utilized in this study for preparation of
soluble protein extracts were maize (Zea mays [hybrid
field corn] cv unspecified Texas variety), cotton (Gossy-
pium hirsutum L. cv Upland Short Staple), Sorghum
(Sorghum bicolor (L) Moench cv Hegari), red winter
wheat (Triticum aestivum L. cv ‘812"), garden cucumber
(Cucumis sativa L. cv Bush), spinach (Spinacia oleracea
cv Bloomsdale Longstanding), sunflower (Helianthus
annuus cv Mammoth Russian), oat (Avena sativa L. cv

Coronado), and Arabidopsis (Arabidopsis thaliana,

Columbia ecotype).

Preparation of soluble protein seed extracts
for immunoblot analysis

During all extraction procedures, seed material and ex-
tracts were kept on dry ice or wet ice. Soluble protein
was prepared from developing rice seeds as follows.
Eight to ten dehulled seeds were weighed and then
homogenized via mortar and pestle in 1-ml ice-cold
extraction buffer (50 mM Tris—=HCI, pH 8.0, 2 mM
EDTA, 2 uM orthovanadate, 1 mM phenylmethylsul-
fonyl fluoride, 1% [v/v] Sigma protease inhibitor cock-
tail). The homogenate was clarified by a 5-min
centrifugation at 75,000g and 4°C. Aliquots of this sol-
uble extract were combined with SDS-PAGE sample
buffer and stored at —80°C. Preparation of soluble
protein extracts from separated seed tissues was
accomplished by microdissection of individual caryopses
as follows. Prior to microdissection and separation of
seed tissues into pericarp, endosperm + aleurone, and
seed embryos, mature seeds (40 days post-pollination)
were soaked in ice-cold water for 3 min to soften the
outer pericarp layers. Using forceps and a dissecting
microscope, each respective seed tissue component was
dissected away from the caryopsis and placed on dry ice
until extraction of soluble protein as above. Prior to
freezing on dry ice, the pericarp and seed embryo tissues
were briefly rinsed in ice-cold H,O to remove starch
granules. Each tissue-extract sample was derived from
15 to 20 seeds. Soluble protein seed extracts from other
seeds included in this study were prepared in the same
way as for rice seeds but with the following modifica-
tions. Whole seeds of maize, Sorghum, and all dicoty-
ledons were used directly for homogenization. Seeds of
wheat and oats were first dehulled prior to homogeni-
zation.

Immunoblot analyses

Immunoblots of 10% SDS-PAGE gels were prepared
using standard techniques as previously described (Cha-
stain et al. 2002). Two primary rabbit antibodies were
used in this study. For detection of regulatory phos-
phorylated PPDK, affinity-purified polyclonal antibodies
raised against a synthetic phosphopeptide conjugate
corresponding to the highly conserved Thr-456 phos-
phorylation domain of maize C4 PPDK (encompassing
residues 445-464 [AVGILTERGGMpTSHAAVVAR];
Chastain et al. 2000, 2002; Chastain and Chollet 2003)
were used. The corresponding Thr-phosphorylation do-
main of rice PPDK is identical to the maize sequence in 19
out of 20 residues, with alanine in place of glutamate at
the P-5 position as the sole difference. For detection of
total PPDK (phospho and dephospho) affinity-purified
polyclonal antibodies raised against the recombinant



maize, C; PPDK monomer was used (Chastain et al.
2002). The chemiluminescent detection of the respective
antigen/antibody complexes on immunoblots was
accomplished using the alkaline phosphatase substrate
CDP-Star™ (Applied Biosystems). Quantitative esti-
mates of band optical density from scanned immunoblot
autoradiographs were accomplished using the Quantity-
One™ software package (Bio-Rad Laboratories). The
scanning methodology that was utilized for this study was
shown previously to be linear for lane loads of 0.05 to
1 pg of total PPDK per band (Chastain et al. 2002).
PPDK and ThrP-PPDK standards used to estimate
PPDK protein on immunoblots were generated by
in vitro phosphorylation (inactivation) of purified
recombinant maize C, PPDK as described previously
(Chastain et al. 2002). Briefly, 70 pg of affinity-purified
recombinant maize C4 PPDK (fully activated, dephospho
form) was introduced into a 180-ul reaction mixture
containing 50 mM Bicine-KOH, pH 8.3, 10 mM MgCl,,
5 mM DTT, 1 mg ml~' BSA, 1 mM ADP, 0.2 mM ATP.
Site-specific phosphorylation of PPDK was initiated by
addition of 20 ul (~5 ug protein) of a rapidly prepared
and desalted maize leaf extract which provided the source
for RP. During incubation at 30°C, duplicate 10-pl
aliquots were removed at 5-min intervals with one of the
duplicate aliquots combined with 90 ul SDS-PAGE
sample buffer to quench the RP-catalyzed phosphoryla-
tion reaction and the other aliquot assayed directly in a
coupled spectrophotometric assay for PPDK enzyme
activity. Aliquots of the quenched assays were loaded
onto 10% SDS-polyacrylamide gels, electrophoresed,
and electroblotted onto nitrocellulose membrane. The
resulting blots were hybridized with anti-PPDK antibody
or anti-ThrP-PPDK antibody for immunoblot analysis as
described above. Time points corresponding to the linear
phase of the PPDK inactivation reaction [time = 0 min,
100% enzyme activity (i.e. 100% non-phospho PPDK)]
were used to assess percent ThrP-PPDK versus total
PPDK at the various reaction time points. For example,
the ThrP-PPDK protein standard shown in Fig. 2a is the
10-min quenched aliquot with a ThrP-PPDK content of
11 ng pl~"' that corresponds to a 31% inactivation of
initial PPDK enzyme activity.

PPDK enzyme assay

Soluble protein seed extracts for enzyme assays were
prepared by homogenizing 8-10 dehulled seeds via
mortar and pestle in 400 pul ice-cold extraction buffer
containing 100 mM Tris—HCI, pH 8.0, 10 mM MgSOy,
I mM EDTA, 2mM Pi (K* salt), 5mM pyruvate,
14 mM 2-mercaptoethanol and 1% (v/v) Sigma protease
inhibitor cocktail. The homogenate was clarified by a 3-
min, 4°C centrifugation at 42,000g and then desalted via
gel filtration prior to assay. Aliquots of the desalted seed
extracts were assayed for PPDK activity using a cou-
pled, PEPC/malate dehydrogenase-based spectrophoto-
metric assay at 30°C as described previously (Chastain
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et al. 2002). Prior to assay, desalted extracts were
preincubated at 30°C for 10 min to ensure full heat-
reactivation of PPDK. Assays were initiated by addition
of ATP.

Quantitation of proteins
Proteins were assayed quantitatively using a modified

Coomassie dye-binding method (Coomassie Plus™,
Pierce-Endogen) with BSA as standard.

Results

PPDK protein abundance, regulatory phosphorylation,
and activity during rice seed development

Rice is similar to most cereals in how the caryopsis
undergoes development and maturation during a 40-day
period after the carpel is fertilized. In general, a suc-
cession of developmental events is initiated at the
syncitial stage at around 5 days post-pollination (Bewley
et al. 2000; Kurata 2005). These post-pollination stages
encompass differentiation and growth of the seed em-
bryo (0-10 days), cellularization of endosperm and cell
division in the starchy endosperm tissue (7-14 days),
aleurone differentiation (15-20 days) and storage-prod-
uct accumulation and enlargement of endosperm cells
(2040 days). Therefore, in order to accurately assess the
role of PPDK in rice seed development, the expression
of its protein abundance, activity, and posttranslational
regulation must be framed within the context of the
developmental state of the seed as described above. We
addressed these potential concerns by carefully tagging
clusters of rice florets within a single portion of a spikelet
as they initiated synchronous flowering. This synchro-
nized ““‘cohort” of florets was then harvested with respect
to a discrete post-pollination developmental stage. In
this manner, we were able to reliably estimate PPDK
enzyme expression at discrete stages of seed develop-
ment by use of immunoblot analysis and enzyme assay
of seed extracts prepared from pooling dehulled seeds
from a similar developmental stage. Such immunoblot
analyses, shown in Fig. 2a—c, demonstrate that at
10 days post-pollination, the earliest developmental
stage examined, rice seeds contained the highest amount
of PPDK protein per mass of seed tissue or per unit
soluble protein in seed extracts. The absolute amount of
PPDK per soluble seed protein, as approximated via
densitometric analysis of scanned immunoblots (Fig. 2
b, c), indicated that PPDK is a massively expressed
enzyme in the early seed tissues, being comparable in
abundance to photosynthetic PPDK in C,; leaves. It
should be noted, however, that our approach utilized a
maize polyclonal antibody for quantitatively detecting
rice PPDK. Thus, the estimates provided in Fig. 2 b and
¢ should be considered only as semi-quantitative.
However, the accompanying PPDK activity determina-
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tions (Fig. 2d) indicate these estimates are within the
range of the PPDK protein amount that would be pre-
dicted based on published values of higher plant PPDK
specific activity (Chastain et al. 1996, 2000). In this
context, these determinations suggest that PPDK rep-
resented ~3% of total soluble seed protein at 10 days
post-pollination (Fig. 2b). By comparison, PPDK in C,4
leaves is typically=10% of total soluble leaf protein
(Sugiyama and Hirayama 1983; Usuda et al. 1985).
Similarly, the high rate of PPDK activity measured in
10 days post-pollination stage seed extracts (Fig. 2d) is
comparable to the high rates of photosynthetic PPDK
activity reported for C, leaf extracts (approximately
50% of the extractable PPDK activity of C4 leaves;
Yamamoto et al. 1974; Usuda et al. 1985; Hocking and
Anderson 1986; Fukayama et al. 2001). The 10-day
post-pollination stage was the earliest sampled in this
study because the small size of the caryopsis ensheathed
in the floret glumes precluded its accurate extraction at
time points prior to this. Therefore, it is not known if
this time point represents the exact peak expression level
of PPDK protein and activity, or if it occurs prior to the
10-day post-pollination stage. After 10-days post-polli-
nation, PPDK protein level was shown to undergo a
steep 70% decline as seed maturation proceeded to the
fully mature, 40-day post-pollination stage (Fig. 2a—).
PPDK enzyme activity was also shown to decline during
seed maturation, but more precipitously in time and
magnitude. Between 10 and 20 days post-pollination,
enzyme activity declined from ~70 to 90%, with only 6—
10% of the original 10-day post-pollination activity
remaining in mature seeds (Fig. 2d).

In our previous work, we showed that immature
seeds of rice contain an extractable RP-like, ADP-
dependent protein kinase activity (Chastain and Chollet
2003). To indirectly assess how this bifunctional protein
kinase/phosphatase enzyme is manifested in the devel-
opmental program of the rice seed, we next examined
regulatory phosphorylation (inactivation) of PPDK via
immunoblot analysis at these same developmental stages
by probing blots with a previously developed and pres-
ently verified phosphopeptide antibody specific for the
maize and rice-seed PPDK active-site regulatory ThrP
residue (Chastain et al. 2000; Fig. 1). The specificity of
this antibody for phosphorylated PPDK in rice seed
extracts is documented in Fig. 1, where immuno-signal
corresponding to the ~95-kD rice PPDK phospho-
monomer is eliminated by the inclusion of 15 pg ml~"' of
the parent phosphopeptide in the hybridization buffer
(cf., panel b versus a). Conversely, inclusion of
15 ug ml~" of the parent dephosphopeptide did not
eliminate the same respective immuno-signals in Panel a
(data not shown). Such immunoblots, shown in Fig. 2a,
revealed that at the most immature seed stage examined
(10-day post-pollination), only traces of phosphory-
lated/inactivated PPDK were detectable. However,
within the next 10 days of development, phosphorylated
PPDK was markedly more detectable and constituted a
significant portion of the total seed PPDK. At around

the 20-day developmental stage, no further increase in
the amount of ThrP-PPDK protein is evident, with the
level of the threonyl-P enzyme remaining constant
through the 40-day mature seed stage. Plots based on
densitometric analysis of the immunoblots shown in
panel a indicated that during the early stages of seed
development (10-20 days) the pool of phosphorylated
PPDK comprises the lesser fraction of the total seed
PPDK (i.e., dephospho > phospho) (Fig. 2 b, ¢). A
noteworthy difference between the pool of PPDK that
undergoes regulatory phosphorylation and the initially
much larger pool of non-phosphorylated PPDK is the
inherent relative stability of the former during develop-
ment. This pool of PPDK, after its inactivation by reg-
ulatory phosphorylation, remained essentially intact
throughout the seed maturation process (Fig. 2a—).
This is in contrast to the initially larger pool of
non-phosphorylated PPDK that steadily declined in
abundance during seed maturation, presumably by
degradation as suggested by the truncated (<95 kD)
immuno-reactive bands most detectable at 10-15 days
post-pollination on the general-PPDK antibody probed
immunoblots (Fig. 2a).
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Localization of PPDK and ThrP-PPDK in mature rice
seed tissue fractions

We initially assumed that the pool of phosphorylated
PPDK we observed in our seed extracts (Fig. 2a) origi-
nated from chloroplasts of the outer green pericarp layer
in immature rice seed. The basis for this assumption is
that RP is known to be exclusive to the stromal com-
partment of C4- and Cj-leaf chloroplasts, thus rendering
stromal-localized PPDK as the sole isoform amenable to
regulatory phosphorylation (Burnell and Hatch 1985,
1986; Chastain and Chollet 2003, and references therein).
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Fig. 2 PPDK protein accumulation, regulatory phosphorylation,
and activity in developing rice seeds. a Representative immunoblots
of total soluble proteins extracted from developing rice seeds at 5-
day intervals beginning at 10 days post-pollination. Blots were
probed with either anti-PPDK (upper panel) or anti-ThrP-PPDK
(lower panel) antibody. Each lane contained 20 pg soluble protein.
Arrowheads indicate position of bands corresponding to the a95-
kDa PPDK monomer as estimated by molecular mass standards on
the same blot. The lane designated as std (PPDK standard) was
loaded with 0.35 ug of recombinant maize C4 PPDK (comprised of
0.13 pg dephospho PPDK plus 0.22 pg of phosphorylated PPDK).
b, ¢ Plots showing changes in the abundance of total PPDK protein
(square) versus phosphorylated PPDK protein (triangle) in devel-
oping rice seeds; b ng per pg soluble seed protein, or ¢ ng per mg
fresh weight (FW) of seed mass. Data points depicted in the plots
are derived from scanning densitometric analysis of triplicate blots
representing three independent experiments (including blots shown
in (a). Estimates of total PPDK and ThrP-PPDK protein are based
on the inclusion of reference lanes in each blot with known
amounts of ThrP-PPDK and total PPDK as described in (a). n=3,
+SEM. d PPDK activity in desalted soluble protein extracts of
developing rice seeds. Enzyme activity is plotted as pmol h™! mg™!
soluble seed protein (square) or pmol h™! mg~"! seed FW (triangle).

This assumption was examined directly by separating the
mature rice seed into three distinct tissue fractions, the
pericarp layer, the aleurone + endosperm tissue, and the
seed embryo, for subsequent immunoblot analysis of the
respective soluble protein extracts. These immunoblots
(Fig. 3) revealed that ThrP-PPDK was indeed present in
the pericarp tissue, but, surprisingly, a substantial por-
tion was also localized in the seed embryo. Conversely,
the lane corresponding to endosperm + aleurone tissue
was found to be essentially devoid of ThrP-PPDK, yet,
displayed the strongest immuno-signal on the general
PPDK antibody-probed blot (Fig. 3). These collective
findings indicate that the bulk of the non-phosphorylated
PPDK in mature seeds is endosperm-localized.

PPDK protein content and activity in germinating rice
seeds

Given that a modestly abundant amount of apparently
intact PPDK polypeptide persists in the mature rice seed
(Fig. 2a—), we conjectured that it may have a role in
post-seed developmental processes such as in seed dor-
mancy or germination. Our hypothesis was that if all or
part of the sizable, intact pool of seed-localized PPDK
was dephosphorylated/reactivated during germination,
it could implicate a possible role for PPDK in the seed-
germination process. We examined this possibility by
comparing PPDK protein level and activity between
germinating (as indicated by radicle protrusion) and
dormant seeds. Immunoblots prepared from these seed
extracts showed that as the seed undergoes germination,
the total amount of PPDK protein in the seed tissue
remains relatively constant (Fig. 4a). Likewise, corre-
sponding immunoblots of ThrP-PPDK indicated that
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the pool of phosphorylated PPDK in dormant seeds is
also essentially unchanged during seed germination
(data not shown). Corroborating this latter observation
was the finding that PPDK activity in extracts of ger-
minating seeds was comparable to the low activity
measured from dormant seeds (Fig. 4b), indicating that
reactivation (dephosphorylation) of PPDK in dormant
seed tissues is negligible, at least at this early stage of
germination.

Comparative immunoblot analysis of PPDK content
in mature seeds of dicot and monocot species

The well-documented abundance of PPDK in all
graminaceous cereal seeds examined to date implicates a
common function for the enzyme in seed tissues of these

species. However, to our knowledge, a similar survey of
PPDK content in mature seeds of species other than
graminaceous cereal plants has not been reported. In
this study, we included an immunoblot survey of PPDK
content in seed extracts of several dicotyledonous species
and, for comparative purposes, several additional
graminaceous cereal species. These blots indicated that
the PPDK content of the several other cereal seeds we
examined [Z. mays (maize), S. bicolor (Sorghum), A.
sativa (oat), T. aestivum (wheat)], although apparently
lower, as based on immunoblot signal strength was
approaching that of rice (Fig. 5a). In contrast, four of
the five dicotyledonous species seeds examined [C. sativa
(cucumber), S. oleracea (spinach), G. hirsutum (cotton),
A. thaliana] had undetectable amounts of PPDK on
immunoblots with similar lane loads of seed extract
(Fig. 5b). The inability to detect PPDK in these
respective dicotyledonous species seed extracts most
likely reflects the low abundance of the protein in these
seeds, rather than a reduced affinity of the heterologous
antibody. In a previous study, these antibodies were
utilized to successfully detect total and ThrP-PPDK on
immunoblots of soluble leaf extracts from several dicot
species including Vicia faba, S. oleracea, and Flaveria
pringlei (Chastain et al. 2002). A notable exception was
the finding that H. annuus (striped sunflower) seeds, a
representative oil-storing seed-type, contained a relative
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Fig. 4 PPDK protein and activity in dormant versus germinating
rice seeds. Soluble protein extracts were prepared from dormant or
germinating seeds just at the onset of radicle protrusion. a
Immunoblot of soluble protein extracts of germinating (g) and
dormant (d) rice seeds probed with anti-PPDK antibody. Each lane
(10 pg soluble protein) represents an independent preparation of
soluble seed extract. As depicted, each band corresponds to the
~95-kDa PPDK monomer as estimated by molecular mass
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Fig. 5 PPDK content in mature seeds of several graminaceous
cereals and dicotyledonous species. a Immunoblot of soluble
proteins extracted from mature (dormant) seeds of the monocot-
yledonous cereal species O. sativa (Cs), S. bicolor (Cy), Z. mays
(Cy), A. sativa (Cs), and T. aestivum (C3) probed with anti-PPDK
antibody. Each lane was loaded with 20 pug of soluble protein
extract. b Immunoblots of soluble seed extracts of rice and several
C; dicots probed with anti-PPDK (upper blot) or anti-ThrP-PPDK
antibody (lower blot). Each lane was loaded with 20 pg of soluble
protein extract. All experiments were repeated independently at
least three times. Arrowheads indicate position of bands corre-

abundance of PPDK (Fig. 5b). Moreover, as in mature
rice seeds, mature seeds of sunflower were found to
contain a sizable pool of ThrP-PPDK (Figs. 2a, 5b).

Discussion

To date, a specific function for PPDK in C; plants is yet
to be established. Although significant progress towards
this goal has been advanced by the recent isolation of Cs
PPDK knockout lines of rice (Kang et al. 2005), analyses
of these mutants are yet to elucidate a distinct and
unequivocal function for the C; enzyme. For example,
the mutant plants, with an inactivated OsPPDKB gene
that encodes both cytoplasmic and chloroplastic iso-
forms, were able to carry out normal growth and
development. Kang and coworkers (2005) postulated
that the “presence of masking compensatory metabolic
pathways” obscured a phenotype that would allow them
to readily discern the metabolic function(s) for Cj
PPDK. Such inherent metabolic flexibility, which typi-
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fies plants as sessile organisms (Plaxton 2005), under-
scores the limitations in utilizing gene knockouts for
understanding highly networked processes such as plant
metabolism. Our approach for ultimately elucidating the
metabolic role of PPDK in C; plants was to first target
for analysis the singular C; plant organ in which it is
known to be a highly expressed enzyme, namely the
tissues of developing cereal seeds. Because of its high
abundance in rice seeds, we were able to exploit con-
ventional biochemical tools for accurately characterizing
the time-dependent expression of PPDK protein and
enzyme activity in this model Cj; species. In so doing, we
have provided evidence linking PPDK enzyme expres-
sion, and therefore, its function, to the early, syncitial-/
endosperm-cellularization phase of seed development
(~5- to 15-day post-pollination). As seed development
progresses from this early stage into the final storage
product accumulation stage (~20-day post-pollination),
both PPDK protein level and activity are rapidly down-
regulated by the posttranslational mechanisms of pro-
tein degradation and RP-catalyzed, site-specific protein
phosphorylation, respectively. The former process is
presumably mediated by the action of endoproteases
shown to be coordinately up-regulated at this specific
stage in cereal seed development (Dominguez and
Cejudo 1996).

The finding that PPDK is notably abundant and active
during early seed development (i.e., syncitium/-cellular-
ization stage) rather than in subsequent stages (i.e.,
storage-product synthesis) (Gallusci et al. 1996; Kang
et al. 2005), is of crucial importance in establishing its
putative function in this organ. For example, in the case
of the endosperm cytoplasm-localized enzyme, its func-
tion is likely to be aligned with the metabolic and bio-
synthetic processes known to be specific to the early
(syncitial-/endosperm cellularization) stages of cereal
seed development (i.e., free amino acid synthesis, denovo
free FA synthesis and lipid biosynthesis) (Fig. 6). More-
over, as the cytoplasm-localized isoform, the enzyme may
function preferentially in the PEP to Pyr-forming direc-
tion, rather than in the opposing Pyr to PEP direction (as
in mesophyll chloroplasts of C,4 leaves). This assumption
stems from what is known of the in vitro properties of
maize C4 PPDK, which shows markedly different pH
optima for its forward and reverse reactions (Jenkins and
Hatch 1985). In the Pyr to PEP direction the pH optimum
is pH 8.3. However, at pH 7.0, the competency of the
enzyme in catalyzing its PEP-forming reaction is dra-
matically reduced, having only 6% of the rate at pH 8.3.
Alternatively, at pH 7.0, the PEP to Pyr reaction is highly
favored, with a pH optimum of ~pH 6.8, which is also the
pH typical to the cytoplasmic compartment of plant cells.
Furthermore, the absolute rate of the PEP to Pyr reaction
is twice that of the Pyr to PEP reaction at its optimum pH
8.3. That cytoplasmic PPDK in rice may also share the
same catalytic properties as the C4 stromal enzyme is
suggested by related biochemical studies of the bacterial
enzyme (McGuire et al. 1996) and the fact that the pri-
mary structure of the plant cytosoplasmic- and plastid-
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targeted isoforms is nearly identical (Sheen 1991; Imaiz-
umi et al. 1997). Further restricting PPDK catalysis in the
PEP-forming direction in the cytoplasm is that cytosolic
[PPi] in plant cells is relatively high (~0.3 mM) and con-
stant, with the notable absence of pyrophosphatase in this
compartment (Dennis and Blakeley 2000). As depicted in
Fig. 6, PPDK functioning primarily in the in the PEP to
Pyr-forming mode may be more ideally integrated for
supporting early-stage seed development metabolism via
the conversion of glycolytically derived PEP to Pyr.
Cytoplasmic Pyr, the primary carbon source for free FA
synthesis in lipid-synthesizing plastids, is required to
sustain the high rate of FA and lipid biosynthesis as the
endosperm syncitium expands and cellularizes. Lipid
biosynthesis would be supported by the PPDK function
we propose here by cycling lipid biosynthesis by-prod-
ucts, namely AMP and PPi, via the PEP to Pyr reaction.
These metabolites are generated during de novo lipid
biosynthesis by the action of the ER (and plastid)-local-
ized enzyme, fatty acyl-CoA synthetase (Ichihara et al.
2003). Notably, acyl-CoA synthetase (ACS) activity has
been shown to undergo an abrupt, high-level of expres-
sion in developing rice seeds that peaks at 9- to 12-days
post-anthesis, rapidly plummeting thereafter (Ichihara
et al. 2003). This transient increase in activity is accom-
panied by a similar, rapid rise in total lipid accumulation.

The kinetics of the rise and fall of ACS activity closely
parallels the developmental expression kinetics of the
PPDK enzyme documented herein. Yet an additional
PPDK function that would likely be facilitated by PPDK
operating in the PEP to Pyr direction is in the cytoplasmic
interconversion of Pyr to alanine by transamination
(Fig. 6). Alanine, among the most abundant free amino
acids in developing cereal seeds (Schaeffer and Sharpe
1997; Wang and Larkins 2001), is synthesized from glu-
tamate and Pyr via the action of Ala aminotransferase
(Ireland and Joy 1990). Supporting evidence for this
putative PPDK function is provided by a recent proteo-
mic analysis of expressed proteins in developing rice seeds
that showed the alanine aminotransferase and PPDK
proteins to be co-expressed in the same class of early and
abundantly expressed polypeptides in this organ (Lin
et al. 2005).

Paramount to the above ecarly seed development
biosynthetic processes is the requirement for ATP.
Recent studies have shown that the central tissues of
developing barley and wheat seeds are highly hypoxic,
with measured O, concentrations as low as < 0.3%
(Rolletschek et al. 2004; van Dongen et al. 2004). At
such low O, concentrations, it can be inferred that
ATP synthesis is largely anaerobic in nature. PPDK,
operating in the PEP to Pyr-forming direction, may



provide these hypoxic tissues with an inherently more
efficient means of generating ATP anaerobically than
by the classical action of cytoplasmic pyruvate kinase
(PK)(Fig. 6). This is because PPDK’s PPi utilizing
reaction mechanism can catalyze the net formation of
two “ATP equivalents” from AMP in the glycolytic
PEP to Pyr direction, compared to the single ATP
generated by PK operating in this same direction
(Plaxton, 2005). The proposition that cytoplasmic
PPDK serves as the major means for producing cel-
lular ATP seems plausible in light of its extreme
concentration in the nascent caryopsis, e.g., being on
the order of ~50% of PPDK in a C4 leaf. Perhaps the
means by which the competing ADP-dependent cyto-
plasmic PK reaction is bypassed is that PPDK is in
such abundance in the cytoplasm that the default
route of PEP to Pyr via PK is minimized.

We also showed that appreciable amounts of ThrP-
PPDK begin to appear in the developing rice seed at
approximately 15 to 20-days post-pollination. Our pre-
sumption was that this pool of phosphorylated PPDK
originated entirely from chloroplasts of the green peri-
carp layer, the only portion of the immature seed that
contains chloroplasts (van Dongen et al. 2004; Kurata
2005). The inference that ThrP-PPDK could only orig-
inate from within this photosynthetic organelle stems
from previous work that has established the stroma as
the only known intracellular location for PPDK’s dedi-
cated RP kinase/phosphatase, RP. In this regard, a
surprising discovery in this investigation was that a
comparable amount of ThrP-PPDK was found to be co-
localized to the seed embryo as well. Since the embryos
of developing cereal seeds are devoid of chlorophyll (van
Dongen et al. 2004), the likely origin of ThrP-PPDK,
and hence RP, are proplastids in the embryonic cotyle-
don and leaf primordia. Most intriguing is the manner in
which PPDK is down-regulated by ‘“reversible”
phosphorylation in these tissues. In previous work we
established that PPDK in the chloroplasts of C; leaves is
strictly a light-/dark-regulated enzyme (Chastain et al.
2002). We also documented that a Cs-isoform of RP
catalyzes this posttranslational regulation by rapid,
reversible site-specific phosphorylation/dephosphoryla-
tion (Chastain et al. 2002; Chastain and Chollet 2003).
Chloroplast RP, in turn, is believed to be regulated by
photosynthesis-mediated, light-/dark-induced fluctua-
tions in stromal [ADP], with the high dark-induced
levels of stromal ADP favoring the phosphorylation/
inactivation of PPDK (Burnell and Hatch 1985;
Nakamoto and Young 1990). However, in the dimly
illuminated chloroplasts of the pericarp layer (or prop-
lastids of the seed embryo), regulatory phosphorylation
of PPDK is apparently mediated not by light and dark
per se, but by seed maturation. Ascribing a function to
the pool of dikinase represented by the ThrP-PPDK
present in the pericarp and seed embryo is more prob-
lematic than for the larger pool of endosperm-localized
cytoplasmic PPDK since the metabolic processes
occurring in cereal seed chloroplasts (or proplastids)
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are poorly understood. Nevertheless, we provide new
insight into a putative function(s) by revealing that the
developing seed, for unknown reasons, requires that
PPDK-mediated processes in the chloroplasts of the
pericarp, and proplastids of the endosperm, undergo
down-regulation as the seed advances beyond the
syncitial-endosperm, cellularization stage (> 10 days
post-pollination).

We could not find supporting evidence that the large
amount of PPDK synthesized in rice seeds provides
any function for the seed (e.g., seed germination) other
than in early seed development. Based on our pre- and
post-germination analysis of rice seed PPDK protein
level and activity, we showed that the sizable amount
of apparently intact dephospho PPDK and ThrP-
PPDK in mature rice seeds does not become activated
upon imbibition and germination, at least in the single,
early stage of the germination process that was exam-
ined.

A number of previous reports have consistently
documented PPDK abundance in developing and/or
mature seeds of maize, wheat, barley, and oats (Meyer
et al. 1982; Aoyagi and Bassham 1984; Aoyagi et al.
1984; Gallusci et al. 1996). The metabolic function we
propose herein (Fig. 6) for the endosperm-localized
cytoplasmic PPDK isoform in developing rice seeds is
therefore likely to be operating in these related
graminaceous cereal species as well. We provide sup-
porting evidence by demonstrating that mature seeds
of Sorghum, maize, oats, and wheat are similar to rice
seeds in terms of PPDK content. In contrast, with one
exception, we could not detect PPDK in mature seeds
of the several dicotyledonous species we included in
this study. The single but striking exception was the
finding that mature seeds of striped sunflower contain
appreciable amounts of both PPDK and ThrP-PPDK.
This is potentially significant in that sunflower seeds
differ markedly from cereal seeds in at least two
important respects. The first is that the primary seed
storage tissues are the cotyledons rather than the
endosperm as in cereal seeds. Second, seeds of sun-
flowers have oil as a major storage product in addition
to carbohydrate, versus primarily carbohydrate for rice
(cereal) seeds (Bewley et al. 2000). The readily detect-
able amounts of PPDK and ThrP-PPDK in sunflower
seeds implies that a highly expressed C; PPDK en-
zyme, and its regulation via reversible phosphoryla-
tion, may not be a unique feature of developing
graminaceous seeds.
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