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REGULATION OF PHOSPHOENOLPYRUVATE CARBOXYLASE GENE EXPRESSION
AND PROTEIN CONTENT IN DEVELOPING AND GERMINATING
GRAINS OF BRACHYPODIUM
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Gene expression and protein content levels of different Phosphoenolpyruvate carboxylase
(PEPCase) isoforms were investigated in developing and germinating Brachypodium distachyon
grains. Western blot experiments detected two main PEPCase polypeptides with apparent molecu-
lar masses of 110 and 102 kD. According to the obtained data there was an increase in the amount
of 102 kD polypeptide of PEPCase beginning from the embryo formation till the wax ripeness stage
of grain filling and it began to decrease gradually at the final stages of grain filling. The higher in-
tensity of the expression of the studied PEPCase genes at the final grain filling stages is probably
related to the intensifying biosynthesis of storage proteins and lipids.
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Introduction

PEPCase catalyzes the conversion of phos-
phoenolpyruvate (PEP) to oxaloacetate using bi-
carbonate. The critical role of PEPC in assimilat-
ing atmospheric CO; during C4 photosynthesis
and Crassulacean acid metabolism has been
studied extensively. Plant types PEPCs also ful-
fill a wide range of crucial non-photosynthetic
functions, particularly the anaplerotic replen-
ishment of tricarboxylic acid cycle (TCA) inter-
mediates consumed during biosynthesis (O’Leary
et al., 2011). The produced oxaloacetate is con-
sumed to provide carbon skeletons of the TCA
cycle members, which are used in many biosyn-
thetic reactions such as amino acid and fatty acid
synthesis. Vascular plants have two types of
PEPCs of different evolutionary lineages,
namely plant and bacterial types (Sanchez and
Cejudo, 2003). High activity of PEPCase has
been observed in the seeds of many crops, indi-
cating that this enzyme plays some crucial roles
in seeds. In C3 plants, several studies empha-
sized the potential contribution of PEPCase to
nitrogen metabolism in developing seeds. PEP-
Case is thought to be involved in the carbon par-
titioning in developing seeds (Plaxton and Po-
dest, 2006; Andre et al., 2007; Junker et al.,
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2007). Several studies of seeds support the con-
tribution of PEPCase to the accumulation of seed
storage compounds such as storage proteins and
lipids (Gonzalez et al., 1998; Sebei et al., 2006;
Gennidakis et al., 2007; Radchuk et al., 2007;
Fan et al., 2013; Yamamoto et al., 2014). For
monocot plant seeds, the accumulation of PEP-
Case proteins in developing wheat seeds also
supports their contribution to seed storage com-
pound accumulation (Gonzalez et al., 1998).
Studies of bacterial-type PEPCase also provide
evidences for roles of bacterial-type PEPCase
(BTPCase) in fatty acid synthesis, for instance,
RcPpc4 is expressed abundantly in developing
castor oil seeds and involved in seed oil accumu-
lation. A study of the castor oil plant revealed
that PEPCase proteins were accumulated in its
developing seeds, especially during grain-filling
stages (Gennidakis et al., 2007). PEP metabo-
lism plays an important role also in partitioning
developing seed carbohydrates toward plastidic
fatty acid biosynthesis, and mitochondrial pro-
duction of ATP and the organic acids required
for amino acid synthesis through PEPCase and
cytosolic pyruvate kinase (Uhriget al., 2008).

B. distachyon has been proposed as a new
model species for grasses (Draperet al, 2001;
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Bevan et al., 2010). With a fully sequenced ge-
nome, a short life-cycle Brachypodium appears to
be a good model for dissecting numerous aspects
of grass biology and development. In particular, it
could be used to get a better understanding of the
metabolic switches responsible for carbon parti-
tioning during grain filling. Brachypodium is
much more closely related to wheat than to rice or
maize. It was shown recently that seeds of B. dis-
tachyon were developed in approximately 36
days and dry seeds were obtained on the 50th day
after flowering. The endosperm contains storage
compounds and is the largest compartment of the
grain (Opanowicz et al, 2011). B. distachyon
seed development was also found to be signifi-
cantly different from that of other cereals. These
properties were found to be unique to small grain
plants studied until now. The protein content of
B. distachyon grain approaches the highest level
measured in cereal grains, in fact it is close to that
of oats. In this work we first characterized the B.
distachyon PEPCase gene expression and protein
content during seed development and imbibition.

Materials and methods

Plant material and growth conditions.
Seeds of B. distachyon variety Bd21 were ster-
ilized in 15% bleach for 15 min. Sterilized
seeds were sown on damp filter paper, cold
treated at 4°C for 2 d in order to synchronize
germination. For growing mature plants experi-
ments were conducted in a glasshouse under
natural light with day/night temperatures of 25/18
°C and 16 h photoperiod with an additional illu-
mination of 400 umol photons m > s~ and 60—
70% relative humidity during the day. The col-
lected developing seed samples were immedi-
ately frozen in liquid nitrogen and stored at —
80°C until use.

Immunocharacterization and electro-
Pphoresis. Grains were frozen in liquid nitrogen
and ground with a mortar and pestle. Crude ex-
tracts were prepared from ground tissue with
extraction buffer (50 mM Tris—HC1 pH 7.9, 1.0
mM EDTA, 0.5 mM PMSF). The homogenized
mixture was centrifuged for 20 min at 15 000 x
g. Extracted total soluble proteins were mixed
with SDS-PAGE sample buffer (100 mM Tris-
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HCI, 4% (w/v) SDS, 20% glycerol, 0.1% (w/v)
bromophenol blue and 0.2 M DDT) and heated
at 95 °C for 5 min. Denaturing (SDS-PAGE)
polyacrylamide gel electrophoresis was con-
ducted as described by Laemmli (Laemmli,
1970). 10% (w/v) resolving gel coupled to a
4.5% (w/v) stacking gel were utilized. After
electrophoresis, the gel was electroblotted onto
a nitrocellulose membrane (N-8017; Sigma).
Membranes were then soaked at room tempera-
ture for at least 1 h in 15 mMTris—HCI pH 7.4
containing 0.2 M NaCl (buffer A) and 5% w/v
dry powdered milk. After overnight incubation
at 4°C with polyclonal sorgum anti-PEPC anti-
bodies (diluted 1:3000 in phosphate-buffered sa-
line plus 1% nonfat milk), sheets were washed
four times each for 15 min in buffer A containing
0.1% v/v Tween 20. Subsequent detection was
with a peroxidase assay using affinity-purified
goat anti-rabbit IgG horseradish peroxidase (di-
luted 1:10,000 in phosphate-buffered saline plus
5% nonfat milk conjugate) (Bio-Rad). The en-
hanced chemiluminescence western-blotting de-
tection kit (Amersham) was used to develop the
reaction. Immunoreacting bands were detected
with Quantity One software. Protein was measured
by the method of Bradford.

Total RNA extraction and RT-PCR ana-
Iyses. Total RNA was extracted from developed
and imbibed B. distachyongrains using modified
sodium dodecyl sulphate (SDS)/TRIzol method.
The quantity and quality of total RNA were meas-
ured by spectrophotometer (NanoDrop ND-1000,
Thermo Fisher Scientific, MA) and 1.2% aga-
rose/Ethidium bromide gel electrophoresis. One
microgram of the isolated total RNA was used to
synthesize first-strand ¢cDNA using quantiscript
reverse transcriptase. PCR amplification was car-
ried out in a 20ul reaction mixture containing a
200 uM concentration of each dNTP, a 20 uM
concentration of each primer was as follows: 0.5—-1
ul cDNA, 4 ul 5xMyTaq reaction buffer, and 0.1
ul of MyTaq™ DNA polymerase (Promega). PCR
was carried out 30 cycles for 1 min of initial dena-
turation at 95°C, 15 sec at 95°C, 15 s annealing
temperature (For Brppcl annealing temperature
was 60 °C, and 55°C for Brppc2 and Brppc4
fragments) and 10 s at 72 °C, followed by a final
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extension step for 4 min at 72°C. Primers designed
on the base of all three studied PEPC genes
(Brppcl, Brppc2, Brppe4) were used. The Brppcl
forward and reverse primer sequences were 5'—
GGTTGCTG-GTCACAAGGATG- 3’ and 5-
GACAGG-GGTGGCTGCTG-3', Brppc2 for-
ward and reverse primer sequences were S5—
GAATTTCCACATGCTCCAGG-3, and 5-
CTGTCA-ATGCTGGAAGTATGG-3', Brppc4
forward and reverse primer sequences were 5'—
GCCCTTC-TTCCAGTCCACC-3" and 5-
CCGAGA-GCTTGCTGTGCC-3', respectively.
The PCR products were loaded onto a 1.5% aga-
rose gel containing ethidium bromide, and electro-
phoresis was performed. The gel was examined
and photographed using a UV imager.

Statistical analysis. ImageJ 1.38 program
was used to analyze the intensity of the Western
blot and RT-PCR products. PCR reactions were
run with three replicates.

Results and discussion

Expression of the three PEPC genes has
been examined in germinating and developing
seeds of B. distachyon. This analysis was per-
formed using the relative RT-PCR analysis
with gene-specific primers. The expression of
the three PEPC genes was found to change dif-
ferently in the germinating seeds, which had
been imbibed and kept in a dark place, at room
temperature for 6 and 24 hours. In spite of the
absence of the expression after 6 hours the
Brppcl gene was detected to be induced in the
samples taken after 24 hours. The Brppc2 gene,
contrary to Brppclwas expressed after 6 hours
and the expression was not observed in the
samples taken after 24 hours. Whereas the ex-
pression of the Brppc4 gene was at the same
level for both examined variants (fig. 1A). By
placing 3-day-old early seedling on the filter
paper, time dependence of the expression
changes of the three PEPCase genes were also
examined in germinating seeds of the plant ex-
posed to severe drought stress. The obtained
results showed a decrease in the expression of
the three genes subjected to a short-term severe
dehydratation (fig. 1A). However, this decrease
was more pronounced in the Brppcl gene ex-
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pression. PEPCase polypeptide content was
higher in imbibed seeds of early seedlings
compared with the seeds of 3-day-old seed-
lings. The polypeptide contents in the seeds of
3-day-old seedlings decreased gradually.

There were no significant differences be-
tween the dynamics of the PEPCase protein
changes in samples of the germinating seeds ex-
posed to gradual drought and salt stress and in
samples of normal watered plants (fig. 1B). The
development of seeds was divided into five
stages according to size and color of developing
seeds. The expression of the PEPCase genes
changed differently in developing B. distachyon
seeds depending on the phases of development
(fig. 2A).
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Fig.1. A) The changes of the Brppcl, Brppc2,
Brppe4 genes in B. Distachyon seeds during imbibitions
and in early seedlings subjected to a short-term severe
drought; B)Western-blot analysis of changes in PEPCase
polypeptide contents in 6 h and 24 h imbibed B.distachyon
seeds and during the seed germination (G-G)

EecEece
¥ Y IEE
I s O s s B 4
VO OY d QeIPQeQ
cooga® O oocoocoooo B
—_—— fppt] = —— ——
== Brppc2 _— ——

Fig.2. A) Changes in the expression of the
Brppcl, Brppce2 voBrppc4 genes in different develop-
mental phases, B) in embryo (—em) and endosperm (—en)
parts of the developing B.distachyon grains (D-G-)
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Thus, the low expression level of the
Brppcl gene at the initial stages of seed forma-
tion increased to the end of this stage. Brppc2
was not expressed at the initial stages of the de-
velopment of seed, whereas beginning from the
wax ripeness stage of seed development till the
complete maturation its expression changed sim-
ilarly. The expression of the Brppc4 gene was
observed at all stages of seed development, be-
ginning from the initial seed formation. But the
stable high levels of its expression in initial
phases decreased evenly during the final stages
of the grain germination. The expressions of the
three genes were also examined separately in
embryo and endosperm parts of the developing
seeds. Thus, beginning from the third stage of
grain filling the Brppcl gene was expressed in
embryo as well as in endosperm of the develop-
ing grains. But the level of the expression was
higher in endosperm than in embryo. The
Brppc2 gene was expressed at the beginning of
the wax ripeness stage in embryo and at the next
stages of grain filling in both embryo and en-
dosperm. Similar to the Brppcl gene the ex-
pression level of the Brppc2 gene was higher in
embryo compared with endosperm. The expres-
sion of the Brppc4 gene in embryo and en-
dosperm of developing grains matches the ex-
pression of the Brppc2 gene (fig. 2B). Using the
immunobloting method dynamics of the changes
of the protein content of PEPCase isoforms was
determined in B. distachyon plants during differ-
ent stages of the grain development, beginning
from the flowering period (fig. 3).
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Fig. 3. Immunoblot analysis of the dynamics of
changes in PEPC protein beginning from the formation
of zigota till the full ripeness of grains
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According to the obtained data the amount
of the 102 kD polypeptide increased gradually
beginning from the zygote formation till the wax
ripeness stage of grain filling. Its amount began
to decrease at the final stage of grain filling. The
110 kD polypeptide quantity was less than the
quantity of 102 kD polypeptide. The influence
of dehydration on the PEPCase polypeptide
content was determined at different stages of
the plant development in grain samples taken
from ears, detached and kept at room tempera-
ture for a day. The obtained results showed that
the 102 kD PEPCase polypeptide content in
grains at different stages of grain filling in-
creased under dehydration compared with the
normal watered plants (fig. 4A). High levels of
the PEPCase polypeptide content were also
found in green glumes at initial stages of grain
ripening. The PEPCase polypeptide content
was higher in glumes compared with awns of
the ripening B. distachyon plants and the poly-
peptide content in both ear elements decreased
gradually under water stress conditions. In con-
trast, the PEPCase polypeptide content in the
ripening grains from plants exposed to gradual
drought stress increased compared with normal
watered plants (fig. 4B).

Previously PEPCase activity and appro-
priate mRNA levels were studied in developing
and germinating wheat (7riticum aestivum)
grains (Gonzalez et al., 1998).
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Fig. 4. A) Dynamics of the changes of the PEPCase
polypeptide content related to the growth phases in ripen-
ing and exposed to dehydration B. distachyon grains (—
Dh); B) changes of the plant type PEPCase polypeptide
content in the developing grains and ear elements under
well watered (—WW) and water stress (—WS) conditions
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Housekeeping (103 kD) and inducible
(108-kDa) subunits were detected in germinating
barley (Hordeum vulgare) grains (Feria et al.,
2008). Phosphorylation levels of PEPCase was
shown to be at high levels at initial stages of
grain filling and also in imbibed barley grains
during germination. The expression of the
PEPCase genes — Osppcl and Osppc3 in deve-
loping rice grains has been studied recently.
The obtained results showed that in spite of the
expression of both genes throughout the grain
developmental stages, the dynamics of the
changes of their expression are different. The
authors noted also a positive correlation between
the expression of Osppcl and genes of aspartate
aminotransferase and alanine-aminotransferase
participating in nitrogen metabolism. They sug-
gested that both aminotransferases are corre-
lated functionally with Osppcl participate in
the synthesis of amino acids (Yamamoto et al.,
2014). The less accumulation of the general
reserve proteins in ripening barley and wheat
seeds compared with B. distachyon seeds and
more active expression of the three studied
PEPCase genes during the final phases of the
ripening of B. distachyon seeds suggest the ac-
tive participation of PEPCase in the biosynthe-
sis of reserve proteins and lipids.

This work was financially supported by
the Post-doctoral European Scholarship Pro-
gram from Azerbaijan National Academy of
Sciences for young researchers.
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BRACHYPODIUM DISTACHYON BIiTKIiSiNiN CUCORON VO YETiSMOKDO OLAN DONLORINDO
FOSFOENOLPIRUVAT KARBOKSILAZA FERMENTININ GEN EKSPRESSIYASININ VO ZULAL
MIQDARININ TONZIMLONMOSI

S.M.Bayramov

Brachypodium distachyon bitkisinin clicoran va inkisaf edon donlorindo FEPK-aza fermentinin bozi izofor-
malarmin gen ekspressiyasinin vo ziilal migdarinin doyismosi miiqayisali todqiq olunmusdur. immunobloting ana-
lizlorin naticalorarine asasan FEPK-azanin molekul cokilori toxminan 102 vo 110 kDa olan iki polipeptidi agskar-
lanmugdur. Ilkin riiseymin omolo golmosinden baslayaraq dendolmanin mum yetismo morhalosine qader FEPK-azanin
molekul kiitlasi 102 kDa olan polipeptidinin miqdar1 tadricen artsa da, dondolmanin son morhalslorinds ise onun
miqdar1 todricen azalaraq stabil qalir. Yetismokds olan donlarin inkisafinin son marhalslarinds yoxlanilan har i¢ FEPK-
aza geninin ekspressiyasinin giiclonmasi goriiniir ehtiyat ziilallarin vo lipidlarin biosintezinin artmast ilo baghdir.

Agar sozlar: B. distachyon, fosfoenolpiruvat karboksilaza, genin ekspressiyast, polipeptidlarin migdari, dan

PETYJISAUA SKCIIPECCUU IT'EHA U KOJIMYECTBA BEJIKA
OOCPOEHOJIIINPYBATKAPBOKCHNJIA3BI B PA3BUBAIOIIINXCS U ITPOPACTAIOIIUX
3EPHAX BRACHYPODIUM DISTACHYON

III.M.BaiipamoB

N3ywanuce skcnpeccust reHa M KOJIMYECTBO Oenka pa3inuHbIX n3odopM  dochorHonmupyBaTkapOOKCHIa3bl
(PIIIK) B pa3BHBAIOIIMXCS M MIPOPACTAIONINX 3epHax Brachypodium distachyon. Meronom BecTepH-0J10TTHHTA 00OHA-
pyxm 1Ba ocHOBHBIX monurnentuaa OOIIK ¢ npubmmsurensHoii MonekynspHoi maccoit 110 n 102 kDa. CornacHo
MIOJTYYEHHBIM JIaHHBIM, cofepkanue monumentuaos @OIIK maccoit 102 kD Bozpacraer, HaunHast ¢ (hOpMHPOBAHUS
SMOpHOHa BIUIOTH JI0 CTa/ MM BOCKOBOM CIIEJIOCTH M HAJIMBA 3€pHA, U ITOCTENIEHHO YMEHBIIAECTCS HAa KOHEYHOU CTajuu
HanuBa 3epHa. Hanbornee BrIcOKasi MHTEHCHBHOCTH dKcnipeccun reHoB MOIIK Ha KoHEUHO# cTaany HajMBa 3epHA CBSI-
3aHa, BEPOSATHO, C MHTEHCU(HUKANEH OMOCHHTE3a 3aIacHBIX OSITKOB U JIMIIH/IOB.

Knroueswvie cnosa: B. distachyon, ¢hocghoenornupysamrapborkcunasza, sIKCnpeccusi 2eHd, KOIU4ecmaeo noaunen-
muoos, 3epHo
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