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Abstract Calcium-dependent protein kinases (CDPKs)
are central calcium signal decoders. Here we report the
isolation and characterization of the Japanese Morning
Glory’s (Pharbitis nil) CDPK gene, termed PnCDPK1. The
full-length cDNA of 1943 bp contains an open reading
frame for PnCDPKI1 consisting of 514 amino acid residues
and a calculated molecular mass of 57.9 kDa. The deduced
amino acid sequence suggests that this protein contains the
kinase domain at the amino terminus and autoregulatory
and calmodulin-like domain at the carboxy terminus.
Sequence alignment indicated that PnCDPK1 shared high
similarities with other CDPKs. Biochemical analyses
showed that bacterially expressed recombinant protein was
catalytically active and was able to phosphorylate the
histone III-S in a calcium-dependent manner. Besides the
identification of PnCDPK1 as a member of the CDPK
family, it was shown that a transcript of PnCDPKI was
modulated during germination and seedling growth.
Moreover, PnCDPK] mRNA was present in every tested
organ, including root, hypocotyl, and cotyledon of the
light- and dark-grown plant; however, the higher
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expression level was found in dark-treated ones. The
PnCDPKI mRNA level in the cotyledons exhibited a sig-
nificant increase after moving seedlings into the dark,
peaking 2 and 8 h after dark exposure, and then it gradually
decreased. Expression was significantly changed by expo-
sure to red light after 8 h in the dark. These data
unequivocally identify the product of the PnCDPKI gene
as a calcium-dependent protein kinase and emphasize the
potential that this gene can be an element of light signal
transduction involved in growth and development of P. nil.

Keywords Calcium - Light - Kinase - Pharbitis nil -
Seedling growth

Introduction

Calcium signaling is one of the best documented pathways
in plants. It has been confirmed to be operative in a series
of biological processes from cell division to plant
responses to a wide range of stimuli, including phyto-
hormones, light, pathogen elicitors, and abiotic stresses
(Reddy 2001; Mazars and others 2009). Different calcium
sensors recognize specific calcium signals and transduce
them into downstream effects, including altered protein
phosphorylation and gene expression (Rudd and Franklin-
Tong 2001). Among the downstream targets of calcium in
plants, calcium-dependent protein kinases (CDPKs) form
an interesting class of kinases that are activated by Ca®"
binding. Since the first characterization of plant CDPK
(Harmon and others 1987), many isoforms have been
found and some corresponding genes have been cloned
(Hrabak and others 2003; Chehab and others 2004; Kumar
and others 2004; Li and others 2008) however, the precise
role of each specific CDPK is still largely unknown.
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CDPKs are found in various subcellular locations, sug-
gesting that individual isoforms are implicated in a diverse
array of responses to endo- and exogenous stimuli. The
absence of specific inhibitors for CDPKs, the lack of
dominant negative constructs, and the possibility of
functional redundancy have made it difficult to assign
functions to individual CDPKs in distinct signaling path-
ways (Cheng and others 2002; Raices and others 2003).
CDPKs are known to be involved in various physiological
processes and at different stages of plant growth and
development (Cheng and others 2002; Ivashuta and others
2005). For example, CDPKs participate in pollen germi-
nation and tube growth (Estruch and others 1994; Yoon
and others 2006; Myers and others 2009), hormone sig-
naling (Mori and others 2006; Zhu and others 2007; Ishida
and others 2008), self-incompatibility regulation in
tobacco (Kuntz and others 1996), the early stages of
potato growth (Raices and others 2001), and embryogen-
esis, seed development, and germination in sandalwood
(Anil and others 2000).

It is known that CDPK formation may be regulated at
the transcriptional and post-transcriptional levels (Frattini
and others 1999). The mechanisms by which plant CDPKs
can be regulated are important questions that touch upon
molecular cloning of the CDPK gene(s) as well as analysis
of the expression of CDPK coding gene(s), especially
because expression of the CDPK was not tested during
seedling growth in various light regimes and photoperiodic
flower induction. Studies focusing on such problems and
identification of the CDPK gene in Pharbitis nil are the
subject of this report. The biochemical characterization of
recombinant protein is described and confirms that the
analyzed enzyme belongs to a CDPK family. Moreover, it
is shown that expression of this gene is regulated by light
conditions during germination and seedling growth.

Photoperiodism is the reaction of a plant to the changing
duration of light over 24 h and the periodic succession of
light and darkness. Photoperiodic induction of flowering is
based on the perception by the plant of the appropriate
photoperiod that results in the differentiation of a vegeta-
tive shoot meristem into a generative one leading to the
creation of a flower (Szmidt-Jaworska and others 2006).
Studies on the mechanism of photoperiodic flower induc-
tion should be conducted on a plant that shows a clear
response to photoperiodicity. The Japanese Morning Glory
(Pharbitis nil) is such a plant and one of the most inten-
sively studied. It maintains vegetative growth under long-
day or continuous light conditions and can be induced to
flowering in an early stage by a single 16-h dark treatment
just after the cotyledons have fully expanded (Liu and
others 2001; Szmidt-Jaworska and others 2004). The con-
trol mechanisms of photoinduction of flowering are not
clear. There are some suggestions that calcium and

calcium-binding protein are involved in the flowering
process (Tretyn and others 1994; Jaworski and others 2003;
Szmidt-Jaworska and others 2006).

To the authors’ knowledge, there is no information
about the role of CDPK in photoperiodic flower induction.
This gap in the literature provided us with a strong ratio-
nale for analyzing the level of expression of PnCDPK]I
during various light/dark conditions in Pharbitis nil.

Materials and Methods
Plant Material and Light Treatments

The experiments were conducted on Morning Glory
(Pharbitis nil Chois. cv. Violet, synonym Ipomoea nil)
(Marutane Co., Japan), which is a model short-day plant.
CDPK was assayed at daily intervals during different
developmental stages: dry seeds, imbibed seeds, germina-
tion, and seedling growth. Seeds were soaked in concen-
trated sulfuric acid for 45 min and then washed with
running water for 3 h. They were left in ddH,O for 24 h at
25 &+ 2°C in white light or dark. The imbibed seeds were
planted on a mixture of vermiculite and sand (2:1 w/w) and
grown at 25 + 2°C in continuous light (green plants)
(130 pmol m~2 s7!; cool white fluorescent tubes, Polam,
Poland) or dark (etiolated plants) for 5 days. Roots,
hypocotyls, and cotyledons were harvested from 5-day-old
seedlings growing in continuous light or dark.

For expression analysis in various light/dark regimes,
plants were grown in continuous light for 5 days. A portion
of 5-day-old plants were left in such conditions. The rest of
the plants were exposed to a 16-h-long dark period
(induction) and then moved to light. For some plants the
16-h-long night was disrupted by a 5-min pulse of red light
(R, 1.5 pumol m~2 s_l, fluorescent tubes TLD 15R/18 W,
Philips) at the eighth hour or by red light followed by a
10-min-long pulse of far-red light (FR, 0.1 umol m~2 s™";
narrow-band filter FR = 730 &+ 2; half-band width =
9 nm). Afterward, cotyledons were harvested every hour,
immediately frozen in liquid nitrogen, and stored at
—80°C.

Molecular Cloning of PnCDPKI

Total RNA was isolated from etiolated roots of P. nil
seedlings using Tri Reagent (Sigma). The first-strand
cDNA for RT-PCR was synthesized with RevertAid
M-MuLV RT (Fermentas) following the manufacturer’s
instructions. PCR was performed with 50 ng of cDNA and
100 ng of degenerate primers, 5'-GTYGGNAGTGCWT
AYTATGTKGC-3' and 5'-RTTCTTCRTANGTDATNGT
NCCRCT-3', corresponding to the conserved amino acid
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sequences VGSAYYV and SGTITYEE, respectively. PCR
parameters are 50 s at 95°C for denaturing, 30 s at 55°C for
annealing, and 50 s at 74°C for extension for 35 cycles, and
a final extension step of 7 min at 74°C. PCR products were
separated on a 1% agarose gel, eluted, and sequenced.

A full-length ¢cDNA amplification for PnCDPKI was
performed using the BD SMART RACE c¢cDNA Amplifi-
cation Kit (BD Biosciences Clontech), and mRNA was
purified from total RNA using the Oligotex mRNA Mini
Kit (Qiagen). 5-RACE and 3'-RACE primers (5'-CTTT
GATGCTGTTCTTCGGGGACATC-3' and 5'-GGCTTGT
CAGATGCATCACCATCTTC-3', respectively), specific
for the PnCDPKI cDNA fragment, were used. PCR reac-
tions were performed using the Advantage 2 PCR Enzyme
System (Clontech). The PCR products were purified and
cloned into a pTZ57R vector (Fermentas) for sequencing.
To confirm a full-length PnCDPKI cDNA assemblage,
PCR amplification was carried out with primers designed
according to the 5'- and 3’-RACE product sequences. The
total volume of 25 pul PCR reaction solution contained
2.5 ul 10x Pfu buffer, 1.5 pl 50 mmol MgCl,, 1 pl
10 mmol/ul each of dNTPs, 1 pl 10 umol/ul PnCPK1
(5'-GAACAGATCTTCCTCTCCCAGTT-3’) and PnCPK2
(5’-AGTTTGACTTGGGTCGTCTACCT-3') primers, 1 pl
cDNA, and 2.5 units Pfu DNA polymerase (Invitrogen).
The following protocol was used: 95°C for 5 min followed
by 35 cycles of 95°C for 30 s, 60°C for 30 s, and 74°C for
2 min, with a final extension of 7 min at 72°C.

The nucleotide sequence of PnCDPKI reported here is
available in GenBank under accession No. DQ319188.
Data analyses were performed in ClustalW (www.ebi.ac.
uk/clustalw) and BLAST 2.2 (www.ncbi.nlm.nih.gov/
BLAST).

Gene Expression Analysis

Semiquantitative RT-PCR analysis was performed to ana-
lyze the expression of the PnCDPKI gene. Total RNA was
isolated from particular plant material with the GeneMA-
TRIX Universal RNA Purification Kit (Eurx), then the
RNA sample (1 pg) was reverse transcribed with the
MMLYV RT enzyme (Epicentre) at 37°C for 1 h. PCR was
conducted at the linearity phase of the exponential reaction
for each gene. The gene-specific primer pairs homologous
to the 3’ UTR (untranslated region) of PnCDPKI ¢cDNA
were as follows: for PnCDPKI, the forward primer was
5"-TTGTGTCGTGTTGCAATGTG-3' and the reverse pri-
mer was 5'-CAGCAGCACAACCTCTCAAA-3', and for
the actind gene, the forward primer was 5'-GAATTCGA-
TATCCGAAAAGACTTGTATGG-3' and the reverse pri-
mer was 5'-GAATTCCATACTCTGCCTTGGCAATC-3'.
The Actin4d expression level was used as a quantitative
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control. The specificity of the PnCDPKI RT-PCR product
was confirmed by cloning and DNA sequencing.

The computer application used for the analysis was
Quantity One (BioRad), and for the calculations and graphs
we used SigmaPlot 2001 v7.0 (SPSS Inc.).

Expression and Purification of GST-PnCDPK1 Fusion
Protein

The open reading frame (ORF) of PnCDPKI cDNA was
amplified by PCR with primers introducing Xhol restriction
sites (5'-AAACTCGAGAAATGGGGAGTTGTAACAGC
ATAC-3' and 5-AAACTCGAGTCATCTACGACGCCTA
TTAATGACC-3'). The PCR product was introduced into
the plasmid pTZ57R/T (Fermentas) and verified by DNA
sequencing. For expression of GST-PnCDPK] in bacteria,
the PnCDPKI ORF was cut from pTZ57R/T and inserted
into the pGEX-6P2 (GE Healthcare) expression vector at
the Xhol restriction site and the proper orientation of the
cloned cDNA was checked by sequencing. The E. coli
BL21 strain, transformed with the resulting plasmid, was
used to produce the GST-tagged protein. The expression of
the fusion protein was induced by the addition of isopropyl
f-D-thiogalactoside (IPTG) to a final concentration of
1 mM and incubated at 24°C for 3.5 h. The bacteria cells
were collected by centrifugation, suspended in lysis buffer
[50 mM Tris-HCI (pH 8.0), 150 mM NaCl, 5 mM EDTA,
0.5% (v/v) NP-40, 1 mM PMSF, and 0.2 mg ml~" lyso-
zyme], and disrupted by sonication. The soluble fraction
was separated by centrifugation at 12,000 g for 10 min at
4°C and the GST-tagged proteins were adsorbed onto
glutathione—Sepharose 4B beads (GE Healthcare). After
washing the column with buffer containing 50 mM Tris-
HCI (pH 8.0), 150 mM NaCl, the GST-PnCDPK1 complex
was either eluted with 10 mM glutathione in 50 mM Tris-
HCI (pH 8.0), or PnCDPK1 was released from the fusion
protein by proteolytic cleavage of the protein with Pre-
Scission protease (GE Healthcare Life Sciences) following
the manufacturer’s instructions. For control expression the
pGEX-6P2 vector was used or GST alone was purified as
described above.

Electrophoresis and Western Blot Analysis

The homogeneity and purity of eluted protein fractions
were analyzed by 12% (v/v) SDS-PAGE (Laemmli 1970)
and gels were stained with Coomassie Blue. For Western
blot analysis, proteins resolved by SDS-PAGE were
transferred onto polyvinylidene fluoride (PVDF) mem-
branes (Hybond-P, GE Healthcare) using the semidry
system (BioRad) in 25 mM Tris, 192 mM glycine buffer
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(pH 8.3) with 20% (v/v) methanol. After blocking in TBS
buffer (20 mM Tris, 100 mM NaCl) containing 3% (w/v)
nonfat dry milk, the membrane was incubated with poly-
clonal anti-GST antibodies (1:15,000) (GE Healthcare) or
anti-CDPK antibodies (1:10,000) (Bachmann and others
1996). The Western blots were visualized with horseradish
peroxidase-conjugated secondary anti-goat IgG (1:60,000)
for GST and anti-rabbit IgG antibodies (1:30,000) for
CDPK (Sigma-Aldrich). The blots were detected using a
chemiluminescence kit (ECL plus) following the manu-
facturer’s instructions (GE Healthcare).

PnCDPKI1 Activity

Protein kinase activity was determined as described pre-
viously by (Jaworski and others 2003), with minor modi-
fications. The standard reaction mix (50 pl) contained
50 mM Tris-HCI (pH 7.5), 10 mM MgCl,, 0.5 mg ml™"
histone III-S as a substrate, and 0.2 mM EGTA with or
without 0.25 mM CaCl,. The reaction was initiated by the
addition of 25 uM [y->?P] ATP (270 cpm/pmol) and the
mixture was incubated for 5 min at 30°C. Samples were
spotted onto a P-81 filter and washed with 5% (w/v) tri-
chloroacetic acid with 1 mM sodium pyrophosphate.
Radioactivity on the dried filters was determined by scin-
tillation counting (Wallac 1409, PerkinElmer). For some
experiments the reaction was terminated by addition of
sample buffer. The samples were boiled for 5 min and
subjected to 12% acrylamide gels. The dried gels were
autoradiographed with X-ray film.

To investigate the effect of CDPK inhibitors on the
PnCDPKI1 activity, calmidozolium, trifluoperazine, chlor-
promazine, and W-7 (Sigma-Aldrich) were added into the
reaction system at 0.1 mM concentration. The kinetic
analysis of PnCDPK1 was conducted as described above,
taking 0.2 pg of the purified enzyme. Assays were per-
formed in the presence of different concentrations of cal-
cium ions (0.2-0.3 mM) and histone III-S (0.025-
1 mg mlfl). The Ky s and V.« were determined from the
slopes and intercepts of the Lineweaver-Burk plots.
Kinetic parameters were determined by averaging two
independent assay results. Free calcium ion concentrations
were calculated by the MaxChelator (MAXCLITE v1.15)
computer program.

For assay kinase activity in-gel, 0.2 pg purified
PnCDPK1 protein was separated in 12% SDS-PAGE, with
histone ITI-S (0.5 mg ml™") added to the separation gel just
prior to polymerization. Proteins were denatured, rena-
tured, labeled in the presence of 50 pCi [**y-P] ATP
(4500 Ci/mmol) with 1 mM CaCl, or 1 mM EGTA, and
washed as described by Jaworski and others (2003). Gels
were dried and autoradiography was performed.

Results
Molecular Cloning of PnCDPKI

Pharbitis nil cDNA was isolated from etiolated roots using
a combination of RT-PCR strategies. PCR for the core
fragment was carried out using degenerate primers based
on conserved regions of CDPK. From the initial RT-PCR
reaction, PCR products (490 bp) corresponding to the core
fragment were cloned and sequenced. A full-length cDNA,
designated as PnCDPKI, was isolated using the RACE-
PCR. The PnCDPKI cDNA consisted of 1943 bp,
including a 36-bp 5’ UTR, a 331-bp 3’ UTR, and a poly(A)
tail of 30 bp. The ORF of PnCDPK cDNA contained a
1545-bp that encoded a 514-amino-acid peptide with a
theoretical molecular mass of 57.9 kDa and a pI of 5.8.
Using the program PESTFind (http://www.at.embnet.org/
embnet/tools/bio/PESTfind/), we identified a conserved
potential region called PEST sequence in the variable N-
terminal region of the PnCDPKI1 protein. This specific
amino acid sequence within the polypeptide is rich in
proline, glutamic acid, serine, and threonine and enhances
the rapid degradation of many proteins (Fig. 1). The PEST
region in PnCDPK1 (residues 1-27) scored +6.91 (PEST
scores greater than +5 are considered significant). More-
over, the potential myristoylation and palmitoylation sites
were noted in the N terminal.

The deduced P. nil CDPK protein has shown all the
characteristics of CDPKs of other plants. It contains a
highly variable N-terminal region, a conserved kinase
catalytic domain with 11 signature protein kinase subdo-
mains typical of the serine/threonine protein kinase family,

(1) MGSCNSIPSSPFAATSAGGESDPPFPKNDITVLPPSQPPPPRPFLSGVGR

(51) VLGRPMEDVHSTYIFGGELGRGOFGVTYLVIHRKTRERLACKSIATRKLL

{101) [SKDDVDDVRREVQIMHHLTGHRNIVELKGTYEDRNHVHLVMELCAGGELE|

(151) DRIIAKGHYSERAAAGLCRQMVIVLHYCHSMGVMHRDLKPENFLFLSSDE

(201) ESPLKhTDFGLSVFFKPGDTFKDLVGSAYYVAPEVLRRNYGPEADIWSAa

(251) WILYILLSGVPPFWGENEQSIFDAVLRGHLDFSSDPWESISSSAKDLVEE

(301} HLRSDPKERLSATDVLNHPWMREDGDBSDKPIDIBALSRHKQFREHNKLH

(351) KVALKVIAENLSEEEIIGLKEMFKSIDTDDSGTITYEELKAGLTKMGTKL
(401) SESEVRQLMEAADVDGNGTIDYLEFITATMHMNRVEREDHLYKAFEYFDK
(451) DKSGYITMEELEHSLKKYNITDEKTIKEIIVEVDTDNDGKINYDEFVAMM

(501) RKGTPDLVINRRRR*

Fig. 1 The predicted amino acid sequence of PnCDPK1. The kinase
domain is boxed and shaded, the autoinhibitory domain is boxed and
bolded, EF hands in the calmodulin-like domain are bolded and
underlined. The potential myristoylation and palmitoylation sites in
the N-terminal variable domain are in italics. The PEST sequence is
double underlined. Stop is indicated by an asterisk

@ Springer
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and an autoinhibitory domain joined to the C-terminal
CaM-like domain with four conserved Ca”"-binding EF
hands. Searching protein databases using BLASTX in
GenBank, it was found that the deduced protein sequence
of PnCDPK1 exhibited high homology to other CDPKs,
including Cucumis sativus CsCDPKS5 (81% identity),
Arabidopsis thaliana AtCDPKG6 (79%), Capsella rubella
CrCDPK (80%), and Triticum vulgare TaCDPK1 (77%)
(Fig. 2).

To assess the properties of PnCDPK1, the ORF of the
gene was expressed in E. coli BL21 as a glutathione S-
transferase (GST) fusion protein. The PnCDPKI ORF was
cloned into a pGEX-6P2 expression vector and the recom-
binant PnCDPKI was expressed in E. coli using the GST
fusion system. When protein expression was induced by
addition of IPTG, GST-PnCDPK1 emerged as a clear main
band with a molecular mass of 83 kDa, which was not
observed in control fractions (pGEX-PnCDPK1 without

i
F

Fig. 2 Rooted phylogenetic tree based on the amino acid sequences
illustrating the relationship between PnCDPK1 with selected CDPKs.
The length of each pair of branches represents the distance between
sequence pairs. The neighbor-joining tree was created in the
MEGAA4.1 program using complete protein sequences of different
CDPKs. The tree was rooted with the MpCDPK sequence. The amino
acid sequences and accession numbers are from PnCDPKI1 (Ipomoea
nil, DQ319188), CsCDPKS (Cucumis sativus, AY0227885), At-
CDPKG6 (Arabidopsis thaliana, NM118496), AtCDPK6 (Arabidopsis

McCPK1
LeCPK1
NtCDPK1
MsCDPK
OsCDPK2
ZmCDPK9
HbCDPK
I IpCDPK
StCDPK
[—= AtCDPK6
L— crcDPK
TaCDPK1
CsCDPK5
B
MpCDPK
I CpCDPK
1 PaCDPK
0,200

thaliana, NM118496), CpCDPK (Cucurbita pepo, U90262), LeCPK1
(Solanum lycopersicum, AJ308296), MsCDPK (Medicago sativa,
X96723), StCDPK (Solanum tuberosum, AF115406), IpCDPK
(Ipomoea batatas, D87707), CrCDPK (Capsella rubella, EF197847),
NtCDPK1 (Nicotiana tabacum, AF072908), ZmCDPK9 (Zea mays,
D85039), McCPK1 (Mesembryanthemum crystallinum, AF09835),
PaCDPKI1 (Phalaenopsis amabilis, EF555574), HbCDPK (Hordeum
brevisubulatum, DQ250026), OsCDPK2 (Oryza sativa, X81394),
TaCDPKI1 (Triticum aestivum, AJ621356)

kDa I + = = +
0. 18 B c
100 - 3 )
70. - — — < GST-PnCDPK1
55 - - v < PnCDPK1
45 - — E )
35- s B

-
25- S & — . <« GST
15- - - -

—
M 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5

Fig. 3 Purification of GST-PnCDPK1 fusion protein and GST-
PnCDPKI1 digested with PreScission protease. a Coomassie brilliant
blue-stained gel after protein separation on 12% SDS-PAGE. Lines 1
and 2: supernatant of non-IPTG-induced (—) and IPTG-induced (4)
E. coli BL21 containing the expression vector pGEX-6P2-PnCDPK1,
respectively. Line 3: purified GST-PnCDPKI1 fusion protein using
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GST-Sepharose 4B. Line 4: PnCDPKI1 recombinant protein after
digestion of fusion protein with PreScission protease. Line 5: GST
protein. b, ¢ Immunoblots of the same samples as in (a) using a GST-
specific antibody and anti-CDPK antibodies from soybean, respec-
tively. M protein molecular weight markers (kDa)
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IPTG application) (Fig. 3a, lane 3). When a sample of the
GST-PnCDPK1 fusion protein was digested with PreScis-
sion protease, one main 56.5-kDa band appeared, corre-
sponding to PnCDPKI1 (Fig. 3a, lane 4). Western blot
analysis showed that an anti-GST antibody reacted with the
83-kDa peptide as well as with GST (26 kDa) (Fig. 3b,
lanes 2, 3, and 5), demonstrating that the induced protein
was GST-PnCDPK1. Moreover, anti-soybean CDPK reac-
ted with both the 83-kDa fusion protein and the 56.5-kDa
protein (Fig. 3c, lanes 3 and 4). Based on the ability of these
polyclonal antibodies to recognize different CDPK iso-
forms in many plant species (Anil and others 2000; Pang
and others 2007), it was assumed that the detected Pharbitis
nil protein was also CDPK.

Fig. 4 Biochemical properties .
of recombinant PnCDPK1. a A kDa
Phosphorylation of histone III-S 130 -

by PnCDPK1 in vitro (I) and in 100 -

gel (II). Activity was assayed in 70 -

the presence of 1 mM Ca*™ (+)

or 1 mM EGTA (). Arrows 95 -

indicate the position of histone 45-

III-S phosphorylated by

PnCDPKI1 (I) and the position 35-
of kinase activity against

histone on the gel (IT). b Effect 25- ——. . “
of increasing concentration of

substrate (histone III-S,

range = 0-1.25 mg ml™") and

¢ micromolar Ca*" ions 15-
(range = 0-30 uM) on the

recombinant PnCDPK1 activity.

d Effects of various antagonists

on PnCDPKI1 activity. The

enzyme was tested in the

presence of 1 mM CaCl, using

0.5 mg ml™" of histone III-S as

Ca?* = +

The possibility that the recombinant protein was an
active enzyme was examined by in vitro and in-gel anal-
yses in the presence of histone III-S as a substrate. The
recombinant kinase was able to phosphorylate exogenous
substrate in a calcium-dependent manner, and its activity
was inhibited by EGTA (Fig. 4a). V.« in the presence of
histone III-S was 0.5 pmol min~' mg~" protein (Fig. 4b).
Activity of PnCDPK1 was totally dependent upon free
calcium ions and 50% of full activity was observed at the
concentration of 1.57 uM (Fig. 4c). Moreover, as shown in
Fig. 4d, the influence of CDPK inhibitors (0.1 mM)
(chlorpromazine, trifluoperazine, calmidozolium, and W-7)
on the activity of the recombinant enzyme was tested. All
of them significantly decreased the enzyme activity, with

Activity (umol min” mg")

0,00 0.25 0,50 0,75 100 1,25

Histone (mg mi™)

0.5
substrate. One-hundred percent c D ]
activity represents a specific
activity of 0.365 pmol min " -
mg~". Values are the means of ;_
- L e
three replicates. Bars represent = 1 80
standard error z
T o
- B oot
3 =
£ S
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3-. 40
z
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-
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04 FA—— ol Il om Bl ==
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%
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chlorpromazine, trifluoperazine, and calmidozolium caus-
ing the strongest inhibition.

Expression Analysis of PnCDPK]I in Pharbitis nil
Seedlings Grown under Various Light Conditions

To investigate the role of light conditions in the PnCDPK]
expression level during seed germination and seedling
growth, two different light regimes were analyzed. We
examined the PnCDPKI transcript in entire seeds and
during seedling growth in continuous light or darkness. In
addition, PnCDPKI mRNA concentration was analyzed in
excised organs: cotyledons, hypocotyls, and roots. A part
of the 3' UTR of PnCDPKI cDNA was used to ensure
gene-specific expression analysis.

The expression of PnCDPKI during seedling develop-
ment was examined at 24-h intervals (Fig. 5). There were

0 24 48 72 96 120

08 + + } t + t

144 (h)

I Dark
[ Light

Relative gene expression

Ib Gr D1 D2 D3 D4
Stages of seedling growth

DS 1B GR D1 D2 D3 D4

A - ACT
. = PnCOPK
B - - ACT

0 24 48 72 96 120 144h

Fig. 5 RT-PCR analyses of PnCDPK1 expression in different stages
of seedling growth. Total RNA was extracted from dry seeds (Ds,
0 h), imbibed seeds (Ib, 24 h), germination stage (Gr, 48 h), and
stages of seedling growth (D1-D4, 72-144 h) in darkness (a) and in
light (b). The actin4 transcript was amplified as a RT-PCR control.
The histograms show relative intensity of mRNA levels. Results are
the mean values of two independent experiments (each done in
triplicate assays); bars indicate standard deviation

@ Springer

no differences in PnCDPKI mRNA levels in plants grown
in light or dark conditions. The PnCDPK]I transcript was
high in dry and imbibed seeds; then, during germination a
significant decrease was noted, reaching a low steady-state
level during the next steps of seedling growth. The levels
of the actin4 transcript (internal control) did not show any
statistically significant variation, thereby validating the
results obtained.

Having established the variation in PnCDPKI mRNA
level during germination and seedling growth, we next
examined the expression level in 5-day-old seedling organs
(Fig. 6). The results revealed that a band of the expected
size (173 pb) was detected in all analyzed samples. With
the exception of hypocotyls, a reduction in the PnCDPK]I
mRNA level in the light-grown seedlings compared to that
in dark-grown seedlings was observed.

Expression Analysis under Photoperiodic Conditions

To answer the question of whether the expression of this
CDPK isoform changes in photoperiodic flower induction
conditions, PnCDPKI1 mRNA accumulation was measured
before and after a 16-h-long inductive night in entire
seedlings and cotyledons. In contrast to the seedlings and
cotyledons that were kept in light, the level of PnCDPK]I
mRNA increased after the dark treatment (Fig. 7).
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Fig. 6 RT-PCR analyses for PnCDPKI expression in vegetative
organs and entire 5-day-old seedlings. Total RNA was extracted from
plants grown in dark (D) and light (L). The actin4 transcript was
amplified as a RT-PCR control. The histograms show relative
intensity of mRNA levels. Results are the mean values of two
independent experiments (each done in triplicate assays); bars
indicate standard deviation
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night and 8 h of light. Total RNA was isolated from
cotyledons at 1-h intervals and the levels of mRNA were
determined by RT-PCR analysis (Fig. 8). The normalized
PnCDPKI to actin4 transcript ratio remained at a basal
level in light-grown cotyledons and changed during the
night. In such conditions, moving plants to the 16-h-long
night changed the amount of the transcript, reaching a
maximal level at the second and eighth hour of the night,
and then falling when plants were exposed to white light
(Fig. 8b). In control plants, which were grown in contin-
uous white light, the PnCDPKI mRNA concentration
remained at the same low level (Fig. 8a).

In addition, an examination was undertaken to discover
whether light also affects the mRNA level in cotyledons
already exposed to the darkness and to assess the possible
involvement of a specific light receptor—phytochrome.

Fig. 8 Dependence of PnCDPKI expression on light/dark conditions
in cotyledons of Pharbitis nil. RNA was isolated at the indicated
times and analyzed by RT-PCR. Section I shows selective expression
levels of PnCDPKI and section II depicts changes in the transcript
levels on 1.7% agarose gel. Actin4 (ACT) was used as a control of
equal loading of RNA. a Effect of white light on PnCDPKI mRNA
level. b Effect of darkness on PnCDPKI mRNA level. Five-day-old
seedlings grown under continuous light were placed in darkness for
16 h and then moved to the light. ¢ Effect of red light on PnCDPKI
gene expression. Plants exposed to a 16-h-long night were irradiated
for 5 min with red light in the middle of the night. Results are the
mean values of two independent experiments (each done in triplicate
assays); bars indicate standard deviation

Seedlings of P. nil exposed to a 16-h-long night were
treated with red (R) light in the middle of the night. The
interruption of the darkness by R significantly changed the
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level of PnCDPK1 mRNA (Fig. 8c). To determine whether
FR (far-red light) could reverse the effect of R, the same set
of experiments were performed and R and FR were added
in the middle of the 16-h-long night. The effectiveness of R
followed by FR was still very high (data not shown);
therefore, FR was not able to reverse the effect caused
by R.

Discussion

The physiological processes where Ca®" signaling has
been shown or inferred to play a role are numerous. As a
consequence, for a couple of years attention has been
focused on calcium effectors, of which CDPK seems to be
the most ubiquitous. Calcium-dependent signaling operates
at three levels. First, different stimuli can induce specific
calcium signatures (Sathyanarayanan and Poovaiah 2004;
Mazars and others 2009; McAinsh and Pittman 2009).
Second, variations in the Ca’" level will activate specific
calcium decoders, for example, CDPK isoforms, which can
be differentially expressed upon internal or external stim-
uli. Depending on the calcium signature, the extent and
duration of CDPK enzyme activation will vary and have a
direct effect on the phosphorylation of downstream targets
(Hrabak and others 2003; Klimecka and Muszyriska 2007;
Tuteja and Mahajan 2007). Third, CDPK participates in
cross-talk between signaling pathways (Ludwig and others
2004, 2005).

In light of our interest in studying the role of calcium-
dependent protein kinase in light signaling, we have cloned
cDNA that represents a member of the CDPK family.
PnCDPKI sequence analysis revealed high homology to
other known plant CDPKs and showed the characteristic
structural features of the CDPK family, including an
N-terminal variable domain with potential myristoylation
and palmitoylation sites, a conserved catalytic kinase
domain, an autoinhibitory junction domain, and a CaM-like
domain with four putative Ca®"-binding EF hands. The
motifs for myristoylation and palmitoylation suggest pos-
sible membrane-associated proteins. Such proteins are
OsCDPK2 from Avena sativa, CpCPK from Cucurbita
pepo, and LeCPK1 from Lycopersicon esculentum (Ellard-
Ivey and others 1999; Martin and Busconi 2000; Rutsch-
mann and others 2002). A rice isoform (OsCDPK14)
lacking this motif has been localized in the cytoplasm
(Zhang and others 2005). The PnCDPKI gene encodes
protein with a predicted molecular mass of 57.9 kDa.
Amino acid sequence alignment showed that the deduced
PnCDPKI1 protein had high homology to other known plant
CDPK proteins, especially CsCDPKS5 from Cucumis sati-
vus, AtCDPK6 from Arabidopsis thaliana, and CrCDPK
from Capsella rubella.
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PnCDPK1 was expressed in E. coli as a GST fusion
protein and was purified by affinity chromatography on
glutathione-Sepharose. The recombinant peptide was
cleaved from GST with a protease from the GST fusion
protein and assayed by SDS-PAGE and Western blot as a
single polypeptide, consistent with the predicted molecular
mass of 56.5 kDa (Fig. 3). This weight is similar to the
native mature PnCDPK, which migrated on SDS-PAGE
with a mobility corresponding to 54 kDa (Jaworski and
others 2003). The purified protein displays higher phos-
phorylation of histone III-S in the presence of Ca®" than in
the presence of EGTA, suggesting that PnCDPK1 is a
calcium-dependent protein kinase. Activity was stimulated
by the increasing concentration of Ca>" with a K, 5 of 1.57
uM and V. of 0.5 umol min~' mg™' protein and was
decreased by a calmodulin antagonist, what indicates that
this PnCDPK1 has a calmodulin-like domain (Li and
Kamatsu 2000). These results confirm that PnCDPK1 is
similar to some plant CDPKs with respect to enzymatic
properties (Lee and others 1998; Anil and others 2000;
Szczegielniak and others 2005; Zhang and others 2005).

In plants from which CDPK genes have been cloned,
these kinases are encoded by a multigene family. Most
CDPK isoforms are expressed constitutively and neither
organ nor tissue specificity was observed. However, for
some of them a unique, very restricted expression pattern
and enzyme activity in different organs or tissues at different
stages of growth and development were noted (Anil and
others 2000; Hrabak 2000). For example in maize, a specific
CDPK isoform is expressed only in the late stages of pollen
development (Estruch and others 1994) and another isoform
is expressed in very rapidly growing tissue (Abbasi and
others 2004). In Nicotiana tabaccum, NtCDPK4 is present
in rapidly growing tissues such as root tip and lateral root
primordia (Lee and others 2003). A rice calcium-dependent
protein kinase called SPK is expressed uniquely in the
endosperm of developing seeds (Asano and others 2002).

The PnCDPKI mRNA level significantly changed in
seeds and during seedling growth. It was high in dry and
imbibed seeds as well as during germination and dropped
during the next stages of seedling growth. These observa-
tions imply that this gene encodes protein that is prefer-
entially expressed in dry and imbibed seeds. It probably is
involved in the mechanism of germination and high accu-
mulation of its transcript is necessary for fast CDPK syn-
thesis at that time. PnCDPKI may also be involved in
mobilization of starch during imbibition and early stages of
seedling growth. Earlier reports already suggested that
some isoforms of CDPK are implicated in the regulation of
starch synthesis and/or breakdown (Huber and others 1996;
Iwata and others 1998; Harmon and others 2000).

Some CDPKs exhibit differences in expression and
activity as a consequence of changes in light growth
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conditions (Klimecka and Muszynska 2007). The ubiqui-
tous expression of A. thaliana isoforms AtCDPK3, At-
CDPK9, and AtCDPK12 has been shown to occur in roots,
stems, leaves, and flowers; however, only expression of
AtCDPK9 was downregulated by light (Hong and others
1996). The differences in expression were also observed
for maize ZmCDPK7 and ZmCDPK9 and the transcript
level was much higher in etiolated leaves than in green
ones, suggesting that some CDPK isoforms may be regu-
lated by light (Saijo and others 1997). The Cucumis sativus
CsCDPK3 mRNA level was high in dark-grown organs,
whereas exposure to light caused downregulation of tran-
script levels in hypocotyls and roots, unlike in cotyledon
tissue where light had an upregulatory effect (Ullanat and
Javabaskaran 2002). Ellard-Ivey and others (1999) reported
on the organ-specific and light-regulated expression of the
Cucurbita pepo CpCDPKI gene, with high levels of
CpCDPKI mRNA apparent in etiolated hypocotyls and
hooks but low levels in cotyledons. In rice, Frattini and
others (1999) have demonstrated the differential expression
of OsCDPKII and OsCDPK2 in response to light expo-
sure. Although mRNA of OsCDPKII was unaffected by
light, OsCDPK?2 was closely associated with light percep-
tion. The level of OsCDPK2 mRNA was low in green
leaves exposed to light and increased dramatically during
the 2 h when plants were shifted to darkness (Morello and
others 2000). As shown in Fig. 6, the PnCDPK] transcript
is present in variable levels in all analyzed organs. Whereas
in hypocotyls light/dark-induced differences are barely
seen, in roots and cotyledons the level of mRNA in light-
and dark-grown seedlings is different and light was found
to downregulate the PnCDPK] transcript level. Such dis-
tribution patterns of mRNA PnCDPKI may suggest a role
for this isoform in different tissues in regulating cellular
function.

In this article we also addressed the question of whether
photoperiodic  conditions influence expression of
PnCDPKI in P. nil cotyledons. To get the answer the
abundance of its mRNA was tested under short-day con-
ditions (8 h light/16 h dark). In cotyledons, the PnCDPK1
mRNA level showed oscillations during the night so that its
concentration started to rise just after moving plants to the
dark and reached its maximal level at the second and eighth
hour of darkness. By contrast, the transcript of this gene
was on a steady-state level in plants grown under contin-
uous light. If PnCDPK] expression is associated with light/
dark conditions, mRNA levels should change after modi-
fying the light regime. It was noted that PnCDPKI
expression decreased markedly after red-light irradiation
but the reaction was not reversed by subsequent far-red-
light treatment. It is known that far-red light reverses the
effects induced by red light if it is used after red-light
illumination and that the reaction is dependent on

phytochromes (Thomas 2006). Such reactions were found
not only for the flowering of short-day plants (Furuya and
Schifer 1996) but also for the phytochrome-dependent
swelling and Ca’" accumulation in wheat protoplasts
(Bossen and others 1990) and oat (Sokolovsky and others
1996). Also, the R/FR reversibility of the phytochrome-
dependent increase in the cGMP level was revealed in oat
(Volotovsky and others 2003) and Pharbitis nil (Szmidt-
Jaworska and others 2004; Szmidt-Jaworska and others
2008). Failure to reverse the effect of the R pulse by the FR
pulse may be due to already R-induced irreversible
responses. These results suggest that red light is the dom-
inant factor in the modulation of the PnCDPKI mRNA
level and that a red-light receptor is involved in the light/
dark induction of the PnCDPK1 gene. On the other hand, it
indicates that PnCDPKI expression is also highly regu-
lated at the level of mRNA turnover and suggests that the
photoresponse of CDPK activity is regulated primarily at a
transcriptional level rather than at the enzymatic level.
The flowering behavior of such treated plants was
already measured (Szmidt-Jaworska and others 2004) by
scoring the number of flower buds. The control plants that
were not exposed to night break produced about six flower
buds, whereas plants exposed to night break produced no
flower buds. At the moment there is no direct evidence
to support the hypothesis that the transcript level of
PnCDPK]I plays a direct role in flowering responses of
P. nil. However, we can say that a light/dark-sensitive
mechanism accelerates or reduces transcription of this
gene. We are currently in the process of elucidating the
biological role of PnCDPK1, with particular emphasis on
Ca*"/CDPK-dependent promotion of flowering.

Acknowledgment This work was supported by the Nicolaus
Copernicus University grants 352-B, 455-B, and 477-B.

References

Abbasi F, Onoder H, Toki S, Tanaka H, Komatu S (2004) OsCDP13,
a calcium-dependent protein kinase gene from rice, is induced by
cold and giberellin in rice leaf sheath. Plant Mol Biol 55:41-552

Anil VS, Harmon AC, Rao SK (2000) Spatio-temporal accumulation
and activity of calcium-dependent protein kinase during embryo-
genesis, seed development, and germination in sandalwood.
Plant Physiol 123:1301-1311

Asano T, Kunieda N, Omura Y, Ibe H, Kawasaki T, Takano M, Sato
M, Furuhashi H, Mujin T, Takaiwa F, Wu CY, Tada Y,
Satozawa K, Sakamoto M, Shimada H (2002) Rice SPK, a
calmodulin-like domain protein kinase, is required for storage
product accumulation during seed development: phosphorylation
of sucrose synthase is a possible factor. Plant Cell 14:619-628

Bachmann M, Shiraishi N, Campbell WH, Yoo BC, Harmon AC,
Huber SC (1996) Identification of Ser-543 as the major
regulatory phosphorylation site in spinach leaf nitrate reductase.
Plant Cell 8:505-517

@ Springer



326

J Plant Growth Regul (2010) 29:316-327

Bossen ME, Kendrick RE, Vredenberg WJ (1990) The involvement
of a G-protein in phytochrome-regulated, Ca>"-dependent
swelling of etiolated wheat protoplast. Physiol Plant 80:55-62

Chehab EW, Patharkar OR, Hegeman AD, Taybi Y, Cushman JC
(2004) Autophosphorylation and subcellular localization dynam-
ics of a salt- and water deficit-induced calcium-dependent
protein kinase from ice plant. Plant Physiol 135:1430-1446

Cheng SH, Willmann MR, Chen HC, Sheen J (2002) Calcium
signaling through protein kinases. The Arabidopsis calcium-
dependent kinase gene family. Plant Physiol 129:469-485

Ellard-Ivey M, Hopkins RB, White TJ, Lomax TL (1999) Cloning,
expression and N-terminal myristoylation of CpCPKI1. a cal-
cium-dependent protein kinase from zucchini (Cucurbita pepo
L.). Plant Mol Biol 39:199-208

Estruch JJ, Kadwell S, Merlin E, Crossland L (1994) Cloning and
characterization of maize pollen-specific calcium-dependent
calmodulin-independent protein kinase. Proc Natl Acad Sci
USA 91:8837-8841

Frattini M, Morello L, Breviario D (1999) Rice calcium-dependent
protein kinase isoforms OsCDPK2 and OsCDPKI11 show
different response to light and different expression patterns
during seed development. Plant Mol Biol 41:753-764

Furuya M, Schifer EB (1996) Photoperception and signalling of
induction reactions by different phytochromes. Trends Plant Sci
1:301-307

Harmon AC, Putman-Evans C, Cormier MJ (1987) A calcium-
dependent but calmodulin-independent protein kinase from
soybean. Plant Physiol 83:830-837

Harmon AC, Gribskov M, Harper JF (2000) CDPKs—a kinase for
every Ca’** signal? Trends Plant Sci 5:154-159

Hong Y, Takano M, Liu CM, Gasch A, Chye ML, Chua NH (1996)
Expression of three members of the calcium-dependent protein
kinase gene family in Arabidopsis thaliana. Plant Mol Biol
30:1259-1275

Hrabak EM (2000) Calcium-dependent protein kinases and their
relatives. Adv Bot Res 32:185-223

Hrabak EM, Chan CWM, Gribskov M, Harper JF, Choi JH, Halford
N, Kudla J, Luan S, Nimmo HG, Sussman MR, Thomas M,
Walker-Simmons K, Zhu JK, Harmon AC (2003) The Arabid-
opsis CDPK-SnRK superfamily of protein kinases. Plant Physiol
132:666-680

Huber SC, Huber JL, Liao PC, Gage DA, McMichael RW Jr, Chourey
PS, Hannah LC, Koch K (1996) Phosphorylation of serine-15 of
maize leaf sucrose synthase: occurrence in vivo and possible
regulatory significance. Plant Physiol 112:793-802

Ishida S, Yuasa T, Nakata M, Takahashi Y (2008) A tobacco calcium-
dependent protein kinase, CDPKI, regulates the transcription
factor REPRESSION OF SHOOT GROWTH in response to
gibberellins. Plant Cell 20:3273-3288

Ivashuta S, Liu J, Liu J, Lohar D, Haridas S, Bucciarelli B,
Vandenbosch K, Vance C, Harrison M, Gantt J (2005) RNA
interference identifies a calcium-dependent protein kinase
involved in Medicago truncatula root development. Plant Cell
17:2911-2921

Iwata Y, Kuriyama M, Nakakita M, Kojima H, Ohto M, Nakamura K
(1998) Characterization of a calcium-dependent protein kinase
of tobacco leaf that is associated with the plasma membrane and
is inducible by sucrose. Plant Cell Physiol 39:1176-1183

Jaworski K, Szmidt-Jaworska A, Tretyn A, Kopcewicz J (2003)
Biochemical evidences for a calcium-dependent protein kinase
in Pharbitis nil and its involvement in photoperiodic flower
induction. Phytochemistry 62:1047-1055

Klimecka M, Muszyiriska G (2007) Structure and functions of plant
calcium-dependent protein kinases. Acta Biochim Pol 54:219—
233

@ Springer

Kumar KG, Ullanat R, Jayabaskaran C (2004) Molecular cloning,
characterization. tissue-specific and phytohormone-induced
expression of calcium-dependent protein kinase gene in cucum-
ber (Cucumis sativus L.). J Plant Physiol 161:1061-1071

Kuntz C, Chang A, Faure JD, Clarke AE, Polya GM, Anderson MA
(1996) Phosphorylation of a style S-Rnases by Ca>*-dependent
protein kinases from pollen tubes. Sex Plant Reprod 9:25-34

Laemmli UK (1970) Cleavage of structural proteins during the
assembly of the heat of bacteriophage T4. Nature 227:680-685

Lee JY, Yoo BC, Harmon AC (1998) Kinetic and calcium-binding
properties of three calcium-dependent protein kinase isoenzymes
from soybean. Biochemistry 19:6801-6809

Lee SS, Cho HS, Yoon GM, Ahn JW, Kim HH, Pai HS (2003)
Interaction of NtCDPK1 calcium-dependent protein kinase with
NtRpn regulatory subunit of the 26S proteasome in Nicotiana
tabacum. Plant J 33:825-840

Li WG, Kamatsu S (2000) Cold stress-induced calcium-dependent
protein kinase(s) in rice (Oryza sativa L.) seedling stem tissues.
Theor Appl Genet 101:355-363

Li AL, Zhu YF, Tan XM, Wang X, Wei B, Guo HZ, Zhang ZL, Chen
XB, Zhao GY, Kong XY, Jia JZ, Mao L (2008) Evolutionary and
functional study of the CDPK gene family in wheat (Triticum
aestivum L.). Plant Mol Biol 66:429-443

Liu J, Yu J, McIntosh L, Kende H, Zeevaart JA (2001) Isolation of a
CONSTANS ortholog from Pharbitis nil and its role in
flowering. Plant Physiol 125:1821-1830

Ludwig AA, Romeis T, Jones JD (2004) CDPK-mediated signalling
pathways: specificity and cross-talk. J Exp Bot 55:181-188

Ludwig AA, Saitoh H, Felix G, Freymark G, Miersch O, Wasternack
C, Boller T, Jones JD, Romeis T (2005) Ethylene-mediated
cross-talk between calcium-dependent protein kinase and MAPK
signaling controls stress responses in plants. Proc Natl Acad Sci
USA 102:10736-10741

Martin ML, Busconi L (2000) Membrane localization of a rice
calcium-dependent protein kinase (CDPK) is mediated by
myristoylation and palmitoylation. Plant J 24:429-435

Mazars C, Bourque S, Mithofer A, Pugin A, Ranjeva R (2009)
Calcium homeostasis in plant cell nuclei. New Phytol 181:261—
274

McAinsh MR, Pittman JK (2009) Shaping the calcium signature. New
Phytol 181:275-294

Morello L, Frattini M, Gian1 S, Christou P, Breviario D (2000)
Overexpression of the calcium-dependent protein kinase Os-
CDPK2 in transgenic rice is repressed by light in leaves and
disrupts seed development. Transgenic Res 9:453-462

Mori I, Murata Y, Yang Y, Munemasa S, Wang Y, Andreoli S, Tiriac
H, Alonso J, Harper J, Ecker J, Kwak J, Schroeder J (2006)
CDPKs CPK6 and CPK3 function in ABA regulation of guard
cell S-type anion- and Ca(**)-permeable channels and stomatal
closure. PLoS Biol 4:1749-1762

Myers C, Romanowsky SM, Barron YD, Garg S, Azuse CL, Curran
A, Davis RM, Hatton J, Harmon AC, Harper JF (2009) Calcium-
dependent protein kinases regulate polarized tip growth in pollen
tubes. Plant J 59:528-539

Pang X, Halaly T, Crane O, Keilin T, Keren-Keiserman A,
Ogrodovitch A, Galbraith D, Or E (2007) Involvement of
calcium signalling in dormancy release of grape buds. J Exp Bot
58:3249-3262

Raices M, Chico JM, Téllez-Iion MT, Ulloa RM (2001) Molecular
characterization of StCDPKI1, a calcium-dependent protein
kinase from Solanum tuberosum that is induced at the onset of
tuber development. Plant Mol Biol 46:591-601

Raices M, Gargantini PR, Chinchilla D, Crespi M, Téllez-Inén MT,
Ulloa RM (2003) Regulation of CDPK isoforms during tuber
development. Plant Mol Biol 52:1011-1024



J Plant Growth Regul (2010) 29:316-327

327

Reddy ASN (2001) Calcium: silver bullet in signalling. Plant Sci
5:381-404

Rudd JJ, Franklin-Tong VE (2001) Unravelling response specificity in
Ca”* signaling pathways in plant cells. New Phytol 151:7-33

Rutschmann F, Stalder U, Piotrowski M, Oecking C, Schaller A
(2002) LeCPK1, a calcium-dependent protein kinase from
tomato. Plasma membrane targeting and biochemical character-
ization. Plant Physiol 129:156-168

Saijo Y, Hata S, Sheen J, Izui K (1997) cDNA cloning and
prokaryotic expression of maize calcium-dependent protein
kinases. Biochim Biophys Acta 1350:109-114

Sathyanarayanan PV, Poovaiah BW (2004) Decoding Ca>* signals in
plants. CRC Crit Rev Plant Sci 23:1-11

Sokolovsky SG, Yatsevich OV, Volotovsky ID (1996) Implication of
universal messenger in phytochrome-mediated control of Ca®"
uptake by protoplasts. Russ J Plant Physiol 43:883-886

Szczegielniak J, Klimecka M, Piwosz A, Ciesielski A, Kaczanowski
S, Dobrowolska G, Hormon AC, Muszynska G (2005) A wound-
responsive and phospholipid-regulated maize calcium-dependent
protein kinase. Plant Physiol 139:1970-1983

Szmidt-Jaworska A, Jaworski K, Tretyn A, Kopcewicz J (2004) The
involvement of cyclic GMP in the photoperiodic flower induc-
tion of Pharbitis nil. J Plant Physiol 161:277-284

Szmidt-Jaworska A, Jaworski K, Kopcewicz J (2006) The involve-
ment of cyclic ADPR in photoperiodic flower induction of
Pharbitis nil. J Plant Growth Regul 25:233-244

Szmidt-Jaworska A, Jaworski K, Kopcewicz J (2008) The involve-
ment of cyclic GMP in phytochrome-controlled flowering of
Pharbitis nil. J Plant Physiol 165:858-867

Thomas B (2006) Light signals and flowering. J Exp Bot 57:3387—
3393

Tretyn A, Czaplewska J, Cymerski M, Kopcewicz J, Kednrick R
(1994) The mechanism of calcium action on flower induction in
P. nil. Physiol Plant 80:388-392

Tuteja N, Mahajan S (2007) Calcium signaling network in plants: an
overview. Plant Signal Behav 2:79-85

Ullanat R, Javabaskaran C (2002) Distinct light-, cytokinin- and
tissue-specific regulation of calcium-dependent protein kinase
gene expression in cucumber (Cucumber sativus). Plant Sci
162:153-163

Volotovsky ID, Dubovskaya LV, Molchan OV (2003) Photoreceptor
phytochrome regulates the cyclic guanosine 3’,5'-monophos-
phate synthesis in Avena sativa L. cells. Bull J Plant Physiol
29:3-12

Yoon G, Dowd P, Gilroy S, McCubbin A (2006) Calcium-dependent
protein kinase isoforms in Pefunia have distinct functions in
pollen tube growth, including regulating polarity. Plant Cell
18:867-878

Zhang T, Wang Q, Chen X, Tian C, Wang X, Xing T, Li Y, Wang Y
(2005) Cloning and biochemical properties of CDPK gene
OsCDPK14 from rice. J Plant Physiol 162:1149-1159

Zhu S, Yu X, Wang X, Zhao R, Li Y, Fan R, Shang Y, Du S, Wang X,
Wu F, Xu Y, Zhang X, Zhang D (2007) Two calcium-dependent
protein kinases, CPK4 and CPK11, regulate abscisic acid signal
transduction in Arabidopsis. Plant Cell 19:3019-3036

@ Springer



	Expression of Calcium-Dependent Protein Kinase Gene (PnCDPK1) is Affected by Various Light Conditions  in Pharbitis nil Seedlings
	Abstract
	Introduction
	Materials and Methods
	Plant Material and Light Treatments
	Molecular Cloning of PnCDPK1
	Gene Expression Analysis
	Expression and Purification of GST-PnCDPK1 Fusion Protein
	Electrophoresis and Western Blot Analysis
	PnCDPK1 Activity

	Results
	Molecular Cloning of PnCDPK1
	Expression Analysis of PnCDPK1 in Pharbitis nil Seedlings Grown under Various Light Conditions
	Expression Analysis under Photoperiodic Conditions

	Discussion
	Acknowledgment
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


