A Wound-Responsive and Phospholipid-Regulated
Maize Calcium-Dependent Protein Kinase!'"!

Jadwiga Szczegielniak, Maria Klimecka, Aneta Liwosz, Arkadiusz Ciesielski, Szymon Kaczanowski,
Grazyna Dobrowolska, Alice C. Harmon, and Grazyna Muszynska*

Institute of Biochemistry and Biophysics, Polish Academy of Sciences, 02-106 Warsaw, Poland (J.S., M.K,,
AL, AC, SK, GD. GM.); and Department of Botany, University of Florida, Gainesville, Florida (A.C.H.)

Using protein sequence data obtained from a calcium- and phospholipid-regulated protein kinase purified from maize (Zea mays),
we isolated a cDNA encoding a calcium-dependent protein kinase (CDPK), which we designated ZmCPK11. The deduced amino
acid sequence of ZmCPK11 includes the sequences of all the peptides obtained from the native protein. The ZmCPK11 sequence
contains the kinase, autoregulatory, and calmodulin-like domains typical of CDPKs. Transcripts for ZmCPKI11 were present in
every tested organ of the plant, relatively high in seeds and seedlings and lower in stems, roots, and leaves. In leaves, kinase
activity and ZmCPK11 mRNA accumulation were stimulated by wounding. The level of ZmCPK11 is also increased in noninjured
neighboring leaves. The results suggest that the maize protein kinase is involved in a systemic response to wounding. Bacterially
expressed glutathione S-transferase (GST)-ZmCPK11 was catalytically active in a calcium-dependent manner. Like the native
enzyme, GST-ZmCPK11 was able to phosphorylate histone III-S and Syntide 2. Phosphorylation of histone was stimulated by
phosphatidylserine, phosphatidylinositol, and phosphatidic acid, whereas phosphatidylcholine, lysophosphatidylcholine,
phosphatidylethanolamine, diolein, and cardiolipin did not increase the enzymatic activity. Autophosphorylation of
GST-ZmCPK11 was stimulated by calcium and by phosphatidic acid and, to a lesser extent, by phosphatidylserine.
Phosphatidylcholine did not affect autophosphorylation. These data unequivocally identify the maize phospholipid- and
calcium-regulated protein kinase, which has protein kinase C-like activity, as a CDPK, and emphasize the potential that other
CDPKs are regulated by phospholipids in addition to calcium.

Calcium is an important secondary messenger in sig-
naling pathways that respond to hormonal and envi-
ronmental stimuli (Evans et al., 2001; Sanders et al.,
2002). An external signal that increases the cytoplas-
mic calcium concentration can initiate many cellular
regulatory processes. The molecular decoders of calcium
signals are the calcium-binding proteins, which include
protein kinases regulated by calcium. One class of these
kinases in plants is the calcium-dependent protein ki-
nases (CDPKs), also known as the calmodulin-like domain
protein kinases (CPKs). The CDPKs are widespread in
plants, present in parasites (Plasmodium falciparum),
but absent in yeast (Saccharomyces cerevisiae), nema-
todes (Caenorhabditis elegans), insects (Drosophila mela-
nogaster), and mammals (Homo sapiens; Harmon et al.,
2000; Harper et al., 2004).
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CDPK protein sequences include five domains:
N-terminal variable domain, catalytic domain, junc-
tion domain (JD), calmodulin-like domain (CLD), and
C-terminal domain. The catalytic domain of CDPKs is
characteristic of Ser/Thr protein kinases. The JD is an
autoinhibitory domain, which is a basic region com-
posed of 31 amino acids that functions as a pseudo-
substrate. The CLDs of typical CDPKs are composed
of four EF-hand calcium-binding motifs and share 30%
to 40% amino acid sequence identity with plant and
animal calmodulins. Binding of calcium ions to the CLD
causes conformational changes in the protein, leading
to removal of the pseudosubstrate sequence from the
active site and activation of the enzyme. The N- and
C-terminal domains are variable, differing in their length
and amino acid composition among various CDPK
isoenzymes. It has been suggested that these variable
domains determine the specific functions of individual
CDPKs (Harmon et al., 1994; Harper et al., 1994).

Activity of some CDPKs can be stimulated by lipids.
Activities of a CDPK bound to the cell membrane
of oat (Avena sativa) and of AtCPK1 (formerly AK1)
from Arabidopsis (Arabidopsis thaliana) are stimulated
by phosphatidylinositol (PI), lysophosphatidylcholine
(LysoPC), and a crude lipid fraction (Schaller et al.,
1992; Harper et al., 1993). A CDPK purified from maize
(Zea mays) seedlings is stimulated by PI and phospha-
tidylserine (PS; Szczegielniak et al., 2000), and a re-
combinant CDPK from Daucus carota (DcCPK1) is
stimulated by PS and phosphatidic acid (PA; Farmer
and Choi, 1999). The stimulation of CDPK activity by
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membrane lipids suggests that membrane association
is a factor that contributes to CDPK activity. Phospho-
lipids that are involved in plant cell signaling path-
ways are rapidly produced in response to stress.
Subsequently, the newly synthesized lipids can acti-
vate enzymes by recruiting them to membrane sites or
by increasing the local enzyme concentrations such
that regulatory interactions are promoted (for review,
see Meijer and Munnik, 2003). N-myristoylation and
-palmitoylation of defined amino acid residues at the
N terminus of some CDPKs are necessary for targeting
to the membrane and promote protein-membrane as-
sociation (Ellard-Ivey et al., 1999; Martin and Busconi,
2000). Of the 34 isoforms of CDPK in Arabidopsis,
27 are predicted to have N-myristoylation motifs
(for review, see Hrabak et al., 2003), and membrane
localization for many CDPKs has been demonstrated
(Martin and Busconi, 2000; Romeis et al., 2001; Lu and
Hrabak, 2002; Dammann et al., 2003).

In addition to a role in regulation of the activity of
metabolic enzymes (for review, see Cheng et al., 2002;
Harper et al., 2004), CDPKs could play essential roles in
both abiotic and biotic stress signal transduction path-
ways (for review, see Ludwig et al., 2004). In different
plant species, abiotic stresses activate transcription of
various CDPKs (Monroy and Dhindsa, 1995; Yoon et al.,
1999; Patharkar and Cushman, 2000; Saijo et al., 2000;
Chico et al., 2002). Cold, salinity, and drought stresses
cause an increase in the transcripts encoding AtCDPK10
and AtCDPKI11 of Arabidopsis (Urao et al., 1994).
Expression of genes encoding CDPKs is induced in
Vigna radiata after mechanical stress (Botella et al., 1996)
and in the moss Funaria hygrometrica during nutrient
deficiency of nitrogen, sulfur, or phosphate (Mitra and
Johri, 2000). Apart from an increase in the level of
transcripts, various stresses have been found to directly
activate CDPKs. For example, in rice (Oryza sativa), low
temperatures activate a CDPK bound to membranes.
This kinase is activated 10 to 20 h after the start of cold
treatment, which suggests a role for this enzyme in
adaptation to low temperatures (Martin and Busconi,
2001). In transgenic rice, overexpression of another
CDPK, OsCDPKY7, increases the tolerance of cold,
salinity, and drought (Saijo et al., 2000, 2001). Using
a transient expression assay in maize leaf protoplasts,
Sheen demonstrated that CDPKs are involved in plant
responses to abiotic stresses and abscisic acid (ABA)
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treatment. It was shown that two isoforms of CDPK,
AtCDPK1 (also known as AtCPK10) and AtCDPKla
(also known as AtCPK30), are involved in responses to
ABA, cold, darkness, and salinity signals (Sheen, 1996).

CDPKs also participate in signaling during the early
stages of pathogen recognition leading to activation of
plant defense mechanisms. Pathogen response pathways
are often activated by interaction between a pathogen-
encoded elicitor (such as the Cladosporium fulvum Avr 9
peptide) and a plant-encoded receptor (such as the
tomato [Lycopersicon esculentum] Cf-9 resistance pro-
tein). This interaction in Cf-9 transgenic tobacco (Ni-
cotiana tabacum) leads to activation by phosphorylation
of CDPK (NtCDPK2), suggesting that CDPKs play an
essential role in a plant defense response (Romeis et al.,
2000, 2001; Ludwig et al., 2004). Although several po-
tential pathogen-related CDPK targets have been dis-
cussed in the literature, including H ' -ATPase (Schaller
and Oecking, 1999), ion channels, and NADPH oxi-
dase, direct evidence for the involvement of NtCDPK2
in the regulation of these enzymes is lacking.

We identified a 54-kD CDPK in maize seedlings
(previously called ZmCPKp54). This kinase is stim-
ulated by PS and PI in addition to calcium ions
(Szczegielniak et al., 2000). Stimulation of the activity
by calcium and PS, a phospholipid that is essential for
the activity of protein kinase C (PKC) in animal cells,
suggests that the maize protein kinase is involved in
signal transduction in plant cells. Therefore, studies
concerning its molecular characterization and biolog-
ical role were undertaken.

RESULTS

Purification and Microsequencing of a Calcium- and
Phospholipid-Activated Protein Kinase

Purification of the protein kinase with a relative mo-
lecular mass of 54 kD was based on the previously elab-
orated procedure (Szczegielniak et al., 2000) with some
modifications. This procedure included hydrophobic-
interaction chromatography (octyl-Sepharose), ion-
exchange chromatography (DEAE-52 and Mono Q), and
affinity chromatography on immobilized substrates
(Histone H1-Sepharose and myelin basic protein
[MBP]-Sepharose; Table I). The protein kinase was

Table 1. Purification of calcium and phospholipid-regulated protein kinase from maize seedlings

The activity was measured in the presence of Ca?* with or without phospholipids. The total and specific activities for histone I1I-S phosphorylation
were calculated in the presence of Ca?* and PS, and fold stimulation is relative to activity in the presence of calcium ions alone.

Step of Purification Protein Total Activity Specific Activity Stimulation by Lipids Fold Purification Recovery
mg nmol min~' nmol min™" mg™' fold %
Homogenate 4,627 5,090 1 1.0 1 100
Octyl-Sepharose 60 1920 32 1.2 29 37
DEAE-52-Cellulose 36 1,440 40 2.0 36 28
Histone H1-Sepharose 3 360 120 3.0 109 7
Mono Q on FPLC 0.15 80 530 3.0 482 1
MBP-Sepharose 0.06 55 917 3.0 834 1
Plant Physiol. Vol. 139, 2005 1971
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Figure 1. The deduced amino acid sequence of ZmCPK11 is aligned with OsCDPK (accession no. AY144497) from rice, SK5
(CDPKa) from soybean (Harper et al., 1991), AtCPK1 from Arabidopsis (Harper et al., 1993), NtCDPK2 from tobacco (Romeis
et al., 2001), ZmCPK10 from maize (Murillo et al., 2001), OsCDPK?7 from rice (Saijo et al., 2000), and LeCDPK1 from tomato
(Chico et al., 2002). Sequences were aligned with the PileUp program from the Genetics Computer Group suite of programs.
Numbers indicate amino acid residues in the sequences. Dots indicate amino acids identical to those corresponding to the
ZmCPK11 sequence. Shaded backgrounds indicate amino acids identical throughout. Dashes indicate gaps introduced to
maximize the alignment. The boundaries of the variable, kinase, autoregulatory, and calmodulin-like domains are shown by
arrows. The four Ca“—binding EF-hand motifs in the calmodulin-like domain are overlined. Peptide (I-1V) data obtained from
microsequencing are shown above the deduced amino acid sequence of ZmCPK11.
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purified approximately 800-fold with 1% recovery of
enzymatic activity. The spec1f1c act1v1ty of the purified
enzyme was 917 nmol min~" mg™ . Three-fold stimu-
lation of the enzyme activity by PS was observed. After
purification on MBP-Sepharose, the enzyme prepara-
tion was separated by preparative SDS-PAGE. Silver
staining revealed only one protein band in the range 50
to 60 kD. This protein band was excised from the gel
for microsequencing. Amino acid sequences of four
internal tryptic peptides (I-IV) were obtained. Peptide
I did not exhibit any homology to the sequence of
known CDPKs, whereas peptides II to IV were local-
ized in the conserved part of CDPKs (Fig. 1). Peptides
IT and III shared 100% identity with the sequence in
the third and eighth subdomains of the kinase domain
of known CDPKs (AtCPK11, accession no. D21806 and
maize CDPK, accession no. D87044, respectively). Pep-
tide IV was 77% identical with the sequence from the
regulatory, calmodulin-like domain of soybean (Gly-
cine max) CDPKa (SK5; accession no. P28583).

Cloning and Sequence Analysis of the cDNA
Encoding ZmCPK11

The strategy for cloning is illustrated in Figure 2. In
the reverse transcription (RT)-PCR reactions using
total RNA from maize seedlings as the template and
appropriate primers (1 and 2, or 1 and 3; primer
sequences are provided in Table II), products of 357
and 1,065 bp were obtained. The sequences of these
two clones are similar to known CDPKs, but also in-
clude the sequence of a new CDPK. Using primers 3
and 4 or 4 and 5, DNA fragments of 1,296 and 1,737 bp,
respectively, were obtained. Sequence analysis re-
vealed that the cloned DNA was derived from one
mRNA species. The 1,737-bp clone encodes a protein
of 510 amino acids with a deduced molecular mass
of 56.5 kD. Analysis of the nucleotide sequence shows
that this clone contains an uninterrupted open reading
frame (ORF), which begins at nucleotide position 4
and terminates at position 1,536. In an overlapping ex-
pressed sequence tag (EST; accession no. AI770867),
there is an in-frame stop codon 30 nucleotides up-
stream from the ORF, indicating that our clone con-

100 bp
1-357 bp 1
II - 1065 bp 1 3
m-1286bp 4 3
—_ _ 5

EST - 575 bp EST - 590 bp

IvV-1737bp 2 5
f 3'UTR
START STOP

Figure 2. Schematic presentation of strategy of cloning fragments and
full reading frame of ZmCPK11. Primers (1-3) were designed from
amino acid sequences of peptides obtained from microsequencing.
Primers (4-5) were derived from EST sequences.
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Table II. Nucleotide sequences of the primers used for cloning and
expression of ZmCPK11

In primers 6, 7, and 8, the restriction sites are underlined.

No. Sequence

5"-GAGATCCAGATAATGCACCAC-3’
5"-AAGTACCTCTGGTGCAACATAATAAGG-3’
5'-TTTGTCAAAAAA(AT)GCGAATGCTGAAACCAA-3’
5"-CCAATGCAGCCGGACCCGAG-3’
5"-AAGCAGTTGGCGATAGTAGCCACATTGT-3’
5"-TAACCCGGGATGCAGCCGGACCCGAGC-3’
5'-GCCCTGCAGCTAGGTTTTGCTGGGATTCAA-3’
5""-GTCGACATGTACCGCATCGGCAAG-3’

9 5'-CTAATCGTCAACAATCCATGCG-3’
10 5'-GATCATATCGTCAACTGGTCCGGC-3'
11 5'-TATCAGCCGATGTGGGGCGTCTGG-3’
12 5'-GGCAGCTCGTAGCTCTTCTC-3’
13 5’-AACAGGGAGAAGATGACCCA-3’

O N O U W=

tains the full-length coding sequence. The clone was
designated ZmCPK11 (and assigned accession no.
AY301062). The predicted protein includes structural
features of CDPKs. It additionally contains a 3’ non-
coding sequence. Sequences of all four microsequenced
peptides are included in the predicted sequence of
ZmCPK11 (Fig. 1). Peptide I comes from the N-terminal,
variable domain, whereas the rest of the peptides are
from conserved parts of ZmCPK11. The protein se-
quence of ZmCPK11 shows similarity to other CDPKs,
including OsCDPK (AY144497), 91% identity; CDPKa
(SK5; Harper et al., 1991) from soybean, 78% identity;
ZmCPK10 (Murillo et al., 2001), 71% identity; AtCPK1
(AK1; Harper et al.,, 1993), 70% identity; NtCDPK2
(Romeis et al., 2001), 69% identity; OsCDPK7 (Saijo
et al., 2000), 68% identity; and LeCDPK1 (Chico et al.,
2002), 60% identity. Sequence similarity analysis of
ZmCPK11 and the 34 Arabidopsis CDPKs using Clus-
talW shows that ZmCPK11 is most closely related to
AtCPKs 4, 11, and 12 (data not shown).

In all CDPKs, the kinase catalytic domain, CLD,
and JD are highly conserved. The kinase domain of
ZmCPK11 comprises 264 amino acid residues and con-
tains all 11 conserved subdomains and invariant amino
acid residues of eukaryotic Ser/Thr protein kinases. A
CLD composed of 145 amino acid residues contains
four putative Ca’*-binding EF hands. Between the
kinase and CLD lies the JD consisting of 31 amino acid
residues. The variable domains of ZmCPK11 are dif-
ferent from those of known CDPKs in sequence and
length. The N-terminal domain of ZmCPK11 contains
43 amino acid residues and, contrary to many known
CDPKs (Hrabak et al.,, 2003), does not contain a
myristoylation motif. The C-terminal domain contains
27 amino acid residues.

To investigate the evolutionary relationship of
ZmCPK11 to other CDPKs that are stimulated by phos-
pholipids, a phylogenetic analysis was performed using
the kinase catalytic domains. To simplify the analysis,
catalytic domains without deletions and insertions
(Supplemental Table I) were used. Figure 3 shows a
consensus parsimony tree constructed with a subset of
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Figure 3. The consensus maximal par-
simony sequence similarity tree of

Q8LPZ7 Oryza sativa

plant CDPKs. The tree was constructed
using multiple alignment of represen-
tative sets of canonical domains. Be-
cause sequences of clones for this

100.0 Q94G52 Funaria hygrometrica

Q39015 (AtCPK10) Arabidopsis thaliana

024460 (TrCPK1) Torwla ruralis

analysis do not contain deletions or
insertions, the multiple alignment con-
tains no gaps and editing was not re-
quired. Numbers indicate the percent

100.0

of bootstrap replicates. —

F 100.0 w

p—— 100.0

98.0
= 821 1 { Q93YF4 (NtCDPK2) Nicotiana tabacum
== 810w Q06850 (AtCPKI1) Arabidopsis thaliana B
99.0
L = 527
100.0 |

53.9  —

Q9FXQ3 (OsCDPK7) Oryza sativa
65.2
{ 004417 (ZmCDPK1) Zea mays
Q43676 (ViCDPK-1) Vigna radiata
{ Q39014 (AtCPKS6) Arabidopsis thaliana

QI3YF3 (NtCDPK3) Nicotiana tabacum

082107 (ZmCPK10) Zea mays
Q39016 (AtCPK2) Arabidopsis thaliana

.E AAPS57564 (ZmCPK11) Zea mays

AAN41657 (OsCDPK) Oryza Sativa

Q93X19 Solanum tuberosum
P28583 (CDPKa) Glycine max
Q42396 (AtCPKI12) Arabidopsis thaliana

P49101 Zea mays

P28582 Daucus carota

Q9AR92 (MsCPK3) Medicago sativa
Q94KH6 (LeCDPK 1) c

Lycopersicon esculentum
— 91.8
[ Q9ZPMO (McCPK 1)

Mesembryanthemum crystallinum

;

Q949U0 (AtCPK21) Arabidopsis thaliana

Q41793 Zea mays

185 mm D
Q9ARIS (CsCDPKS)
Cucumis sativus

Q95786 (MpCDPK-A)
Marchanthia polymorpha

sequences from Supplemental Table I and rooted by
designating the algal sequence (Chlamydomonas euga-
metos) as the outlier. The CDPKs included in the tree
are either activated by phospholipids, induced by stress,
or expressed in male tissues. In this simplified analysis,
AtCPK1 and AtCPK2 are located on separate branches,
whereas in the tree for the Arabidopsis CDPK/SnRK
superfamily (Hrabak et al., 2003) both of these kinases
are on the same branch. Two of the three CDPKs known
to be activated by phospholipids AtCPK1 (Harper et al.,
1993) and ZmCPK11 are in subgroup B, whereas the
third, DcCDPK (Farmer and Choi, 1999), is in sub-
group C.

Characterization of GST-ZmCPK11

To assess the properties of ZmCPK11, the full-length
ORF was expressed in Escherichia coli as a glutathione

1974

Q39485 Chlamydomonas eugametos

S-transferase (GST)-fusion protein. The purified re-
combinant protein migrated at the expected molecular
mass in a denaturing electrophoretic gel. The GST-
ZmCPK11 protein was the predominant band eluted
from the affinity matrix with 10 mm glutathione (Fig.
4A). The identity of GST-ZmCPK11 was confirmed by
western blots using antibodies against CLD and GST
(Fig. 4, B and C, respectively). The recombinant kinase
was able to phosphorylate both histone III-S and
Syntide 2 (Fig. 5, A and B). Phosphorylation of histone
ITI-S was maximal in the range 0.5 to 1.0 mg mL ™",
whereas higher concentrations were inhibitory. The
rate of Syntide 2 phosphorylation increased propor-
tionally up to 100 um. The V_, for histone III-S
phosphorylation was 57 nmol min ' mg ™!, which is
about 3 times lower than that for Syntide 2 phosphor-
ylation. The activity of recombinant ZmCPK11 was

Plant Physiol. Vol. 139, 2005
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Figure 4. Purification and characterization of recombinant ZmCPK11.
The full-length ZmCPK11 reading frame was expressed in E. coli as
a GST-fusion protein. Purification was monitored by SDS-PAGE fol-
lowed by Coomassie Brilliant Blue staining (A), and western-blot
analysis with antibodies against the CLD of CDPK (B) or GST (C).

tested in the presence of <10 pM to 36 uM free Ca>*. The
calcium requirement depended upon the nature of the
substrate. Histone III-S was not phosphorylated m
the presence of approxnnately 0.5 um free Ca*"
approximately 1.6 uM free Ca**, 50% of the full act1v1ty
was observed (Fig. 5C). In contrast Syntide 2 phos-
phorylation was not completely inhibited by EGTA;
about 10% of full activity was observed in the pres-
ence of EGTA without the addition of calcium. Half-
maximal activity was observed at 30 nm of free calcium
(Fig. 5D).

Apart from calcium, the influence of 1phospholipids
at the concentration 0.1 to 2.0 mg mL™" on activity of
recombinant ZmCPK11 was tested. The concentrations
of phospholipids that exhibit the strongest effect on
enzyme activity are shown in Figure 5E. Phosphory-
lation of histone III-S by GST-ZmCPK11 was stimu-
lated 6- to 9-fold by PS, PA, and PI, and about 2-fold by
a crude lipid from maize. Histone phosphorylation
was shmulated by PA alone to the same level as stimula-
tion by Ca”>", whereas stimulation of activity by PS
was totally calcium dependent (data not shown). The
stimulation by PS and PI was comparable with activity
of the native enzyme purified from maize seedlings
(Szczegielniak et al., 2000). The other tested lipids—
lysophosphatidylcholine (LysoPC), cardiolipin (CL),
diolein (DO), phosphatidylethanolamine (PE; data not
shown), and the detergent n-dodecyl-B-D-maltoside
(DDM,; at a concentration in the range of 0.1-2.0 mm)—
did not affect the activity of the enzyme, whereas
phosphatidylcholine (PC) had an inhibitory effect. The
cationic headgroup of PC might act as the negative
effector of the phosphorylation of the histone by
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ZmCPK11. When Syntide 2 was used as the substrate,
the stimulation of activity by lipids was small (up to
about 50%; Fig. 5F).

The autophosphorylatlon of ZmCPK11 was stimu-
lated effectively by Ca®" and PA. Stimulation of
autophosphorylation by PS was increased upon addi-
tion of calcium, whereas Ca** did not affect the
stimulation by PA. By itself, PA stimulated autophos—
phorylation of ZmCPK11 to the same extent as Ca*"
the presence of PS. Autophosphorylation of ZmCPKll
was not affected by PC either in the presence or
absence of calcium (Fig. 6).

Expression Patterns of ZmCPK11 in Different Organs

Expression of ZmCPK11 in different organs was
analyzed by RT-PCR with gene-specific primers from
the coding region of the protein kinase (primers 3 and
4). The ZmCPK11 transcript (1,296 bp) was expressed
in each of the tested organs with the highest expres-
sion being in seedlings (Fig. 7). The transcript level
increased after 24 h of imbibition of seeds.

Effect of Wounding on Expression of ZmCPK11

The effect of various types of abiotic stresses (high
and low temperature, salinity, H,0,, drought, wound-
ing) and ABA on expression was examined by RT-
PCR. Extreme temperatures (4°C and 40°C), 500 um
H,0,, 300 mM NaCl, desiccation, and 100 um ABA had
no significant effect on transcript levels (data not
shown). Only wounding of leaves induced accumula-
tion of the ZmCPK11 transcript. Two sets of ZmCPK11
primers were used. The levels of transcripts encoding
the 1,296-bp fragment (Fig. 8A), as well as the catalytic
domain of ZmCPK11 (792 bp), increased gradually to
the maximal level at 6 h and declined 24 h after
wounding. The amount of ZmCPK11 transcript ampli-
fied with the two primers varied, most probably re-
flecting the dependence of the rate of amplification
upon the length of synthesized fragments. The wound-
inducible maize proteinase inhibitor (MPI) gene was
used as a positive control (Cordero et al., 1994). The
MPI transcript increased earlier than that of ZmCPK11,
reaching a maximum after 1 h, and remained at the
same level for 24 h after wounding (Fig. 8C). The level
of constitutively expressed actin remained constant
(Fig. 8D).

Transcript levels of ZmCPK11 were determined sep-
arately in wounded and nonwounded leaves at 0, 1, 3,
6,and 24 h (Fig. 9, A and B, respectively). Similar to the
results in Figure 8, the amount of the transcript in the
wounded leaf increased after 3 h, reaching a maximal
level 6 h after wounding. In the noninjured neighbor-
ing leaf, no change in transcript level occurred at 3 h,
but significantly increased 6 h after wounding and
declined 18 h later (Fig. 9B). It should be noted that the
basal level of expression of ZmCPK11 in leaves varied
to some extent, probably due to handling of the plants
during the experiment. The amount of ZmCPK11
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Figure 5. Biochemical properties of GST-ZmCPK11. Effect of substrates (A and B), calcium (C and D), and phospholipids (E and
F) on activity of ZmCPK11. Activity was assayed at a constant 110 um (A, B, E, and F), or different (0-170 um; C and D)
concentrations of (total) Ca?>* and constant level (100 um) of EGTA (A-F). Calculated values of free Ca’* areindicated in C and D.
Concentration of lipids in milligrams per milliliter was PS (0.12), PA (0.25), P1(0.75), PC (0.5), LysoPC (0.5), CL (0.1), DO (0.005),

and crude lipid (2.0). Concentration of DDM was 0.1 mm.

transcript increased after touching of leaves to a level
lower than that caused by wounding, but with a similar
time course (data not shown). Experiments in which the
relative expression levels of ZmCPKI1 transcript in
wounded (Fig. 9C) and neighboring (Fig. 9D) leaves
were determined showed that, in both cases, a maximal
level of expression was observed 6 h after wounding.
Wounding of leaves affected the enzymatic activity
of CDPK of M, 56,000. Kinase activity increased 15 min
after cutting the leaves (Fig. 10) and slowly declined.
Twenty hours after wounding, kinase activity had
returned to the basal level and was nearly undetect-
able. In-gel kinase assays performed in the presence of
EGTA demonstrated that the kinase activity is Ca®*
regulated (data not shown). Only one protein band in
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the range of M, 54,000 to 57,000 was detected by
reaction with the antibody against the CLD domain of
soybean CDPK (data not shown). The observations that
the deduced molecular mass of ZmCPK11 is 56.5 kD
and that the expression of ZmCPK11 is regulated in
response to wounding suggests that ZmCPK11 was re-
sponsible for the changes in CDPK enzymatic activity.

DISCUSSION

Using amino acid sequence data from a CDPK puri-
fied from maize seedlings, which was activated by phos-
pholipids (Szczegielniak et al., 2000), we isolated the
corresponding cDNA clone and named it ZmCPK11.
The sequence of the deduced N-terminal domain of
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Figure 6. Effect of Ca>*, PS, PA, and PC on the autophosphorylation of
ZmCPK11. Autophosphorylation was estimated in the presence of
0.1 mm EGTA and 0.11 mm Ca”*, 0.12 mg mL™" PS or 0.25 mg mL™"
PA, or 0.50 mg mL™' PC.

ZmCPK11 was found in translated sequences of
ESTs of two monocots, sorghum (BI074799) and bar-
ley (BG368286), and also in the OsCDPK cDNA
(AY144497). These monocots are of closest proximity
to maize in the phylogenetic tree constructed by Volker
Brendel Research Group (Plant Genome Database
[http:/ /www.plantgdb.org]). Similar N-terminal se-
quences were not found in any CDPKs present in dicot
species. These observations suggest that similarities
at the N-terminal domains of some CDPKs might be
limited to the narrow groups of closely related plants.
The CDPK amino acid sequences show greater con-
servation between orthologs in different plants than
among the isologs present within a given plant species
(Frattini et al., 1999; Harmon et al., 2000; Davletova
et al, 2001; Cheng et al.,, 2002). This suggests con-
served functions in different species and indicates that
the evolution of new CDPK isoforms predated the di-
vergence of monocots and eudicots (Soltis and Soltis,
2003). Phylogenetic analysis has shown that, except for
subgroup C, there are representatives of CDPKs from
angiosperms and seedless plants in each subgroup,
which suggests that common ancestors of plant CDPKs
predate even the origin of the vascular system of seed
plants (Spermatophyta).

A number of known CDPKs are involved in stress
signaling in plants (see introduction). One of the most
important abiotic stresses is wounding, which acti-
vates signal transduction pathways directed to healing
and further defense. These signaling pathways mostly
include reversible protein phosphorylation, elevation
of the intracellular level of calcium, and transcriptional
activation of specific genes (Leon et al., 2001). Most of
the induced responses occur within a few minutes to
several hours after wounding. The events that occur
within the first minutes after wounding, comprising
the production and perception of primary signals via
regulation of ion channels at the plasma membrane,
are activated by reversible protein phosphorylation. In
many cases, wounding represents the first stage of path-
ogen infection (Cheong et al., 2002). It has been docu-
mented that responses activated by wounding or
mechanical injury, and by gene-for-gene plant pathogen
interactions, are interlinked at the level of mitogen-
activated protein kinases (MAPKSs; Seo et al., 1995;
Zhang and Klessig, 1997; Romeis et al., 1999). It seems
that integration at the level of MAPKSs of wound- and
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pathogen-activated responses is widely functional in
plants (Leon et al., 2001).

Since wounding, but not other stresses, induced
expression of ZmCPK11 in maize leaves, this sug-
gests that ZmCPK11 is specifically involved in the
wound-signaling pathway. Similar to our results with
ZmCPK11, the expression of tomato CDPK (LeCDPK1)
was enhanced in a rapid and transient manner in
wounded leaves, peaking within 4 h of the damage;
the mRNA remained high for 4 h longer and then
declined (Chico et al., 2002). According to the classi-
fication of Moura et al. (2001), LeCDPK1 and ZmCPK11
are members of the late wound-inducible genes whose
mRNAs increase 4 to 12 h after wounding, in contrast
to several early wound-inducible genes that are tran-
siently induced within 30 min (Heitz et al., 1997). The
pathogen (Fusarium moniliforme) infection induces
rapid accumulation of the transcript of another maize
CDPK, ZmCPK10. The activation of ZmCPK10 is ex-
tremely rapid; transcripts could be detected 5 min after
elicitation and reached the maximal level at 30 min
after treatment (Murillo et al., 2001).

Plant defense responses occur not only in the at-
tacked organ, but also in systemic organs of model
dicot plants. There are indications that elicitors are
involved in the initial steps of LeCDPK1 induction in
wounded and distal leaves. Moreover, correlation be-
tween the time of induction of LeCDPK1 mRNA dis-
tant from the site of injury suggests a direct delivery of
presynthesized LeCDPK1 mRNA via phloem (Chico
et al., 2002). Phloem has recently been considered as
a system for long-distance signal traffic used by plants
to integrate whole-plant physiological processes. The
existence of systemic responses in monocot plants,
especially cereals, is still a matter of debate. Schweizer
et al. (1998) demonstrated that wound-induced resis-
tance in rice was preceded by both local and systemic
accumulation of nonconjugated jasmonates. Among
the RNA molecules detected in rice phloem sap, a se-
quence identical to a known rice CDPK was found
(Hanaoka et al., 1999). These data allow speculation on
the systemic traffic in monocots of mRNA upon wound-
ing. Our results indicate that wounding also in-
duces both local and systemic responses in maize, as
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Figure 7. Expression of the ZmCPK11 transcript in different organs of
maize: dry seeds, seeds after 24 h of soaking, 72-h seedlings, primary
roots, 14-d-old leaves, and 2-month-old stem. The transcript level of
ZmCPK11 was determined by RT-PCR using specific primers (3 and 4),
and total RNA as the template. The data represent three independent
experiments showing similar results. Controls were based on amplifi-
cation of the constitutively expressed actin gene.
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Figure 8. Induction of the ZmCPKT1 transcript by wounding. Total
RNA from 2-week-old leaves was isolated at time zero (0 min) and at
various times after wounding. A, ZmCPK11 (primers 3 and 4). B,
Catalytic domain of ZmCPK11 (primers 8 and 9). C, For amplification of
the MPI, primers were constructed based on the sequence published by
Cordero et al. (1994), primer 10 from the upstream untranslated
sequence and primer 11 from the translated C-terminal fragment of
the protein. D, For amplification of actin, primers 12 and 13 were from
conserved regions of the maize actin gene (Chang et al., 1999). The
data represent six independent experiments showing similar results.

demonstrated by the accumulation of the ZmCPK11
transcript in both wounded and neighboring leaves.
Present data suggest that ZmCPK11 may not only
play roles in wound response. The ZmCPK11 tran-
script was detected in all tested organs: leaves, roots,
stem, seeds, and seedlings. The transcript in seeds
increased after imbibition, reaching the highest level in
seedlings, which are in an intensive elongation phase;
this suggests a role for this kinase in postgerminative
growth. Two rice CDPK isoforms have different func-
tions in seedling development (Frattini et al., 1999).
Two other isoforms, specifically expressed in a tempo-
ral manner during seed development, are proba-
bly involved in the synthesis of storage materials

Figure 9. Time-course induction of a
ZmCPK11 transcript in response to wound- A
ing. Total RNA was extracted from a 2-week-
old wounded leaf (A) and a neighboring leaf
(B). Primers 3 and 4 and 12 and 13 were used
for amplification of ZmCPK11 and actin, re-
spectively. Relative expression levels of
ZmCPK11 (average from three independent
experiments) in a wounded leaf (C) and
a neighboring leaf (D) are plotted on the right.

(Kawasaki et al., 1993; Asano et al.,, 2002). Thus,
CDPKs are involved in development and response to
stresses.

Apart from de novo synthesis, preexisting CDPK
could be activated upon wounding. Present results
indicate that activity of a 56-kD CDPK increases within
minutes after the wounding and later slowly returns to
the basal level. Rapid and transient activation of this
CDPK indicates its involvement in the early stages of
stress signal transduction. Also, a tomato membrane-
bound CDPK is activated 20 min after wounding
(Chico et al., 2002). Faster activation of CDPKs has
been observed in response to pathogen attack. After
7.5 min of elicitor treatment in transgenic tobacco cells
containing the resistance gene CF-9, NtCDPK2 showed
transient interconversion to an activated form. This
transition was due to phosphorylation of the CDPK.
The in vivo phosphorylation and interconversion of
NtCDPK2 from the nonelicited into the elicited form
was accompanied by a sustained 10- to 200-fold in-
crease in enzymatic activity (Romeis et al., 2001). The
results of Romeis and coworkers (2000, 2001) indicate
that transient activation of CDPK after the stress is due
to phosphorylation.

In addition to phosphorylation, CDPKs can be reg-
ulated by phospholipids. In the wound-signaling
process, membrane lipids could provide secondary mes-
sengers affecting protein kinase activity. Many plant
species demonstrate a systemic increase in PA levels
after wounding (Lee et al., 2001). In castor leaves,
wounding triggered a rapid hydrolysis of PC to PA
and choline, which was mediated by phospholipase D
(PLD). It has been proposed that wounding increases
the concentration of cytoplasmic calcium, which pro-
motes translocation within a few minutes of PLD to
bind membranes (Ryu and Wang, 1996). Then PLD
influences transmission of signal(s) by regulating pro-
tein phosphorylation. Inhibition of PLD by n-butanol
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Figure 10. Effect of wounding on protein kinase activity. Two-week-old
leaves of maize were subjected to wounding, and extracts were

prepared at the indicated time points. Protein kinase activity was
monitored in leaf extracts by the in-gel kinase assay.

suppressed the wound-induced activation of MAPK
in suspension-cultured soybean cells, indicating that
an elevation of PA levels is essential for its activation.
However, MAPK is not activated by PA directly, but
via upstream protein kinase(s) (Lee et al., 2001). In this
regard, it was interesting that ZmCPK11 is activated
by phospholipids (Szczegielniak et al., 2000), includ-
ing PA (these results). This observation suggests that
ZmCPK11 is involved in rapid wound-induced sig-
naling mediated by PA, which is becoming accepted as
a plant signaling molecule (Munnik, 2001; Meijer and
Munnik, 2003).

For biochemical characterization of ZmCPK11, the
kinase was expressed in E. coli as a GST-fusion that
was soluble and could be purified by affinity chroma-
tography on glutathlone agarose beads. The purified
protein ~ displays Ca’’-dependent phosphorylation
of histone III-S and Syntide 2. The effect of calcium
on histone III-S phosphorylation by recombinant
ZmCPK11 is similar to that of the native enzyme
(Szczegielniak et al., 2000). It is worthy of mention that
the shape of the curves for calcium dependence sug-
gests that ZmCPK11 might have two binding sites for
calcium. It was previously demonstrated that recombi-
nant CDPK from tomato (GST- LeCPKl) has two classes
(high and low affinity) of Ca*"-binding sites, with
dissociation constants of 0.6 and 55 um, respectively
(Rutschmann et al., 2002). The Kd value of 0.6 M for
the high- afﬁmty bmdmg sites in LeCPK1 is in the
range of Ca®" concentrations sufficient to induce the
conformational change required for activation of many
CDPKs (Lee et al., 1998; Rutschmann et al., 2002). The
CDPKa protein binds 4 mol Ca’ " /mol protein with
high affinity (Lee et al., 1998). For the stress-inducible
CDPK from ice plant (Mesembryanthemum crystalli-
num), McCPK1, expressed in E. coli as a GST-fusion
protein, the K| 5 for calcium was estimated as 0.15 um
with histone III-S as the substrate. Such a low value for
K 5 suggests that McCPK1 could sense relatively small
changes in cytoplasmic Ca*" concentratlon (Chehab
et al., 2004). The cytoplasrmc free Ca®* concentration
under resting conditions is maintained at very low
levels (10-100 nMm), ensuring low CDPK activity. An
increase in cytoplasmic calcium concentration activates
CDPKs. Therefore, individual CDPK isoforms with
different Ca®*-binding affinities could decode a subset
of calcium signals (Harmon et al., 2000; Harmon, 2003).

The affinity for calcium binding varies between
isoforms of CDPKs and is influenced by the type of
substrate. For phosphorylation of Syntlde 2 by GST-
ZmCPK11, a lower concentration of Ca®" is required
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than for phosphorylation of histone III-S. Moreover,
in contrast to histone phosphorylation, activity of
ZmCPK11 with Syntide 2 without added calcium, and
in the presence of EGTA, is significantly greater than
zero. These results support the previous observation
(Lee et al., 1998) that peptide substrates are able to
bind to the active site of CDPK in the absence of cal-
cium. Considering that calcium ions are essential for
the effect of phospholipids on ZmCPK11 (Szczegielniak
et al., 2000), it is important to note that when histone
III-S (not Syntide 2) was used as the substrate, activity
of GST-ZmCPK11 was efficiently (6- to 9-fold) stimu-
lated by PA, PS, and PIL. The other tested phospholi-
pids (PC, LysoPC, CL, DO, PE) and detergent (DDM)
did not stimulate ZmCPK11 activity. Thus, the stimu-
lation of activity seems to be lipid specific; however,
not all negatively charged phospholipids bind to pro-
tein to the same extent and with the same affinity. The
stimulation of activity is not only dependent upon the
phospholipids, but also on the protein substrate. In
addition to differential stimulation of phosphorylation
of exogenous substrates, ZmCPK11 autophosphoryla-
tion is stimulated by calcium and phospholipids.
Autophosphorylation of some CDPKs occurs by an
intramolecular mechanism at submicromolar concen-
tration of Ca®" (for review, see Harper et al., 2004).
Interestingly, the stimulation of ZmCPK11 autophos-
phorylation by PA is not calcium dependent, whereas
autophosphorylatlon caused by PS is increased by

. The model study of the binding of PA and PS to
the C2 domain of PKCe revealed the preferent1a1 af-
finity of C2 for PA. C2-PA interaction is Ca** indepen-
dent and has the stabilizing effect on the protein
(Corbalan-Garcia et al., 2003). As in the case PKCg,
PA may create a better binding site with ZmCPK11
than PS. This binding may promote intramolecular
rearrangements leading to autophosphorylation of
ZmCPK11 and stimulation of histone phosphoryla-
tion. The nature of the lipid-binding site of ZmCPK11
is not yet known. The calcium- and phospholipid-
binding domains (C2, FYVE, PX, and PH), which are
potential regulatory motifs of many plant proteins
(Kopka et al., 1998; van Leeuwen et al., 2004), are not
present in CDPKs. Binder et al. (1994) have proposed
that phosphoinositides interact with basic consensus
motifs. The basic motif (K-X,-K-X-K-K) is present in
the JD of ZmCPK11. Several PA-binding proteins have
been identified, but a universal PA-binding domain
has not yet been recognized (for review, see van
Leeuwen et al, 2004) and the activating effect of
certain phospholipids still awaits explanation.

Unlike AtCPK1 and DcCPK1, which are also stim-
ulated by phospholipids, ZmCPK11 does not have a
myristoylation/palmitoylation site. The ZmCPK11 pro-
tein is likely located predominantly in the cytoplasm,
as is AtCPK4, which also lacks a myristoylation/
palmitoylation site. Our data showing that ZmCPK11
interacts with phospholipids support the idea that
this protein kinase could also associate with mem-
branes. There is a possibility that, in stress conditions,
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ZmCPK11 may be translocated to the membranes,
where it can be activated by phospholipids in addition
to calcium. The binding of ZmCPK11 to membranes
could be relatively weaker than other CDPKs, which
undergo myristoylation/palmitoylation. Such a loose
association would allow ZmCPK11 to partition be-
tween membranes and the cytoplasm. This hypothesis
will be investigated in future work. In conclusion, our
results demonstrate that some CDPK isoforms can, in
a substrate-dependent manner, respond to Ca** and
lipid signals in response to stress.

MATERIALS AND METHODS
Plant Material and Stress Treatments

Maize seeds (Zea mays cv Mona), after soaking in water at room temperature
overnight, were grown at 26°C on wetted paper for 72 h in the dark. The etiolated
apical parts of the seedlings were harvested, immediately frozen in liquid nitro-
gen, and stored at —80°C. For stress treatments, maize plants were cultivated
hydroponically for 2 weeks in a growth chamber with a daily cycle of 14 h light
(70-80 W /m?) at 25°C and 10 h dark at 20°C. Maize leaves (second and third leaf)
were detached, preincubated for 2 h in water, and subjected to one of the
following treatments: 4°C or 40°C, laid on Whatman 3MM paper to dry
(drought), treated with 300 mm NaCl, 100 um ABA, or 500 um H,O,. Mechanical
wounding was performed by cutting the lamina of the leaves with a razor blade.
The wounded (local) and the upper undamaged (systemic) leaves were har-
vested at indicated time points. Samples were frozen in liquid nitrogen
immediately after harvesting and stored at —80°C until used for RNA or protein
extraction.

Purification of the Protein Kinase

The initial steps of purification starting with 20 g of maize seedlings
included ammonium sulfate precipitation and octyl-Sepharose and DEAE-52
chromatography, and were performed as described previously (Szczegielniak
et al., 2000). Samples from two preparations were combined and further
purified by affinity chromatography on immobilized histone H1 (histone H1
was coupled to cyanogen bromide [CNBr]-activated Sepharose 4B, according
to the manufacturer’s instructions; Amersham-Pharmacia Biotech). After
loading the enzymatic preparation, the 1-mL column was washed with buffer
A (20 mm Tris-HCI, pH 7, containing 5.2 mm EDTA, 0.5 mm dithiothreitol
[DTT], 0.2 mm phenylmethylsulfonyl fluoride [PMSF]) until the A, was
below 0.05. Then the protein kinase was eluted with a 6-mL gradient of 0 to
0.6 M NaCl in buffer A. The fractions exhibiting calcium- and phospholipid-
dependent protein kinase activity were collected and dialyzed against 500 mL
of buffer A until the conductivity was 7 uS cm ™. Four preparations of enzyme
(from a total of 160 g of maize seedlings) were combined and applied to
a Mono Q H5/5 column equilibrated with buffer A. The column was washed
with 45 mL of buffer A and proteins were eluted with a linear gradient of 0 to
0.3 M NaCl. One-milliliter fractions were collected at a flow rate of 30 mL h ™.
The protein kinase activity eluted as a single symmetrical peak at a NaCl
concentration of 0.25 M. The pooled active fractions were dialyzed for 2 h
against buffer A and purified by affinity chromatography on immobilized
MBP. The MBP was coupled to CNBr-activated Sepharose 4B, according to the
manufacturer’s instructions (Amersham-Pharmacia Biotech). The enzymatic
preparation was loaded onto an MBP-Sepharose column (0.5 mL), previously
equilibrated with buffer A. The column was washed with buffer A until the
Ayg decreased below 0.05, and the protein kinase was eluted with a gradient
of 0 to 0.6 M NaCl in buffer A. All purification steps were performed at 4°C.
Protein concentrations were determined by the Bradford dye-binding assay
(Bradford, 1979) using bovine serum albumin as the standard, or by A,g.

Protein Kinase Assay

Determination of activity of the maize protein kinase was described pre-
viously (Szczegielniak et al., 2000). The standard reaction mixture (75 uL)
contained the following; histone ITI-S (0.5 mg mL ') or Syntide 2 (0.05 mm), Tris-
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HCI, pH 7.5 (20 mm), Ca(OAc), (0.25 mm), EGTA (0.10 mm), MgCl, (5 mm),
y-[**P]ATP (66 um; 130-200 cpm pmol '), and GST-ZmCPK11 (0.5-1.0 ug). To
study the effect of lipids, 0.09 to 0.15 mm Ca(OAc), and indicated amounts of
lipids were used. Values of free calcium were calculated using the MaxChelator
program (http://www.stanford.edu/~cpatton/webmaxc/webmaxcS.htm).
After 8-min incubation at 30°C, 50 uL of the assay mixture was spotted onto
asquare (2cm X 2 cm) of Whatman 3MM paper (when histone III-S was used
as substrate), which was immediately immersed in cold 5% (w/v) trichloro-
acetic acid containing 0.3% O-phosphoric acid (10 mL per paper square), and
washed four times for 10 min. Then the squares were washed in 96% ethanol
and allowed to dry. The radioactivity was quantified using a liquid scintillation
spectrometer. When Syntide 2 was used, the reaction was stopped by applying
50 uL of assay mixture onto a square (2 cm X 2 cm) of Whatman P81 paper,
which wasimmersed in 0.3% O-phosphoric acid, washed 5 times for 5 min, then
washed in ethanol, dried, and the radioactivity measured.

Handling of Lipids and Detergent

Lipids were as follows (purchased from Sigma): PA (1,2-diacyl-sn-glycero-3-P
sodium salt) from egg yolk lecithin, PI [1,2-diacyl-sn-glycero-3-phospho-(1-D-
myoinositol)] from soybeans (Glycine max), PS (1,2-diacyl-sn-glycero-3-phospho-1-
Ser) from bovine brain, PC (1,2-diacyl-sn-glycero-3-phosphocholine, type XVI-E)
from egg yolk, LysoPC from soybeans, CL sodium salt from bovine heart, PE (type
I) from egg yolk, DO [1,3-Di(cis-9-octadecenoyl)glycerol], and the detergent
DDM.

PA, PI, PC, LysoPC, and PE were dissolved in chloroform (10 mg mLfl), PS
and DO were dissolved in chloroform:methanol (95:5, v/v), and CL was
dissolved in methanol.

Crude lipids were isolated from maize seedlings in chloroform:methanol
(2:1, v/v). Then, after adding an aqueous solution of 0.88% KCl, lipids were
extracted to the organic phase, concentrated by rotary evaporation, redis-
solved in chloroform:methanol (2:1, v/v), and stored at —20°C. Before each
experiment, the appropriate amounts of each lipid were dried under a stream
of nitrogen, and then 20 mm Tris-HCI, pH 7.5, was added and sonicated for
5 min on ice.

Detergent (DDM) was dissolved in water.

In-Gel Kinase Activity Assay

Nonstressed leaves and stressed leaves were separately ground in liquid
nitrogen, and proteins were isolated with 200 uL of extraction buffer (50 mm
Tris-HCl, pH 7.5, 250 mm Suc, 2 mm EDTA, 10 mm EGTA, 0.5 um Na;VO,, 1 mm
DTT, 200 um PMSF, 0.5 ug mL ™" leupeptin, 1 ug mL ™" aprotinin, 0.7 g mL ™
pepstatin). The suspensions were sonicated three times, each time for 10 s, and
centrifuged at 20,000¢ for 10 min at 4°C, and the pellets were discarded. The
supernatants were centrifuged again for 30 min at 4°C. Proteins from
supernatant (26 ug/lane) were separated on 8% SDS-polyacrylamide gel
containing histone III-S as a substrate (0.5 mg mL™"). The rest of the procedure
was performed as described previously (Szczegielniak et al., 2000).

Autophosphorylation

GST-ZmCPK11 (2 ug) was incubated at 30°C for 8 min using the standard
reaction mixture without exogenous substrate.

Microsequencing

Active fractions from the final MBP-Sepharose chromatography step were
pooled and concentrated with a Centricon 30 concentrator (Amicon). Proteins
were separated on preparative 12% SDS-polyacrylamide gels. After Coomassie
Blue staining, the gels were washed in water for 1.5 h. The protein band in the
range of 53 to 56 kD was excised, lyophilized, and sent to the Protein and
Nucleic Acid Facility (Beckman Center, Stanford University Medical Center,
Palo Alto, CA) for microsequencing.

RNA Isolation

Total RNA was prepared from the roots, seedlings, and nonstressed and
stressed leaves using Tri Reagent (Molecular Research), following the man-
ufacturer’s directions. The quality of RNA was checked by visualizing the
ethidium bromide (EtBr)-stained ribosomal RNA in agarose gels containing
1.2% formaldehyde.
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Isolation of the ZmCPK11 cDNA

One microgram of total RNA from maize seedlings was reverse tran-
scribed for 60 min at 42°C in a 20-uL reaction volume containing 1 unit of
enhanced avian reverse transcriptase, 500 um each dNTP, 1 unit of RNase
inhibitor (Kit HSRT 100; Sigma), and 1.25 uM primer 3. Two microliters of the
RT reaction were used for PCR in a 50-uL volume containing 1 unit
JumpStart AccuTag LA polymerase, 200 um each dNTP, and 625 nm of
primers 1 and 2, or 1 and 3. The PCR conditions were 3 min, 94°C (first
cycle); 45 s,94°C; 1 min, 55°C; 2 min, 68°C (30 cycles); and 10 min, 68°C (final
cycle). The sequences of tryptic peptides, derived from the microsequencing
data, were used to design primers 1, 2, and 3 (Table II). The forward primer 1
corresponds to the sequence EIQIMHH located in the third subdomain of the
catalytic kinase domain. The reverse primer 2 corresponds to the sequence
PYYVAPEVL located in the eighth subdomain of the catalytic domain.
Reverse primer 3 corresponds to the sequence LVSAFAFFDK located in the
regulatory CLD of CDPK. Two resulting DNA fragments of 357 and 1,065 bp
were cloned into a pGEM-T Easy vector (Promega) and sequenced. For
cloning the full-length ORF, two additional specific primers were synthesized,
based on maize EST sequences. The forward primer 4 was based on the
sequence of a 575-bp EST clone (AI770867). In this clone, the peptide
TKLPQLVTAPAPSSGRPASVLPYK, obtained from microsequencing of the
purified protein kinase, was present. The sequence of this EST is similar to the
end of the N-variable domain and the part of the catalytic domain of CDPKs.
This indicated that the 575-bp EST clone is a fragment of ZmCPK11, containing
the 5" noncoding region and sequence encoding the N terminus. The reverse
primer 5 is based on a second 590-bp EST sequence (accession no. Al745945),
where the 5’ end overlapped by 102 bp with the 3’ end of our 1,065-bp clone.
The 590-bp EST clone includes a 3’ noncoding region and the sequence
encoding the C terminus and part of the CLD. The reaction conditions for the
synthesis of the first-strand cDNA with the reverse transcriptase and total
RNA from maize seedlings as a template were as before, except that primer 5
was used. For PCR, 2 uL of reverse transcriptase reaction and the pair of
primers 4 and 3 or 4 and 5 were used. In the remaining PCR conditions, the
reactions were as before. The two DNA fragments obtained were cloned into
pGEM-T Easy and sequenced.

Expression of GST-ZmCPK11 in Escherichia coli

The full-length ZmCPK11 ¢cDNA was amplified by PCR using primers 6
and 7 (Table I) and cloned into pGEM-T Easy. The sequence was confirmed by
DNA sequencing. For expression of the GST-ZmCPKI11 in bacteria, the
ZmCPK11 ORF was cut from pGEM-T Easy using Xmal/NotI restriction sites
and cloned to pGEX4T-1 (Amersham-Pharmacia Biotech). The ZmCPK11 con-
struct was transformed to E. coli BL21 (DE3). Expression was induced with
0.5 mm IPTG for 4 h at 18°C. The fusion protein was expressed and purified
using gluthathione-agarose beads, according to the manufacturer’s instruc-
tions (Amersham-Pharmacia Biotech AB).

Immunoblot Analysis

Polyclonal antibodies against the CLD of soybean CDPKa were prepared
according to the procedure previously described (Bachmann et al., 1996). The
antibodies against GST were purchased from Santa Cruz Biotechnology.
Proteins from clarified homogenate, after solubilization, and affinity chroma-
tography, were separated on 10% SDS-polyacrylamide gels, and then trans-
ferred to polyvinylidenedifluoride membranes by electroblotting. The membranes
were blocked for 2 h at room temp in Tris-buffered saline plus Tween (TBST;
10 mm Tris-HCI, pH 7.5, 100 mm NaCl, 0.1% Tween 20) containing 5% dry milk,
and then incubated for 1.5 h in TBST buffer with primary antibody at dilution
1:2,000. After removing unbound antibodies by extensive washing, the blots
were incubated with alkaline phosphatase-conjugated secondary antibodies
and visualized using nitroblue tetrazolium/5-bromo-4-chloro-3-indolyl-P.

Determination of Transcript Levels by RT-PCR

Total RNA was isolated from different maize organs: dry and soaked
seeds, seedlings, roots, stem, and leaves (stressed or nonstressed). One
microgram of RNA was reverse transcribed for 60 min at 47°C in 20 uL of
reaction mixture containing 1 unit of enhanced avian reverse transcriptase,
500 um each dNTP, 3.5 um anchored oligo(dT) primer, 1 unit RNase inhibitor
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(kit, HSRT 100; Sigma). One microliter of the RT reaction was used for PCR
in 20 uL of volume containing 0.4 units of Taq DNA polymerase (Fermen-
tas), 200 um each dNTP, 1.5 mm MgCl,, and 625 nm of the appropriate
primers. Routine PCR conditions were 3 min, 94°C (first cycle); 30 s, 94°C;
30 s, 55°C; 1 min, 72°C (25 cycles for actin and MPI and 30 cycles for
ZmCPK11); and 10 min, 72°C (final cycle). The PCR products were separated
on 0.8% agarose gels and visualized by EtBr staining. ZmCPK11 mRNA was
quantified relative to RNA loading using Gel Doc (Bio-Rad). The absence of
genomic DNA in RNA samples was checked by PCR reaction, using RNA as
a template instead of cDNA (without RT). No product was detected,
indicating that the RNA samples were free of DNA.

Phylogenetic Analysis

Sequences of CDPKs were found using SMART (http://smart.embl-
heidelberg.de; Schultz et al., 1998). The multiple sequence alignment was
generated using ClustalW (Thompson et al., 1994) and analyzed and edited
using the GeneDoc sequence editor (Nicholas et al., 1997). The consensus
parsimony tree and consensus neighbor-joining tree were constructed using
the programs from the Phylip package (Felsenstein, 1989). The 134 sequences
containing the EF-hand calcium-binding motif (SMART ID EFh) typical of
calmodulin-like proteins and catalytic domains of Ser/Thr kinases (SMART
ID S_TKc) were found in the SP-TREMBL database. Excluded from this set
were hypothetical proteins having deletions or insertions in the catalytic
domains. These atypical sequences might be the result of annotation errors.

Sequence data from this article can be found in the GenBank/EMBL data
libraries under accession numbers AY301062 and AAP57564.
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