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Figure 5. Loss-of-Function Mutation in CPK4 or CPK11 Gene Decreases, but Overexpression of the Two CDPK Genes Enhances, Stomata
Responsiveness to ABA and the Ability to Preserve Water in Leaves.

(A) ABA-induced stomatal closure (top panel) and inhibition of stomatal opening (bottom panel) for wild-type Col, cpk4-1, and cpk11-2 mutants, the
cpk4-1 cpk11-2 double mutant, and a line overexpressing CPK11 (110E2). Values are the means *+ SE from three independent experiments; n = 60
apertures per experiment.

(B) Water loss rates during a 6-h period from the detached leaves of wild-type Col, cpk4-1, cpk11-1, and cpk11-2 mutants, cpk4-1 cpk11-1 and cpk4-1
cpk11-2 double mutants, mutant complementation lines 35S:CPK4/cpk4-1 and 35S:CPK11/cpk11-1, and two lines overexpressing CPK4 (40E12) or
CPK11 (110E2). Values are the means =+ Sk of five individual plants per genotype. The entire experiment was replicated five times with similar results.
(C) Survival rate for wild-type and different mutant lines as mentioned in (B). Drought was imposed on the 3-week-old plants by withholding water until
the lethal effect was observed on the knockout mutant plants, then the plants were rewatered and survival rate was recorded 1 week later. Values are
the means = St from three independent experiments; n = 50 plants per line for each experiment.

(D) and (E) Whole-plant status in the water loss assays. For assaying water loss from whole plants of the different lines as mentioned in (B), intact plants
were well watered (control) or drought stressed by withholding water (drought) for 15 d (D) or for 18 d for assaying water loss of the two lines
overexpressing CPK4 (40E12) or CPK11 (110E2) in comparison with wild-type Col (E). The entire experiment was replicated three times with similar
results.
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Figure 6. Two Protein Kinases, CPK4 and CPK11, Phosphorylate both ABF1 and ABF4.

The 3-week-old seedlings of the different genotypes were sprayed with 0 or 50 wM (*)ABA solution and were sampled 1 h after the spraying. The
quantity of the total proteins, prepared from leaves and used in each lane of the following assays, was 50 wg. Tubulin was used as a protein loading
control.

(A) and (B) Mapping of protein kinases phosphorylating ABF1 (A) and ABF4 (B). The recombinant ABF1 or ABF4 (0.5 mg/mL) was embedded in the
separating polyacrylamide SDS gel. Total proteins from wide-type Col and the cpk4-1 cpk11-2 double mutant were separated on the gel and assayed to
in-gel phosphorylate the two substrates. At the same time after electrophoresis, gels harboring the total proteins from the ABA-free-treated wild-type
plants (other gels than those for phosphorylation) were used to detect immunosignals with anti-CPK4C serum to provide a reference for the position of
the CPK4/CPK11 proteins in the lanes of phosphorylation (58 kD CPK4/CPK11). —ABA and +ABA indicate the treatments with 0 or 50 uM (*)ABA,
respectively. The assays were repeated three times with the same results.

(C) and (D) Phosphorylation of ABF1 (C) or ABF4 (D) by CPK4 and CPK11. The mixed proteins of two kinases (CPK4 + CPK11 in Col) were obtained by
immunoprecipitation with anti-CPK4C serum from the total proteins of wild-type Col, and the pure CPK11 (CPK11 in cpk4-1) and CPK4 (CPK4 in cpk11-
2) were immunoprecipitated with the anti-CPK11€ serum from the total proteins of cpk4-1 mutant and with anti-CPK4C serum from the total proteins of
cpk11-2 mutant, respectively. The total proteins from the double mutant cpk4-1 cpk11-2 were also immunoprecipitated with anti-CPK4C serum for
obtaining background in cpk4-1 cpk11-2 as a negative control to show the absence of activity other than CPK4/11 in these assays. The ABF1 and ABF4
were in-gel phosphorylated by the immunoprecipitated proteins as described in (A) and (B). Top panels (columns) represent the relative band intensities
of the phosphorylated ABF1 or ABF4 shown in middle panels, normalized relative to the corresponding intensity of the wild-type Col with 0 wM (=)ABA
treatment (100%). Values are the means = SE from three biological independent experiments. Immunoblotting for tubulin (bottom panels) was
performed with the total proteins prior to the immunoprecipitation. The — and + indicate the treatments with 0 and 50 uM (=)ABA, respectively.
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Figure 7. Expression of ABA-Responsive Genes in the CPK4 and CPK11 Loss-of-Function Mutants and Overexpressing Lines.

Expression of ABA-responsive genes was assayed by real-time PCR in the leaves of wild-type Col, cpk4-1, and cpk11-2 mutants, the cpk4-1 cpk11-2
double mutant, and two lines overexpressing CPK4 (40E12) or CPK11 (110E2). —ABA, ABA-free treatment; +ABA, 50 uM (+)ABA treatment. The
expression levels are presented as relative units with the levels of ABA-treated Col leaves being taken as 100%. Each value is the mean = SE of three

independent biological determinations.

double mutant (data not shown). Overexpression of CPK4 or
CPK11 amplified the ABA-induced stimulating effects on these
genes except for ERD10 (Figure 7). However, disruption or over-
expression of CPK4 or CPK11 did not affect the expression of
ABI1, ABI2, ABI3, MYB2, and MYC2, except for the cpk4-1 mu-
tant, for which the ABA-stimulated expression level of MYB2 was

downregulated, and the cpk4-1 cpk11-2 double mutant, for
which the expression level of ABI1 was significantly increased
in the absence of ABA treatment (Figure 7). Overexpression of
CPK4 and CPK11 significantly enhanced the expression level
of ABF3, but loss-of-function mutations in the CDPK genes did
not show any effects (Figure 7).



3030 The Plant Cell

DISCUSSION

CPK4 and CPK11 Are Two Positive Regulators in
CDPK/Ca2*-Mediated ABA Signaling

This experiment showed that two closely related CDPKs in
Arabidopsis, CPK4 and CPK11, are ABA inducible and positively
regulate ABA signal transduction pleiotropically in seed germi-
nation, seedling growth, and stomatal movement (Figures 2 to 5),
although the ABA-related phenotypes in seedling growth are
relatively weak (Figure 3). Additionally, as regulators of ABA
signaling, CPK4 and CPK11 are required for plants to respond to
salt stress (Figure 4), an environmental stress to which plant
responses are most closely associated with the functions of ABA
(Zhu, 2002; Shinozaki et al., 2003). Current evidence suggests
that redundancies in CDPK genes create major obstacles to the
identification of biological function through genetic approaches
(Harmon et al., 2000, 2001; Hrabak et al., 2003; Choi et al., 2005;
Mori et al., 2006), and only in regulation of stomatal aperture
have the ABA-responsive phenotypes been detected by loss-of-
function mutation in CPK3 and CPK6 (Mori et al., 2006). Our
experiments showed relatively strong, pleiotropic, ABA-, and
salt-responsive phenotypes that resulted from disruption or
overexpression of CPK4 or CPK11 genes (Figures 3 to 5),
revealing that the two CDPKs are important regulators in
CDPK/Ca?+-mediated ABA signaling pathways. The CPK4 and
CPK11 kinases are structurally highly similar (see Supplemental
Figure 3 online) and have the similar expression profile (Figure 1;
see Supplemental Figure 5 online), and both localize in cyto-
plasm and nucleus (see Supplemental Figure 7 online) and
phosphorylate the same transcription factors ABF1 and ABF4
(Figure 6), suggesting that the two kinases may function redun-
dantly in the same pathway. However, it is noteworthy that the
double mutations in the two kinase genes resulted in stronger
consequences in ABA- and some salt-responsive phenotypes
than the single mutations (Figures 3 to 5). This synergistic effect
in the phenotypes of the double mutants in response to ABA or
salt treatments suggests that these kinases may be involved in
different pathways. This further suggests that these kinases
may have additional targets to ABF1 and ABF4, and these
still unknown targets may be different for CPK4 and CPK11.
Nevertheless, the identification of these two CDPKs as impor-
tant regulators in ABA signaling pathways provides unequivocal
genetic evidence for the involvement of CDPK/Ca?* in ABA
signal transduction at the whole-plant level in seed germination,
seedling growth, stomatal movement, and plant response to
salt-stress.

Itis known that ABA regulates plant adaptation to water deficit
and salt stress mainly through its functions in regulating water
balance and osmotic stress/cellular dehydration tolerance.
Whereas the role in water balance is mainly through guard cell
regulation, the latter role is related to the induction of genes that
encode dehydration tolerance proteins in nearly all cells (Zhu,
2002; Shinozaki et al., 2003). The two CDPKs CPK4 and CPK11
mediate ABA signaling to regulate stomatal aperture (Figure 5),
which is likely to be mainly responsible for their function in
conserving water under water-deficit conditions (Figure 5). In
addition, the two kinases regulate a number of stress tolerance-

related genes (Figure 7), suggesting that they may also function
at the level of cellular dehydration tolerance.

ABA accumulation is a well-known consequence of salt stress,
which results in inhibition of seed germination and is required for
tolerance of seedling growth to salt (Zhu, 2002; Shinozaki et al.,
2003). The CPK4- and CPK11-dependent salt tolerance of
seedling growth (Figure 4) reveals the indispensability of the
two CDPK genes for plant tolerance to salt stress, which may be
ascribed to the functions of the two kinases to regulate ABA
signaling. The same phenomenon was also observed in ABA
signaling mutants, such as abi1 (Achard et al., 2006). It is
noteworthy, however, that the CPK4 kinase plays a more impor-
tant role than CPK11 in plant response to salt stress, as shown
by stronger salt-responsive phenotypes in the cpk4-1 mutant
(Figure 4). Furthermore, overexpression of CPK4 and CPK11 did
not significantly alter plant response to salt stress (Figure 4).
These phenotypes differ from those related to ABA where both
kinases appear to have comparable effects on ABA responsive-
ness (Figures 3 and 5), and the overexpression of the two kinase
genes enhanced plant capacity to conserve water (Figure 5). This
divergence between the ABA and salt responsiveness suggests
the possible additional involvement of the two kinases in path-
ways that may diverge at some point between the response to
salt and to ABA.

How Do CPK4 and CPK11 Work in Mediating ABA
Signal Transduction?

The CPK4 and CPK11 kinases both localize in the cytoplasm and
nucleus (Dammann et al., 2003; Milla et al., 2006a; see Supple-
mental Figure 2 online). This double localization in cells appears
to facilitate their functions in both early and delayed responses of
cells to ABA (Zhu, 2002). For example, cytoplasm-localized
CPK4 and CPK11 would more easily mediate a quick response
by sensing Ca?* and phosphorylating downstream messengers
already in place, such as guard cell regulation, while the nuclear-
CPK4 and CPK11 would be able to more easily phosphorylate
nuclear-localized regulators, such as transcription factors that
mediate gene expression.

What are the downstream targets of the CPK4 and CPK11
kinases to relay ABA signaling? Several ABA/stress signaling
regulators, including ABA/stress-responsive transcription fac-
tors, have been shown to be modulated at the posttranslational
level by changing their phosphorylation states (Li et al., 1998,
2000, 2002; Guo et al., 2002; Johnson et al., 2002; Mustilli et al.,
2002; Yoshida et al., 2002, 2006; Zhu, 2002; Shinozaki et al.,
2003; Choi et al., 2005; Song et al., 2005; Milla et al., 20063a;
Furihata et al., 2006; Fujii et al., 2007). Among ABA-responsive
transcription factors, ABF transcription factors, including four
members of the basic Leu zipper protein family, are well defined
(Choi et al., 2000; Uno et al., 2000; Kang et al., 2002; Fuijita et al.,
2005; Furihata et al., 2006; Fuijii et al., 2007). We found that two
ABA-responsive transcription factors, ABF1 (Choi et al., 2000)
and ABF4 (AREB2) (Choi et al., 2000; Uno et al., 2000), were
phosphorylated in vitro by both CPK4 and CPK11 (Figure 6), but
an ABA-responsive APETALA2 domain transcription factor, ABI4
(Finkelstein et al., 1998), was not (data not shown), suggesting
that the two ABFs may be downstream targets of both kinases.



Additionally, we showed that ABF1 and ABF4 were also phos-
phorylated by other, multiple, kinases besides CPK4 and CPK11
(Figure 6). These findings suggest that multiple kinases may have
common substrates in ABA signaling pathways. Consistent with
this observation, a recent report showed that ABF1 was also the
phosphorylation target of two SnRKs, SnRK2.2 and SnRK2.3,
which positively regulate ABA signaling (Fujii et al., 2007). ABF4,
as well as other ABFs, ABF2 and ABF3, were previously shown to
play important roles in ABA-mediated drought tolerance (Kang
et al., 2002; Fujita et al., 2005). Taken together, the CPK4 and
CPK11 kinases may regulate ABA signaling at least partly
through the functions of their potential targets ABF1 and ABF4.

With respect to guard cell regulation, it is noteworthy that
stomatal aperture may be regulated by a complex cooperation
of, among other regulators, numerous protein kinases, including
CPK3, CPK®6 (Mori et al., 2006), and other kinases, such as SNF1-
RELATED PROTEIN KINASE (SnRK) 2.6 (OST1) (Mustilli et al.,
2002; Yoshida et al., 2002, 2006). CPK4 and CPK11 belong to the
same subgroup of CDPKs as CPK6 (Hrabak et al., 2003),
suggesting that these three CDPKs may possibly function in
close cooperation in regulating stomatal aperture. SnRK2.6
interacts with ABI1 to regulate stomatal closure (Yoshida et al.,
2006), while CPK4 and CPK11 may regulate stomatal aperture
through phosphorylating ABF1 or ABF4. ABF transcription fac-
tors bind the ABA-responsive G-box motif (Choi et al., 2000; Uno
et al., 2000), of which the core ACGT consensus sequence is
found in the promoter regions of many ABA-regulated genes,
including all the 16 genes tested in this study (Figure 7) and thus
may regulate expression of the CPK4 and CPK11 downstream
target genes to induce ABA-related physiological responses,
including stomatal regulation. Finally, it is noteworthy that CPK11
was also previously reported to interacts with At Di19, a zinc-
finger protein, and to phosphorylate it in vitro (Milla et al., 2006a),
and At Di19-related genes were stimulated by drought and salt
stresses (Milla et al., 2006b). This suggests that CPK11, possibly
in addition to CPK4, might be involved in ABA signaling or
regulation of plant tolerance to stresses through a complex
signaling network.

METHODS

Screening of Loss-of-Function Mutants

T-DNA insertion lines in the Arabidopsis thaliana CPK4 gene (Arabidopsis
genomic locus tag: At4g09570) and CPK11 gene (At1g35670) in the Col
ecotype were obtained from the Salk Institute (http://signal.salk.edu/)
through the ABRC. Screening for the knockout mutants was performed
following the recommended procedures. Briefly, for the T-DNA insertion
in the CPK11 gene, the mutant lines were genotyped by amplifying the
genomic DNA with the left genomic primer 1 (LP1) or left genomic primer 3
(LP3) and right genomic primer 1 (RP1). For the T-DNA insertion in the
CPK4 gene, the mutant lines were genotyped with the left genomic PCR
primer 2 (LP2) and right genomic primer 2 (RP2). These genomic primers
were used together with a T-DNA left border primer (LBa1) and a right
border primer (RBa1) to constitute specific primer pairs for genotyping the
T-DNA insertion lines (Figures 1A and 1B). The sequences for these
primers are presented in Supplemental Table 1 online. The T-DNA
insertion in the mutants was identified by PCR and DNA gel blot analysis,
and the exact position was determined by sequencing. We identified a
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homozygous T-DNA insertion allele, SALK_081860, in the 5" UTR of the
CPK4 gene, designated cpk4-1, and two homozygous T-DNA insertion
alleles, SALK_023086 in the 5’ UTR and SALK_054495 in the 1st exon of
the CPK11 gene, designated cpk117-1 and cpk11-2, respectively. For the
cpk4-1 mutant, the PCR products could be generated with the primer pair
LBa1-RP2 and LP2-LBa1 (Figure 1A; see Supplemental Figure 1 online)
but not with the primer pair LP2-RBa1, indicating that tandem T-DNAs
were inserted into the genome in an inverted fashion at the same locus,
which was supported by DNA gel blot analysis that detected a two-copy
T-DNA insertion (see Supplemental Figure 2 online). A sequencing assay
showed that the T-DNA insertion generates a DNA fragment deletion in
the T-DNA insertion site (see Results). For the cpk17-1 mutant, the PCR
products could be generated with the primer pair LBa1-RP1 and LP3-
LBa1 (Figure 1B; see Supplemental Figure 1 online) but were not found
with the primer pair LP3-RBa1, indicating that, like the cpk4-1 mutant,
tandem T-DNA insertion was present for the cpk77-1 mutant in an
inverted fashion at the same locus, which also was supported by DNA gel
blot analysis that detected a two-copy T-DNA insertion (see Supplemen-
tal Figure 2 online). Also, the T-DNA insertion generates a DNA fragment
deletion in the T-DNA insertion site (see Results). For the cpk17-2 mutant,
analysis of PCR, sequencing, and DNA gel blots all showed that a single
copy of T-DNA was inserted into the genome (Figure 1B; see Supple-
mental Figures 1 and 2 online), and the T-DNA insertion also results in a
DNA fragment deletion in the T-DNA insertion site (see Results). The
cpk4-1 cpk11-1 and cpk4-1 cpk11-2 double mutants were constructed
by crossing, and their genotypes were confirmed by PCR-based geno-
typing.

Mutant Complementation and Generation of Transgenic Plants

To create transgenic plant lines overexpressing the CPK4 or CPK11 gene
or expressing these two genes in the knockout mutants, the open reading
frame (ORF) for the CPK4 gene was isolated by PCR using the forward
primer 5'-GCTCTAGAATGGAGAAACCAAACCCTAG-3' and reverse pri-
mer 5'-CGGGATCC TTACTTTGGTGAATCATCAGA-3’, and the ORF for
the CPK11 gene was isolated using the forward primer 5'-GCTCTA-
GAATGGAGACGAAGCCAAACCCTAG-3' and reverse primer 5'-CGGG-
ATCCTCAGTCATCAGATTTTTCACCA-3'. The ORF (1506 bp) of CPK4 and
the ORF (1488 bp) of CPK11 were inserted into the pCAMBIA-1300-221
vector (http://www.cambia.org/daisy/cambia/materials/vectors/585.html)
by Xbal and BamHI sites under the control of a constitutive CaMV 35S
promoter. These constructs were all verified by sequencing and introduced
into the GV3101 strain of Agrobacterium tumefaciens. The constructions
were transformed, by floral infiltration as described previously (Clough and
Bent, 1998), into plants of wild-type Col for generating the CPK4- and
CPK11-overexpressing lines or into cpok4-1, cpk11-1, and cpk11-2 mutant
plants for assays of complementation. Transgenic plants were selected by
hygromycin resistance and confirmed by PCR. The homozygous T3 seeds
of the transgenic plants were used for further analysis.

Growth Conditions

Plants were grown in a growth chamber at 20 to 21°C on MS medium at
~80 wmol photons m—2 s~ or in compost soil at ~120 wmol photons
m~—2 s~ over a 16-h photoperiod at 22°C.

Phenotype Analysis

Phenotype analysis was performed essentially as previously described
(Shen et al., 2006). For germination assay, ~ 100 seeds each from the wild
type (Col) and mutants or transgenic mutants were planted in triplicate on
MS medium (Sigma-Aldrich; full-strength MS). The medium contained
3% sucrose and 0.8% agar, pH 5.7, and was supplemented with or
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without different concentrations of (+)ABA or NaCl. The seeds were
incubated at 4°C for 3 d before being placed at 22°C under light
conditions, and germination (emergence of radicals) was scored at the
indicated times.

For the seedling growth experiment, seeds were germinated after
stratification on common MS medium and 48 h later transferred to MS
medium supplemented with different concentrations of ABA in the vertical
position. Seedling growth was investigated 10 d after the transfer, and the
length of primary roots was measured using a ruler. Seedling growth was
also assessed by directly planting the seeds in ABA-containing MS
medium to investigate the response of seedling growth to ABA after
germination.

Lateral root growth assays were performed according to the protocol of
Xiong et al. (2006) with some modifications. Four-day-old seedlings were
individually transferred with a pair of forceps to the treatment medium
consisting of the basal salts along with 4% sucrose solidified with 1.2%
agar (Sigma-Aldrich). The basal salts included 1.0 mM CaCl,, 0.5 mM
MgSQ,, 0.4 mM KH,PO,4, 6.0 mM KNO3, and 7.0 mM NH4NO;. Micro-
nutrients were added at full strength (1X that used in the MS medium),
and the pH was adjusted to 5.7 with KOH, and 1.0 uM ABA was added to
the medium after autoclaving. After growing for 10 d on the treatment
medium, seedlings were photographed with a digital camera. The length
of lateral roots was measured using aruler. The total length of lateral roots
of each individual plant was calculated, and the means for each line were
used as an index to measure lateral root growth.

For seedling growth in salt, seeds of wild-type, cpk4-1, cpk11-2,
cpk4-1 cpk11-2, and transgenic plants were surface-sterilized, stratified
at 4°C for 3 d to obtain uniform germination, and sown on common MS
media without salt. Seedlings were allowed to grow for 4 d with the plates
in a vertical orientation at 22°C under light conditions. The seedlings were
then transferred to MS medium (full-strength MS, 3% sucrose, pH 5.7)
containing 1.2% agar and different salt concentrations (0, 100, 150, 170,
or 200 mM NaCl) in the vertical position using forceps. The status of
seedling growth was recorded 7 d after the transfer.

For drought treatment, plants were grown on soil until they were 3
weeks old, and then drought was imposed by withdrawing irrigation for
one-half of the plants until the lethal effects were observed on most of
these plants, whereas the other half were grown under a standard
irrigation regime as a control.

For water loss assay, rosette leaves were detached from their roots,
placed on filter paper, and left on the lab bench. The loss in fresh weight
was monitored at the indicated times.

For stomatal aperture assays, leaves were floated in the buffer
containing 50 mM KCI and 10 mM Mes-Tris, pH 6.15, under a halogen
cold-light source (Colo-Parmer) at 200 pwmol m—2 s—* for 2 h followed by
addition of different concentrations of (=)ABA. Apertures were recorded
on epidermal strips after 2 h of further incubation to estimate ABA-
induced closure. To study inhibition of opening, leaves were floated
on the same buffer in the dark for 2 h before they were transferred to the
cold light for 2 h in the presence of ABA, and then apertures were
determined.

Production of Anti-CPK4 and Anti-CPK11 Sera

A fragment of CPK4 cDNA corresponding to C-terminal 116 amino acids
(from 386 to 501) was isolated using forward primer 5-CCGGAATT-
CATGGCTTGCACAGAGTTTGGTCT-3' and reverse primer 5'-ACGCG-
TCGACTTACTTTGGTGAATCATCAGA-3’, and a fragment of CPK11
cDNA corresponding to C-terminal 109 amino acids (from 387 to 495)
was isolated using forward primer 5'-CCGGAATTCATGGCTTGCACA-
GAGTTTGGTCT-3' and reverse primer 5'- ACGCGTCGACTCAGTCAT-
CAGATTTTTCACCA-3'. They were expressed in Escherichia coli BL21
(DE3) as glutathione S-transferase (GST) CPK4C and GST-CPK11C fusion

proteins. The affinity-purified fusion protein was used for standard
immunization protocols in rabbit. The antisera were affinity purified.
Each antiserum, anti-CPK4 or anti-CPK11 serum, was shown to recog-
nize both CPK4 and CPK11 because the C terminus of the two CDPKs
shares high sequence identity. However, the two antisera do not cross-
react with any other proteins. Therefore, in most cases, we used one of
the two antisera to detect the CPK4 or CPK11.

Extraction of Proteins and Protein Determination

Total protein extracts were obtained from Arabidopsis plants by grinding
whole seedlings or leaf tissue first in liquid nitrogen and then on ice for 3 h
in 1 volume of the extraction buffer. The extraction buffer consisted of 50
mM Tris-HCI, pH 7.6, 100 mM NaCl, 0.5% Triton X-100, 10 mM DTT,
1 mM phenylmethylsulfonyl fluoride, 5 wg mL~" antipain, 5 pg mL~’
aprotinin, and 5 g mL~" leupeptin. Lysates were cleared of debris by
centrifugation at 12,0009 for 30 min at 4°C.

Protein concentrations were determined by the method of Bradford
(1976) with BSA as a standard. Fifty micrograms of total proteins were
used for each extract for protein concentration determination.

Gel Electrophoresis and Immunoblotting

SDS-PAGE was performed according to the method of Laemmli (1970).
The protein samples (20 p.g) were boiled for 2 min before being analyzed
on a 12% SDS-polyacrylamide gel. Immunoblotting was performed
essentially as described by Yu et al. (2006). After SDS-PAGE, the proteins
on gels were electrophoretically transferred to nitrocellulose membranes
(0.45 pm; Amersham Pharmacia). The membranes were blocked for 2 h at
room temperature with 3% (w/v) BSA and 0.05% (v/v) Tween 20 in a Tris-
buffered saline containing 10 mM Tris-HCI, pH 7.5, and 150 mM NaCl and
then were incubated with gentle shaking for 2 h at room temperature in the
rabbit polyclonal antibodies anti-CPK4C (1:3000) or anti-CPK11€ serum
(1:1000) diluted in the blocking buffer. After being washed three times
for 10 min each in the Tris-buffered saline containing 0.05% (v/v) Tween
20, the membranes were incubated with the alkaline phosphatase-
conjugated antibody raised in goat against rabbit IgG (diluted 1:1000 in
the blocking buffer) at room temperature for 1 h and then washed three
times for 10 min each with 50 mM Tris-HCI, pH 7.5, buffer containing
150 mM NaCl and 0.1% (v/v) Tween 20. Protein bands were visualized by
incubation in the color-development solution using a 5-bromo-4-chloro-
3-indolyl-phosphate/nitroblue tetrazolium substrate system according to
the manufacturer’s protocol. Protein band intensity was estimated by
densitometric scans using a digital imaging system and analyzed with
QuantityOne software (Bio-Rad). Tubulin, immunodetected with anti-rat
tubulin serum (Sigma-Aldrich), was used as a loading control.

Immunoprecipitation

Immunoprecipitation was performed essentially as described by Yu et al.
(2006). The total proteins (50 ug) were resuspended in 0.5 mL immuno-
precipitation buffer containing 20 mM Tris-HCI, pH 7.5, 150 mM NaCl,
1 mM EGTA, 1 mM NazgVO,, 1 mM NaF, 10 mM B-glycerophosphate,
1 mM phenylmethylsulfonyl fluoride, 5 pg mL~" antipain, 5 pg mL~"
aprotinin, 5 ug mL~" leupeptin, and 0.5% Triton X-100. The mixture was
incubated with either the purified anti-CPK4C or anti-CPK11€ serum (~3
g protein) or the same amount of preimmune serum protein (as a control)
at 4°C for 2 h. Then, 25 pL protein A-agarose suspension was added to
the mixture, and the mixture was incubated for 2 h. Following a brief
centrifugation, the immunoprecipitated proteins, after three washes with
the immunoprecipitation buffer, were used for the assays of immuno-
blotting or kinase activity.



In-Gel Kinase and Autophosphorylation Assays

In-gel kinase activity assay of proteins was performed essentially as
described by Yu et al. (2006). After SDS-PAGE as described above but
with the separating polyacrylamide SDS gel that was polymerized in the
presence of 0.5 mg mL—" histone IlI-S as a substrate for kinases, the gels
were washed twice with 50 mM Tris-HCI, pH 8.0, containing 20% (v/v)
2-propanol for 1 h per wash and then with buffer A composed of 50 mM
Tris-HCI, pH 8.0, 5 mM 2-mercaptoethanol, and 0.1 mM EDTA for 1 h at
room temperature. Proteins in the gels were denatured by incubating the
gels in buffer A containing 6 M guanidine hydrochloride for two incuba-
tions of 1 h each at room temperature. Proteins were then renatured using
buffer A containing 0.05% (v/v) Tween 20 for six incubations of 3 h each at
4°C. After preincubation at room temperature for 30 min with buffer B
composed of 40 mM HEPES-NaOH, pH 7.5, 10 mM MgCl,, 0.45 mM
EGTA (1 mM in the Ca?*-free medium), and 2 mM DTT in the absence or
presence of 0.55 mM CaCl,, the gels were incubated with buffer B
containing 50 pM ATP and 10 wCi/mL [r32-P]-ATP (3000 Ci/mmol;
Amersham Pharmacia) for 1 h at room temperature. The gels were then
washed extensively with 5% trichloroacetic acid and 1% sodium pyro-
phosphate until radioactivity in the used wash solution was barely
detectable. The gels were then stained with Coomassie Brilliant Blue R
250 (Amersham Pharmacia Biotech). After destaining, the gels were air
dried between two sheets of cellophane, and the histone IlI-S in gel
phosphorylated by CDPK was detected by autoradiography after expo-
sition of the dried gels to Kodak X-Omat AR film for 5 to 7 d at -20°C. Films
were scanned using a digital imaging system, and radioactivity was
quantified with QuantityOne software (Bio-Rad).

For Ca2+-dependent electrophoretic mobility shift of the kinases in the
in-gel autophosphorylating activity assays, Ca?* or EGTA to a final
concentration of 2 mM was added to the immunoprecipitated proteins
dissolved in SDS-PAGE sample buffer. The in-gel autophosphorylation
assay of CDPK was performed as described above, except that the
separating gel was polymerized in the absence of substrate.

Preparation of ABF1 and ABF4 Proteins and Phosphorylation Assay

To prepare recombinant ABF1 and ABF4, their coding regions were
prepared by PCR. For ABF1, the primers used were 5'-CGGGATCC-
GATGGGTACTCACATTGATATC-3' (forward primer) and 5'-CCCAAGC-
TTTTACCACGGACCGGTAAGGGTTC-3’ (reverse primer). For ABF4, the
primers were 5'-GGAATTCTATGGGAACTCACATCAATTTCAAC-3’ (for-
ward primer) and 5'-CCGCTCGAGTCACCATGGTCCGGTTAATGTCCT-3'
(reverse primer). The PCR product was digested with BamHI and Hindlll
(ABF1) or EcoRlI and Sall (ABF4) and subcloned into pET-48 b(+) vector
(Novagen) for the production of His fusion protein using E. coli BL21(DE3)
cells (Novagen). The cell lysate was applied to the nickel-nitrilotriacetic
acid agarose column (Qiagen) and processed according to the manu-
facturer’s instructions. The purified proteins were dialyzed with 10 mM
Tris-HCI, pH 7.5, for 16 h at 4°C and stored at —80°C in working aliquots.
Phosphorylation of His-ABF1 and His-ABF4 was performed as described
above, except when separating the immunoprecipitated proteins on an
SDS-PAGE gel that contained 0.5 mg/mL His-tagged ABF1 or ABF4 as
potential substrates of the protein kinases.

RT-PCR and Real-Time PCR Analysis

RT-PCR analysis was performed to analyze the expression of CPK4 and
CPK11 genes. Total RNA was isolated from leaves of 3-week-old
Arabidopsis seedlings with the RNasy plant mini kit (Qiagen) supplemen-
ted with an on-column DNA digestion (Qiagen RNase-Free DNase set)
according to the manufacturer’s instructions, and then the RNA sample
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was reverse transcribed with the Superscript Il RT kit (Invitrogen) in 25 pL
volume at 42°C for 1 h. PCR was conducted at linearity phase of the
exponential reaction for each gene. The gene-specific primer pairs were
as follows: for CPK4, forward primer 5'-GAGAAACCAAACCCTAGAA-
GACC-3' and reverse primer 5'-CAGGTGCAACATAATACGGAC-3'; and
for CPK11, forward primer 5'-CCCTAGACGTCCTTCAAACACA-3’ and
reverse primer 5'-CTCTGGTGCAACATAGTACGG-3'. Actin (At5g09810)
expression level was used as a quantitative control.

To assay the expression levels of CPK4 and CPK11 genes after ABA
treatment, quantitative real-time PCR analysis was performed with the
RNA samples isolated from 3-week-old seedlings harvested at the
indicated times after 50 wM ABA treatments (mixed isomers; Sigma-
Aldrich). Total RNA isolation and reverse transcription were performed as
described above for RT-PCR. PCR amplification was performed with
primers specific for CPK4 or CPK11 genes: for CPK4, forward 5'-TCT-
GTGACACTCCTCTTGATGAC-3’ and reverse 5'-GCTCATCTACAAAAG-
TGGAAACG-3’; and for CPK11, forward 5'-CGAAGAAGAACCAACA-
AAAAACC-3’ and reverse 5'-GCCATACATCTTCGTAATCCTCG-3'. Am-
plification of ACTIN2/8 (forward primer 5'-GGTAACATTGTGCTCAGT-
GGTGG-3' and reverse primer 5'-AACGACCTTAATCTTCATGCTGC-3')
genes was used as an internal control (Charrier et al., 2002). The suitability
of the oligonucleotide sequences in term of efficiency of annealing was
evaluated in advance using the Primer 5.0 program. The cDNA was
amplified using SYBR Premix Ex Taqg (TaKaRa) using a DNA Engine
Opticon 2 thermal cycler (MJ Research) in 10 pL volume with the following
program: one cycle of 95°C, 10 s; and 40 cycles of 94°C, 5s; 58.5°C, 20s;
72°C, 20s. The amplification of the target genes was monitored every
cycle by SYBR-green fluorescence. The Ct (threshold cycle), defined as
the PCR cycle at which a statistically significant increase of reporter
fluorescence was first detected, was used as a measure for the starting
copy numbers of the target gene. Relative quantitation of the target gene
expression level was performed using the comparative Ct method. Three
technical replicates were performed for each experiment.

To assay the expression of ABA-responsive genes, real-time PCR
analysis was performed with the RNA samples isolated from 3-week-old
seedlings harvested 5 h after the treatments with or without 50 uM ABA,
except for ABI3, of which the expression was assayed with the seedlings
grown in the ABA-free MS medium for 4 d and then transferred to the
ABA-free (a control) or 50 nM ABA-containing medium for 5 d. Total RNA
isolation and reverse transcription were performed as described above.
PCR amplification was performed with oligonucleotides specific for
various ABA-responsive genes: RD29A (At5g52310) forward 5'-ATC-
ACTTGGCTCCACTGTTGTTC-3' and reverse 5'-ACAAAACACACATAA-
ACATCCAAAGT-3'; MYB2 (At2g47190) forward 5'-TGCTCGTTGGA-
ACCACATCG-3' and reverse 5'-ACCACCTATTGCCCCAAAGAGA-3’;
MYC2 (At1g32640) forward 5'-TCATACGACGGTTGCCAGAA-3' and
reverse 5'-AGCAACGTTTACAAGCTTTGATTG-3'; RAB18 (At5g66400)
forward 5'-CAGCAGCAGTATGACGAGTA-3' and reverse 5'-CAGTTCC-
AAAGCCTTCAGTC-3'; KINT (At5g15960) forward 5'-ACCAACAAGAA-
TGCCTTCCA-3’' and reverse 5'-CCGCATCCGATACACTCTTT-3'; KIN2
(At5g15970) forward 5'-ACCAACAAGAATGCCTTCCA-3’ and reverse
5'-ACTGCCGCATCCGATATACT-3'; ERD10 (At19g20450) forward
5'-TCTCTGAACCAGAGTCGTTT-3’ and reverse 5'-CTTCTTCTCACCG-
TCTTCAC-3'; ABI1 (At4g26080) forward 5-AGAGTGTGCCTTTGTAT-
GGTTTTA-3' and reverse 5'-CATCCTCTCTCTACAATAGTTCGCT-3'; ABI2
(At5g57050) forward 5'-GATGGAAGATTCTGTCTCAACGATT-3’ and
reverse 5'-GTTTCTCCTTCACTATCTCCTCCG-3'; ABI3 (At3g24650) for-
ward 5'-TCCATTAGACAGCAGTCAAGGTTT-3' and reverse 5'-GGTGT-
CAAAGAACTCGTTGCTATC-3'; ABI4 (At2g40220) forward 5'-GGGCAG-
GAACAAGGAGGAAGTG-3' and reverse 5'-ACGGCGGTGGATGAGT-
TATTGAT-3'; ABI5 (At2g36270) forward 5'-CAATAAGAGAGGGATAGC-
GAACGAG-3' and reverse 5'-CGTCCATTGCTGTCTCCTCCA-3'; ABF1
(At1g49720) forward 5'-TCAACAACTTAGGCGGCGATAC-3’ and reverse
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5'-GCAACCGAAGATGTAGTAGTCA-3'; ABF2 (At1g45249) forward
5'-TTGGGGAATGAGCCACCAGGAG-3' and reverse 5'-GACCCAAAAT-
CTTTCCCTACAC-3'; ABF3 (At4g34000) forward 5'-CTTTGTTGATGG-
TGTGAGTGAG-3' and reverse 5-GTGTTTCCACTATTACCATTGC-3';
ABF4 (At3g19290) forward 5'-AACAACTTAGGAGGTGGTGGTC-3' and
reverse 5'-CTTCAGGAGTTCATCCATGTTC-3'. Amplification of ACTIN2/
8 genes was used as an internal control, and real-time quantitative PCR
experimental procedures were performed as described above. Three
technical replicates were performed for each experiment.

For all the above quantitative real-time PCR analysis, the assays were
repeated three times along with three independent repetitions of the
biological experiments, and the means of the three biological experi-
ments were calculated for estimating gene expression.

Accession Numbers

Sequence data from this article can be found in the Arabidopsis Genome
Initiative database under the following accession numbers: At4g09570
(CPK4), At1g35670 (CPK11), At1g49720 (ABF1), and At3g19290 (ABF4).
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